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A quadrupolar nucleus is one that has a quantum spin number greater than ½. Such nuclei have a lower

symmetry than spin-½ nuclei. The quadrupole moment that varies between nuclei is a measure of this

asymmetry.

Their energies split upon the application of a magnetic field into multiple levels (fig. 1). By comparison,

spin-½ nuclei split into only two levels. The number of levels is given by 2n + 1 where is the spin number.

The different splitting patterns can be seen in their coupling with other nuclei.

The NMR signals of quadrupolar nuclear are usually wider than those of spin-½ nuclei due to rapid

quadrupolar relaxation. The line-width increases with the line-width factor that is related to the

quadrupole moment of the nucleus, the size and asymmetry of the molecule. For

example, deuterium has a small line-width factor of 0.41 fm4 with a quadrupole moment of 0.286 fm2 and

yields a line-width in HOD of 1.7 Hz while 17O has a line-width factor of 2.1 fm4 with a quadrupole

moment of -2.56 and yields a line-width in H2
17O of 69 Hz. Some nuclei such as 197Au and 201Hg yield

signals too broad to be observed with a high-resolution NMR spectrometer.

Quadrupolar Nuclei



Spin ½: 1H, 13C, 15N, 31P etc. Spin 1: 2H, 6Li, 14N, etc.

Spin 3/2: 7Li, 11B, 23Na, 33S, 35Cl, 37Cl, 39K etc.

Application of Magnetic Field Application of Magnetic Field

Spin 5/2: 17O, 25Mg, 27Al, 55Mn, etc.
Fig: Energy level diagram for nuclei of different spins



Consequences of Nuclei with Quadrupole Moment on NMR

Nuclei with quadrupole moments undergo spin-lattice relaxation readily and have very small values for T1.

When the nucleus with a quadrupole moment is attached to another atom whose spectrum is being measured, it

is observed that rather extensive broadening occurs. When one attempts to obtain an NMR spectrum on a

nucleus with a quadrupole moment that undergoes relaxation readily, the signals are sometimes broadened so

extensively that no spectrum is obtained. This is the case for most halogen (except fluorine) compounds.

The effectiveness of the quadrupole relaxation process depends upon the interaction of the quadrupole moment

with the electric field gradient at the nucleus. The field gradient is caused by the asymmetry of the electronic

environment. Sharp signals have been obtained for the halide ions and symmetric compounds of the halogens

(e.g., ClO4
-), where the spherical charge distribution gives rise to only small field gradients at the nucleus, leading

to large values of T1.

Solution of I-, (I127, I = 3/2) give rise to an NMR signal. When iodine is added, the triiodide ion, I3
-, is formed,

destroying the cubic symmetry of iodide ion so that quadrupole broadening becomes effective and the signal

disappears. Small amount of iodine result in a broadening of the iodide resonance and the rate constant for the

reaction I- + I2 I3
- can be calculated from the broadening.



The changes in a series of spectra obtained as a function of temperature are opposite to those normally

obtained for exchange processes. At -2050 C a sharp single peak is obtained for NF3 and as the temperature is

raised the line broadens and a spectrum consisting of a sharp triplet (I = 1 for N14) results at 200 C. It is

proposed that at low temperature the slow molecular motions are most effective for quadrupole relaxation of

N14, and as a result, a single line is obtained. At higher temperatures, relaxation is not as effective and the

lifetime of a given state for the N14 nucleus is sufficient to cause spin-spin splitting. A similar effect is observed

for pyrrole.

Fluorine NMR Spectrum of NF3

N14 resonance of azoxybenzene

It exhibits only a singlet. The nitrogens are not equivalent and it is proposed that the field gradient at the N-O 

nitrogen is so large as to make this resonance unobservable.



The Double Resonance Technique

❖ Used to simplify complex spectra.

❖ Involves application of second strong rf field whose frequency is adjusted to cause saturation of a second 

nucleus which is splitting the nucleus being measured.

❖ This saturation causes the second nucleus to undergo frequent transitions so that the effect from spin-spin 

splitting caused by this nucleus disappears. The second nucleus is, in effect, decoupled from the rest of the 

system.

❖ In details, it simplify proton spectra by saturating a set of proton nuclei which differ in chemical shift from

another set and which are splitting that set (i.e., A or B of ABX, AB2, etc.)

❖ The chemical shift is evaluated from the frequency of the audio side band on the strong rf field which is

most effective for decoupling.

❖ The doble resonance technique has been successfully employed to determine the relative sign of coupling

constants.

❖ This method is applicable to chemically nonequivalent groups of hydrogen nuclei to simplify the

interpretation of high resolution proton magnetic resonance spectra



Proton NMR Spectrum of Diboarne

Fig: Proton NMR Spectrum of Diborane (a) Proton NMR with B11 and B10 splitting. (b) Proton NMR with B11 nucleus saturated 

In fig (a), the spectrum results from two sets of nonequivalent protons (bridge and terminal protons) being split by

the B11 nucleus. The asterisk denotes fine structure arising from the smaller abundance of protons on B10 nuclei

(B10 has a natural abundance of 18.83% and I = 3 compared to 81.17% for B11 with I = 3/2).

In fig (b), the splitting caused by B11 has been removed by saturation of the boron nucleus by the double

resonance technique.

Two peak intensity ration 2:1 are obtained, corresponding to the four terminal and two bridged protons.



Proton NMR Spectra of Al(BH4)3

This molecule contains six Al-H-B bridge bonds. Both B and Al27 (I = 5/2) has

quadrupole moments. The proton NMR at 30 mc sec-1 consists of a single

broad line (Figure (a)). When the B11 nucleus is saturated, the proton

resonance spectrum in figure (b) results. Examination of the proton

resonance while saturating B11 is symbolically designed as H1-{B11}. Figure (c)

represents the proton NMR spectrum when the sample is irradiated with

frequency corresponding to that of Al27(H1-{Al27}). The four large peaks arise

from B11 splitting of the proton and the smaller peak from B11 splitting. The

bridging and terminal hydrogens are not distinguished because of a rapid

proton exchange reaction which makes all hydrogens equivalent.

Fig. Proton NMR of Al(BH4)2 (a) Proton resonance (b) Proton resonance, B11 saturated (c) Proton resonance, Al27 saturated



Two isomers have been obtained in the preparation of

N2F2. One definitely has a trans structure with fluorine on

each nitrogen. In conflicting reports, the structure of the

second isomer has been reported to be the cis isomer and

also F2N=N. An excellent discussion of the results

obtained by employing several different physical methods

in an attempt to resolve this problem has been reported

along with fluorine NMR spectrum and results from a

double resonance experiment. Saturation of the N14

nucleus in this second isomer with a string rf field causes

collapse of all nitrogen splitting. It is concluded that the

chemical shift of the two nitrogens must be equivalent and

this eliminates the F2N=N structure. Additional evidence is

obtained for this structure from a complete spectral

interpretation. The value for JN-F calculated in this study for

a cis structure is reasonable when compared to JN-F for

NF3

N2F2



NMR Spectrum of (C2H5)2Tl+

Loosely coupled spin systems can often be regarded as giving a number of subspectra, each associated with a different spin

orientation of a particular nucleus or group of equivalent nuclei. It may be possible to perform double resonance experiments that

perturb only one of these subspectra and thus determine which lines belong to a particular subspectrum. The two naturally

occurring isotopes of Thallium, 203Tl and 205Tl, both have spin ½ and such similar magnetogyric ratios that difference between the

splittings that they produce in the proton spectrum of this species are not resolved.

NMR spectrum of (C2H5)2Tl+

Consider the NMR spectrum of (C2H5)2Tl+ in figure (I for Tl = ½). If

JTl-CH3 and JTl-CH2 are both positive, both low field peaks

correspond to interaction with positive nuclear magnetic quantum

numbers of Tl. If the signs of J are different, one low field peak

corresponds to interaction with the moment from thallium nuclei

where m = +½ and the other is -½, By irradiation at the center of

gravity of each of the multiplets, it was shown that each CH3 triplet

was coupled to the distant methylene quartet and vice versa. For

example, irradiation with a frequency corresponding to the low

field triplet resulted in the disappearance of the fine structure of

the high field methylene signal. This result indicates that JTl-CH3

and JTl-CH2 have opposite signs, for if the sign were the same, the

two field multiplets would be coupled together as would the two

high field multiplets and saturation of the low field triplet would

cause collapse of the fine structure in the low field methylene

signal.
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Exchange of iodide ion with triiodide ion studied by nuclear magnetic 
resonance 
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Inorganic Materials Research Division, Lawrence Berkeley Laboratory and Department of Chemistry, University of California, 

Berkeley, California 94720 
(Received 13 July 1972) 

Previous studies of NMR line broadening of the iodide resonance in aqueous solutions of triiodide have 
been interpreted in terms of the rate of dissociation and formation of triiodide, with the result that the 
derived rate constant appeared to exceed the diffusion limiting value. The present study has resolved this 
anomaly and shows the exchange to be described instead by the reactions ['- + [3 = r;- + r- at iodide 
concentrations greater than O.OSM. Several mechanisms of exchange are considered based on both 
symmetrical and unsymmetrical forms of triiodide ion, the latter of which is supported by Raman data in 
the literature. The interpretation makes use of nuclear quadrupole coupling constants reported for solid 
salts of triiodide. The data are fitted to the exchange modified Bloch equations to obtain a value of the 
rotational correlation time, T r' for each of the mechanisms; T r is then compared to a theoretical value of 
T r calculated for triiodide ion. Although the data do not permit a unique mechanism to be established, it 
appears that at least two of the iodines in triiodide must be involved in exchange. The results are 
compatible with an attack on an end iodine of triiodide with the formation of the intermediate r~-. 

Myersl has used the measurement of the line­
width of the nuclear magnetic resonance of iodine-127 
in iodide solutions containing triiodide ion to yield 
information on the rate of exchange of iodine nuclei 
between the two species. The 1271 nucleus, when present 
as 1- in an aqueous solution, undergoes transverse 
relaxation through quadrupole coupling with the 
surrounding water molecules at a rate which produces 
a conveniently measurable resonance linewidth. The 
same nucleus, when present in 13-, relaxes much more 
rapidly because of the much stronger quadrupole 
coupling. Therefore, the presence of a small amount 
of triiodide ion causes measurable broadening of the 
1- resonance linewidth through chemical exchange. 

Myers interpreted the concentration dependence of 
the line broadening in terms of the rapid formation 
and dissociation of triiodide ion: 

have been amply treated elsewhere.5-
7 The experi­

ments were performed on a Varian V4200B spectrom­
eter at 8.00 MHz which corresponds, for 1271, to a field 
of 9.4 kG. The iodide ion linewidths are peak-to­
peak separations of the absorption derivative. For 
solutions of potassium iodide at 2M (moles per liter) 
and below, the linewidth was constant at 1.15 G. 
The line shapes were Lorentzian to a good approxima­
tion, for which the expression 1/T2= (VJ/2htlH 
applies, where 'Y is the nuclear gyromagnetic ratio, 
tlH is the linewidth in gauss, and T2 is the transverse 
relaxation time. Field sweeps were calibrated using 
the sidebands impressed on water protons at 40 MHz. 
The amplitudes of the modulation and radiofrequency 
fields were set well below the levels which produce 
observable broadening. 

The iodide salt was weighed out directly and the 
triiodide concentrations were measured spectrophoto­

(1) metric all y by using the molar extinction coefficient 
of 13- at the absorption maximum at 3530 k8 The 
pure iodide solutions were made 1O-3M in Na2S203 
to prevent oxidation. The linewidths were independent 
of ionic strength below 2M apart from the small 
effects attributed to ion pairing with the specific 
alkali metal cation.9 All solutions containing 0.1, 0.4, 
1.0, and 2.0M 1- were at a constant ionic strength of 
2.00M, achieved by adding NaN03 to the KI and h 
All other solutions had an ionic strength equal to 
the iodide concentration (KI). The temperature de­
pendences were studied with an apparatus described 
elsewhere,1 consisting of a Pyrex cell with a glass 
coil immersed in the sample, through which a gas was 
passed for heat exchange. 

The spectrophotometric measurement of the 13-

concentration requires further comment. ChialO and 
The techniques and theory of the measurement of French and Effenbergerll have shown that the ap­

rapid rate processes through NMR line broadening parent molar absorptivity of 13- varies with the iodide 

From the results of his study he deduced a value for 
kf of 4.7X 1010 M-I·secl at 35°C. However, estimates2.3 

of the diffusion controlled bimolecular rate constant4 

for this reaction at the same temperature give a value 
for k! of only 1.8XlO1O M-I·secl • The work reported 
here was undertaken with the hope of resolving this 
discrepancy. Our initial measurements at 27°C ap­
peared to be consistent with Myers' rate law and 
moreover yielded an even larger value of k!. Further 
measurements, however, of the concentration and 
temperature dependences of the line broadening re­
vealed a more complicated exchange mechanism. 

EXPERIMENTAL 

990 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to

IP:  128.240.225.44 On: Sat, 20 Dec 2014 22:17:27



EXCHANGE OF IODIDE ION WITH TRIIODIDE 991 

concentration. Chia's data interpolated to 3530 A 
and combined with the data of Awtrey and Connick8 

for low iodide concentrations gives for the molar 
absorptivity 

~3530= 2.64X 1Q4( 1 +0.164[1-J) (2) 

up to 1M 1-. We define the apparent triiodide con­
centration [13-J.PP as 

[13- J.PP = A3530/2.64X 1Q4b (3a) 

and the "stoichiometric triiodide" symbol [13-], as 

[13-],= A3530/2.64X 1Q4b (1+0. 164[I-J) 

= [13-]app/1 +0.164[1-J, (3b) 

where A is the absorbance and b the cell length. 
French and Effenberger have analyzed their data in 

terms of higher poly iodides and give for the equilibrium 
quotient for the formation of U-, the next most im­
portant species for the conditions used here, at ionic 
strength 2M(KNOa) and 25°: 

Q=0.184. (4) 

1£ one accepts their interpretation, 

[13--]'= [13- J+[U-]' (5) 

RESULTS AND DISCUSSION 

In Fig. 1 a plot of the line broadening o(in gauss) vs 
[13- J.PP at 2M iodide concentration is shown. The 
value of the contribution from the pure iodide ion 
linewidth was subtracted from the measured over-all 
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FIG. 1. Variation of line broadening with triiodide concentration 
for 2.0M iodide solutions at 27°C. 

TABLE I. Relaxation data for 1- in solutions 
containing 13- at 27°C. 

[I-J, M p,.,M l/ko, M'sec llkl' M·sec l/k2, M·sec 

0.050 0.05 0.85XlO-9 0.84XlO-9 0.83XI0---9 
0.100 2.00 0.92 0.90 0.89 
0.400 2.00 2.65 2.49 2.32 
1.00 2.00 7.25 6.23 5.26 
2.00 2.00 17.4 13.6b 10.0 
3.00 3.00 25.1 
4.00 4.00 34.0 
5.00 5.00 43. 
6.00 6.00 48. 

a Ionic strength. 
b Equation (2) is a first-order empirical correction to the 

molar absorptivity for the presence of higher polyiodides, valid 
up to 1M iodide. A more exact treatment based on the assumed 
presence of U- was used to calculate ,3530 at 2M 1-, resulting in 
a 4% higher value of [13-], than given by Eq. (3b). 

linewidth to obtain o. Linear plots of this type were 
also obtained at several other iodide ion concentra­
tions. The linearity establishes that the observed 
increase in rate of relaxation of 1- arising from the 
presence of 13- is proportional to [13-J.Pp and there­
fore to [13-], and also [13- J at a given iodide concentra­
tion. The slopes of the linear plots, such as Fig. 1, 
were measured and multiplied by (YJ/2)-y to give 
the second-order rate constants for the enhanced 1-
relaxation, shown in Table I, according to: 

(YJ/2)-yo= [1*-J-!(d[I*-J/ dt) = ktCI3-], = k2[13- J 

=ko[13-Japp. (6) 

The evaluation of k2 requires the additional assump­
tion of the presence of the 142- species and the ap­
plicability of French and Effenberger's equilibrium 
quotient for Eq. (4) to the present system: k2= k! 
(1 +0.184[1-J) at room temperature. At low (1-), 
k2 approaches k!. 

Obviously k! and k2 are not constant. Values of the 
reciprocal of each plotted against [1-J in Fig. 2 indi­
cates that to a first approximation they are inversely 
proportional to the iodide concentration. Thus the 
simplest approximate rate law for the enhanced relaxa­
tion of 1- is 

-d[I*-J/ dt= k3([I*-J[13-]' /[1-J) 

=k4([I*-J[la- J/[I-J) 

= k4QIa-[I*-J[12J, (7) 

where Qh- is the equilibrium quotient for the forma­
tion of 13-. This is exactly the rate law for the relaxa­
tion found by Myers! and interpreted by him as the 
rate of dissociation and formation of triiodide ion. 

The key to the problem was revealed by a study of 
the temperature dependence of the relaxation. In 
Fig. 3 is shown a plot of 10g([I-Jo/[Ia-Japp) vs 1fT 
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FIG. 2. Plot of l/kl (0) and 1/k2 (X) [see Eq. (6)J vs the 
iodide concentration. 

for several iodide concentrations at and above O.4M. 
The contribution from the pure iodide ion linewidth­
the temperature dependence of which is shown in 
Fig. 4--has been subtracted from the over-all line­
width to obtain the value of o. 

In Fig. 3, if the rate of relaxation depended on the 
rate of dissociation of triiodide ion, the plot would be 
of the usual Arrhenius type with the rate constant 
increasing with increasing temperature. Exactly the 
opposite trend is found with dE~-4.3 kcal. 

In a two environment system with a small difference 
in chemical shift, the enhancement of relaxation of 
the first environment by the presence of the second is 
controlled by the slower of the two steps: (1) chemical 
exchange and (2) relaxation in the second environ­
ment. The temperature dependence data show un­
equivocally that the former is not controlling under 
the conditions in Fig. 3. 

If relaxation is the controlling step, the rate is 
proportional to the rate of relaxation in the second 
environment: 

-d[I*-J/dt=k,[13*-J= k"Qh-[I*-J[12J, (8) 

which is just the form found experimentally, to a 
good approximation. With relaxation control dominat­
ing at 0.4M 1- and higher, chemical exchange must 
be faster than the relaxation. The triiodide dissocia­
tion and recombination mechanism for the exchange 
becomes even more impossible with this new inter­
pretation. The system must effect an exchange of 
iodide atoms between 13- and 1- considerably more 
rapidly than the diffusion controlled bimolecular re­
action rate limit for Eq. (1). The only reasonable 

possibility appears to be the direct bimolecular re-
action: 

k6 
1*-+ 13~13*-+ 1-. (9) 

At the diffusion limit this reaction theoretically could 
produce exchange at approximately Q1a-[I-J times the 
rate of exchange through 1-+12• This would cor­
respond to a rate which is 714 times greater for a 1M 
iodide solution at 25°C. 

By a suitable change in the experimental conditions 
it should be possible to make chemical exchange the 
controlling factor. The above mechanism for such a 
situation gives 

-d[I*-J/dt=k6[1*-J[13-]. (10) 

It will be shown below [Eq. (13)J that chemical 
exchange control will be favored (low relative rate) 
by low iodide concentration. Consideration of the 
temperature dependence shows that low temperature 
will also favor chemical exchange control since de­
creasing the temperature will decrease the rate of 
chemical exchange but increase the quadrupole relaxa­
tion of 13- because of the longer correlation time from 
tumbling. 

Attempts to gain evidence of chemical exchange 
control were carried out as follows: measurements 
were made at 27°C with decreasing concentrations of 
iodide ion down to 0.05M at which point the small 

3.00 310 3.20 3.30 3.40 3.50 3.60 

103
/ T OK 

FIG. 3. Temperature dependence of [I-JO/[Ia-Japp for tri­
iodide solutions: O.4M iodide, 0 j 1.0M iodide, ej 2.0M iodide, 
D.. 
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signal-to-noise ratio precluded further decrease. As 
will be explained later, chemical exchange control 
according to Eq. (10) should manifest itself in Fig. 2 
as a finite intercept on the ordinate axis. Such a result 
was obtained although the accuracy is not high. 

Second, the temperature dependence was measured 
at low iodide ion concentration (O.OSM) , as shown in 
Fig. S. The sign of the temperature dependence is 
now reversed from that found at O.4M and higher 
iodide concentrations, thus confirming the presence of 
chemical exchange control. The low value of the activa­
tion energy indicates, as would be expected, that 
exchange control is only slightly more important than 
relaxation control under the conditions of the experi­
ment. 

We now wish to establish an explicit relationship 
between the resonance linewidth of the iodide ion and 
the pertinent rate and relaxation parameters. We 
consider the special solution of the exchange modified 
Bloch equations for two site exchange with one com­
ponent in low abundance. The quantity 1/ T2p is given 
in terms of the line broadening, 0, by7: 

T -1= (!.v'J) 0=T_1(T2/)-1+(T2dTd)-1+~wi) 
2. 2 'Y e (T2d-1+Tr1)2+~wi ' 

G> 
c: 

...J 

(11) 

10 r-,----,----,----,---,r---,----.-, 

3DO 3.10 3.20 3.30 3.40 3.50 3.60 

103/ToK 

F1G. 4. Temperature dependence of peak-to-peak linewidth of 
iodide ion in the absence of triiodide: O.lM KI, 0; 2.0M •. 
The activation energies for the iodide linewidth are the same 
within experimental error for the O.lM and 2M KI solutions. 
The slope is fixed by the experimental points and the line is 
drawn through the accurately known value of the linewidth at 
27°C, i.e., 1.1S±0.03 G. 
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FIG. S. Temperature dependence of line broadening for a solution 
O.OSM in iodide and 1.07 X to-oM in triiodide. 

where Td, T2d , and ~Wd are, respectively, the chemical 
lifetime, transverse relaxation time, and chemical 
shift of the iodine in species d. We make the identi­
fication of the species c with iodide, whose resonance 
we are observing, and d with triiodide. The specific 
processes are: 

I/T2• 

I*-~1-, 

ks 
1*-+I3~13*-+1-, 

ks 

I/T2d 
13*-~13-, 

with I/Te=ks[I3-J and I/Td=k6[1-]. 

(12a) 

(12b) 

(12c) 

We can simplify Eq. (11) by noting that the chemical 
shift ~Wd is an ordinary diamagnetic shift which is 
small in comparison to the relaxation and exchange 
rates, and may therefore be ignored, i.e., the chemical 
shift is much less than the line broadening. Then Eq. 
(11) becomes 

T2.-1=Te- 1[Td/ (T2d+Td) J=ks[13-J/ (ke[1-JT2d+ 1). 

(13) 

Equation (13) displays, very simply, the line broaden­
ing as a function of the chemical and magnetic life­
times of an 1271 nucleus in triiodide. For very rapid 
chemical exchange one has a relaxation controlled 
width, i.e., for (Td/T2d)«I, 

T2.-1= h/Te) T2d-1= T2d1(ks/k6) ([I3-J/[1-J). (14) 

In the limit of slow exchange the line broadening is 
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TABLE II. Possible mechanisms for exchange of 1- with Ia-. 

Mechanism 

A. Attack on center iodine of la-

1. Symmetrical I3-

2. Unsymmetrical I 3-

a. No inversion 
b. Rapid inversion 

B. Attack on end iodine of 13-

2 

1 
2 

lIa' 
[!(lIa+"") J2 or !(lIa2+",,') 

1. Symmetrical 13- Kinetics more complex' 

2. Unsymmetrical 13-

a. No inversion IIa2 

b. Rapid inversion Kinetics more complexb [i(IIa+",,+IIc) J2 or [!(lIa+llb) J2+II; 

• See text and Eq. (19). 
b See text. 
c lIab is the quadrupole coupling constant for the end iodines in symmetrical 1a-. 

controlled by the exchange rate, i.e., for Td/T2d»l, 
T -I-T -I-k [1-] 2. - c - 5 a . (15) 

The experimental data are qualitatively consistent with 
this description. To proceed further, it is necessary to 
examine more carefully both the relaxation and the 
chemical exchange processes. 

The nuclear magnetic relaxation of 1271 occurs by 
quadrupole coupling. For liquids the expression for 
T2d-1 is of the forml2 : 

(16) 

where I'q= e2qQ/h is the conventional quadrupole 
coupling constant in which q is the electric 4ield gradient 
at the nucleus whose quadrupole moment is Q. The 
value of a for a nuclear spin of ! (i.e., 1271) is 2.4X 10-2. 
The expression is exact for axial symmetry (which we 
shall assume), and a very good approximation for 
small departures thereform. The quantity Terr is an 
"effective" correlation time for the quadrupole coupling 
given by the expression 

(17) 

Here, T r-
I and k6[I-] are the rates at which the quad­

rupole coupling is interrupted through rotational 
motion and chemical exchange, respectively. 

The value of Tr is often estimated from the Debye­
Bloembergen model of a randomly rotating sphere 
embedded in a viscous liquid. Shimizu1a has derived 
the quadrupole relaxation formula for the tumbling of a 
symmetrical ellipsoid. It has the same form as Eqs. 
(16) and (17), but the rotational part of Teff is more 
complex. On estimating major and minor axes of the 
ellipsoid from interatomic distances of triiodide ion 
and the van der Waals radius of iodine, one calculates 
from Shimizu's work a value of Tr of approximately 
4.4X 10-11 sec at 25°C. The value is uncertain because 

the hydrodynamic basis of the model is highly question­
able at molecular dimensionsl4 ; a factor of 2 error would 
not be surprising. Since only rotation about the minor 
axes is effective in decorrelating the quadrupole 
coupling of linear Ia-, the hydrodynamic theory may 
actually be more appropriate here than for a sphere.15 

Taking the inverse of Eq. (13) and substituting for 
T2d from Eq. (16) yields 

T2.[Ia-]= k5- 1+ (k6[I-]/k5(3) (Tr- l +k6[I-]). (18) 

Equation (18) oversimplifies the chemical exchange 
and relaxation processes. There are three iodine atoms 
in 13-, It is most unlikely that they all exchange at 
the same rate. Each may have a different quadrupole 
coupling constant. There is strong evidence that 13-

in aqueous solution is not symmetrical, although it 
is probably linear or very nearly so. X-ray structure 
determinationsl6 of solid triiodides have shown Ia- to 
be sometimes symmetrical and sometimes asymmetrical 
with the two different distances from the center to 
the end iodines, ranging from 2.82 to 2.91 A for the 
short distance and 3.10 to 2.95 A for the long distance. 
Recent Raman measurements in aqueous solutionl7

,18 

also indicate two active stretching frequencies, which 
would only be the case if the Ia- were unsymmetrical 
and retained a given asymmetrical configuration for 
the order of 2X 10-12 sec or longer. 

Of great interest here are the quadrupole coupling 
measurements of Sasane, Nakamura, and Kubol9 on 
solid NH4Ia, RbI3 , and Csla. Three distinct coupling 
constants were observed for each substance, averaging 
710, 1490, and 2480 MHz, although the individual 
values varied appreciably. These are assigned in order 
to Va, Vb, and I'c of the atoms indicated in unsymmetrical 
Ia-, with the a-c bond longer than the c-b bond: 

1-1-1-. 
a c b 
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EXCHANGE OF IODIDE ION WITH TRIIODIDE 995 

TABLE III. Kinetic parameters calculated for different mechanisms. 

Based on [13-], b Based on [13-J b 

Mechanism 
(See Table II) ks I/Tr ks I/Tr 

A,l 2.7XI09 1.2XI01o 2.2X109 1.0X101o 

A, 2, ba 

A, 2, a 
B, 2, a 

1.6X109 1.1X109 1. 4X 109 O.7SX109 

B,l 4.1X109 4.3XI010 3.3X109 3.6X1010 

B, 2, ba 

a Inversion rate assumed to be much greater than 1/Tr. 
b The interpretations based on [13-], and [Ia-J correspond to substitution of the ks and ks data of Table I, respectively, into Eqs. 

(18) and (19), along with the assumption in the [Ia-], interpretation that [Ia-J in these two equations may be replaced by [Ia-]'. 

The sum of the three frequencies for each solid is 
remarkably constant and nearly equal to twice that 
of the iodine atom,20 as could be expected if only p 
orbitals are used in bonding, i.e., the molecular orbital 
model proposed by Pimentel,21 and if the theory of 
Townes and Dailey22 is applied. 

The exchange process can proceed by attack of the 
incoming 1- on either the central or one of the end 
iodines of triiodide. In the first process the incoming 
1- replaces an end iodine, without change of the 
relative positions of the other two. In the second case 
the incoming iodide attaches to one of the end iodines, 
which in turn becomes the new center iodine, while 
the other end iodine is lost as 1-. In addition to the 
two methods of attack there are other complexities. 
Both the unsymmetrical and symmetrical structures 
for 13- must be considered. The symmetry of the 
activated complex (or an intermediate) can affect 
the exchange. If the triiodide is unsymmetrical, the 
rate of inversion of the asymmetry can affect the 
results. Further, when two or more sites are involved 
in relaxation the appropriate combination of quadrupole 
coupling constants must be chosen. 

where {3i corresponds to the {3 of Eq. (16) for the 
atom indicated by the subscript. This form is only 
valid when k5[I-J is appreciably smaller than 1ITT, 
which turns out to be the case up to 1M 1-. For the 
unsymmetrical 13-- with attack on the end iodine, a 
similar equation is obtained if the rate of inversion 
of the asymmetry is rapid compared to the sum of 
the relaxation rates in the tightly bound and center 
positions. 

Because of the many possible mechanistic paths, 
indicated only incompletely in Table I, it is not 
feasible to use the NMR results to determine uniquely 

The results of consideration of a number of the 
more plausible of these alternatives is presented in 
Table II. Here the cases are classified first by mode 
of attack and second by symmetry of the 13-, with 
the possibility of rapid inversion for the unsymmetrical 
case. The second column lists the appropriate ratio 
for k51ks in Eq. (18), except where indicated, and the 
last column gives appropriate expressions for Vq in 
Eq. (16), except where indicated; when alternative 
expressions are given the first corresponds to rapid 
exchange between the sites relative to tumbling and 
the latter case the opposite. 

The equation for the transverse relaxation time 
involving relaxation and exchange can be derived 
readily using classical kinetic methods of the steady 
state as long as the chemical shift is small enough 
not to contribute to the linewidth,2 which is the case 
here. In addition, it is necessary that exchange not 
be rapid compared to the randomizing process, i.e., 
tumbling in the present case. When this latter condi­
tion does not hold, the derivation is more complex. 

For attack on the end iodine of symmetrical tri­
iodide the relaxation equation is 

(19) 

the mechanism of relaxation. To simplify the problem 
the average quadrupole coupling values of Sasane, 
Nakamura, and Kubo19 will be used to fix the v q 

parameters in the equation for T2p • Fortunately, the 
two possible averages-the average of the squares 
and the square of the averages (in Table II)-do not 
differ greatly. As judged by its constancy in Ref. 19, 
(Va+Vb) 12 should be a good measure of the quadrupole 
coupling frequency of the end iodines of symmetrical 
13-, and is so used in Table II. 

Using the above parameters, the data at O.lM 
and 1M 1- were used to calculate k5 and 11TT for the 
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various paths in Table II with the results shown in 
Table III. The first set of results labeled, Based on 
[13-]" corresponds to assuming approximately that 
the species forming at higher iodide (presumably U-) 
contributes to the relaxation in the same degree that 
an 13- does, at 1M iodide. The second set, labeled, 
Based on [13-], corresponds to assuming that the 
species forming at higher iodide contributes nothing 
to the relaxation. 

The test to be applied to the calculations of Table 
III is the reasonableness of the I/Tr values. The value 
estimated from hydrodynamic theory, as discussed 
earlier, is I/Tr= 2.3X 1010 sec! at 25°, with considerable 
uncertainty. This value is in severe disagreement (20 
fold) with cases A.2.a and B.2.a, and, therefore, it is 
concluded that the exchange process is not restricted 
to the weakly bound end iodine of an unsymmetrical 
13-. 

The hydrodynamic estimate of I/Tr is about equally 
close to the derived values for the other two pairs of 
mechanisms for exchange, with no significant basis for 
favoring one set over the other. 

Although only the data for the O.lM and 1M 1-
solutions at ionic strength 2.0M have been used in 
the above interpretation, the values in Table I at 
O.4M and 2.0M 1- are reasonably consistent. The 
precise shape of the curves of Fig. 2 was not believed 
to be definitive in the fitting because of uncertainties 
about the amount of U- and its relaxation behavior. 
The point at 0.05M 1-, when placed on Fig. 1, lies 
above the other data, as would be expected from a 
sizeable activity coefficient correction to the rate of 
exchange at the much lower ionic strength. 

At the 1M iodide point the U- concentration is 
calculated from Eq. (4) to be 0.184 times the 13- con­
centration; therefore, the correction for the presence 
of 142- is not trivial. The assumption made for the 
second set of ks and 11Tr values of Table III, that the 
U- does not contribute to the relaxation, seems un­
realistic from the following argument. Bonding con­
siderations point to a linear structure for U-. A 
simple molecular orbital picture of a symmetrical, 
linear structure places a "p" electron deficiency of 
t electron on each iodide, leading to an over-all quad­
rupole relaxation parameter which is ! that of triiodide 
when averaged over the four and the three positions, 
respectively. With a somewhat slower tumbling rate 
for U-, the net result is a predicted relaxation rate 
per U- roughly equal to that for an 13- in the relaxa­
tion controlled region. Therefore, one might expect 
the parameters from the interpretation based on 
[I3-], to be closer to the actual situation. 

It seems likely that the U- is an intermediate in 
the exchange process between 1- and I3-. If so, the 

mechanism consists of attack by the 1- on the end of 
the 13-, i.e., the second group of mechanisms in Table 
II. If 13- is symmetrical or inverts any asymmetry 
rapidly relative to relaxation, all three positions of 
13- become available for relaxation in the relaxation 
controlled limit. Such a situation corresponds to cases 
B.l and B.2.b, respectively, of Table II. These would 
seem to be the most likely mechanisms. In either case 
the bimolecular rate constant ks is near, but within, 
the diffusion limit. 

Very recently Turner, Flynn, Sutin, and Beitz23 

have measured to formation and dissociation of tri­
iodide by means of a laser temperature-jump apparatus. 
Their data show that the exchange of 1- with 13- by 
the mechanism of Eq. (1) is unimportant relative to 
that by Eq. (9) in the present study. 
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Solid-state nuclear magnetic resonance (NMR) spec-
troscopy is mostly applied to 1H or 13C nuclei with the
nuclear spin I D 1

2 , but about 100 of 130 NMR isotopes
have I > 1

2 , and the electric quadrupole interaction strongly
broadens the NMR signal in the solid-state powder spectra.
The perturbing effect of the electric quadrupole interaction
is reduced at the higher magnetic fields which are available
at present. In addition, approaches of the solid-state NMR
traditionally used in the study of spin- 1

2 nuclei have been
adapted for use with quadrupolar nuclei, and some tech-
niques, e.g. double-rotation (DOR) and multiple-quantum
transition in combination with fast spinning [multiple-
quantum magic-angle spinning (MQMAS)], were recently
developed for quadrupolar nuclei with half-integer spins.

This article describes the basic theory, the line shape for
first- and second-order quadrupole broadened spectra with
and without magic-angle spinning (MAS) of the powder,

the most important experimental techniques for the study
of quadrupolar nuclei with half-integer spins such as
DOR, dynamic-angle spinning (DAS), MQMAS, echo
and nutation techniques, and some recent developments in
deuterium NMR. Electric field gradient and chemical shift
data for the most commonly studied quadrupolar nuclei
with half-integer spins, 27Al, 23Na, and 17O, and a few
references to recent solid-state NMR studies of some other
quadrupolar nuclei are given.

1 INTRODUCTION

The applicability of the NMR technique continues to
expand in physics, chemistry, materials science, geology,
biology, and medicine for either spectroscopic studies or
imaging purposes. The majority of the recent applications
can be found in the field of analytical chemistry. In
1998, Current Contents (Physical, Chemical and Earth
Sciences) referred to about 8500 NMR studies, including
1800 studies of solids. Solid-state NMR, for which some
special techniques must be used in order to obtain highly
resolved spectra, is mostly applied to 1H or 13C nuclei
with spin I D 1

2 . About 100 of 130 NMR isotopes have
I > 1

2 , and the electric quadrupole interaction strongly
broadens the NMR signal in the solid-state powder
spectra. However, more than 400 references to solid-state
NMR studies of quadrupolar nuclei in Current Contents in
1998 demonstrate that this problem could be overcome.

The demand for the characterization of inorganic
materials and some recently developed experimental
techniques have led to growing interest in high-resolution
solid-state NMR spectroscopy of quadrupolar nuclei in
powder samples. In addition, the perturbing effect of the
electric quadrupole interaction is reduced at higher mag-
netic fields, which are now commercially available up to
21 T also for solid-state NMR spectrometers. In addition,
approaches of the solid-state NMR traditionally used in
the study of spin- 1

2 nuclei have been adapted for use
with quadrupolar nuclei, e.g. echo methods, sample spin-
ning about the magic angle (MAS), multiple-dimensional
spectroscopy, double resonance and adiabatic transfer.
Some techniques, e.g. DOR and multiple-quantum tran-
sition in combination with fast spinning (MQMAS), were
developed for quadrupolar nuclei with half-integer spins.

This article describes the basic theory, the line shape
for first- and second-order quadrupole broadened spectra
with and without MAS of the powder, the most important
experimental techniques for the study of quadrupolar
nuclei with half-integer spins such as DOR, DAS,
MQMAS, echo and nutation techniques, and finally
some recent developments of the deuterium NMR. Since
single-crystal studies are not considered in this article,
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2 NUCLEAR MAGNETIC RESONANCE AND ELECTRON SPIN RESONANCE SPECTROSCOPY

we refer to recent papers by Vosegaard et al.,.1,2/ which
describe the up-to-date experimental techniques, and
the review by Kanert and Mehring, ‘Static Quadrupole
Effects in Disordered Cubic Solids’..3/ The classical
papers of Volkoff et al., ‘Nuclear Electric Quadrupole
Interaction in Single Crystals’,.4,5/ of Das and Saha,
‘Electric Quadrupole Interaction and Spin Echoes in
Crystals’,.6/ and the classical review by Cohen and Reif,
‘Quadrupole Effects in NMR Studies of Solids’,.7/ should
also be mentioned.

Some other reviews on solid-state NMR of quadrupo-
lar nuclei include mainly powder studies. They are, in
chronological order, Spiess, ‘Deuteron NMR – A New
Tool for Studying Chain Mobility and Orientation in
Polymers’,.8/ Freude and Haase, ‘Quadrupole Effects in
Solid-state NMR’,.9/ Jäger, ‘Satellite Transition Spec-
troscopy of Quadrupolar Nuclei’,.10/ Hoatson and Vold,
‘2H-NMR Spectroscopy of Solids and Liquid Crystals’,.11/

Chmelka and Zwanziger, ‘Solid-state NMR Line Nar-
rowing Methods for Quadrupolar Nuclei – Double Rota-
tion and Dynamic-angle Spinning’,.12/ Chandrakumar,
‘Spin-1 NMR’,.13/ Ulrich and Grage, ‘H-2 NMR (Solid-
state NMR of Polymers)’,.14/ and Smith and van
Eck, ‘Recent Advances in Experimental Solid-state
NMR Methodology for Half-integer Spin Quadrupolar
Nuclei’..15/

For the spin–lattice relaxation of quadrupole spins,
which is not considered in the present article, we refer to
Chapter 7 in Freude and Haase..9/ A survey of nuclear
quadrupole frequency data published before the end of
1982 is given by Chihara and Nakamura in Landolt-
Börnstein, Vol. 20..16/ Values of the chemical shift of
quadrupolar nuclei in solids can be found in books such
as Multinuclear NMR edited by Mason..17/ For 2H NMR
we refer to other publications..11,13,14,18/ In section 10 we
present as a continuation of Freude and Haase.9/ some
electric field gradient and chemical shift data for the most
commonly studied quadrupolar nuclei with half-integer
spins 27Al, 23Na and 17O. A few references to recent solid-
state NMR studies of some other quadrupolar nuclei are
also given.

2 BASIC THEORY

At least three Cartesian coordinate systems were used
for the description of the NMR interactions: the external
magnetic field in the z-direction and the radiofrequency
(RF) coil in the x-direction determine the laboratory
axis system (LAB) with the coordinates (x, y, z). The
interaction representation is based on the coordinates
xi D x coswt, yi D šy coswt, zi D z. This system rotates
around the direction of the external magnetic field with

the applied RF w D 2pn. The microscopic properties of
the complex under study such as the dipolar interactions,
the anisotropy of the chemical shift or the electric
field gradient are described in the principal axis system
(PAS). The principal axes (X,Y,Z) are related to
the structure of the complex, e.g. for the dipolar
interaction the Z-direction is parallel to the internuclear
vector.

The various interactions of the nuclear spin I can be
described by the corresponding Hamiltonians. In the
following we use I for the spin number and I for the spin
angular momentum vector and also for the corresponding
vector operator (Hamiltonian). The interaction of a
nuclear spin with an external magnetic field B gives the
Hamiltonian (Equation 1)

H D IZB .1/

Z D �gh̄1 includes the unity matrix 1, the gyromag-
netic ratio g of the nuclear spins and Planck’s con-
stant, h D 2ph̄..19/ For the case of a static external
magnetic field B0 pointing in the z-direction and
the application of an RF field Bx.t/ D 2Brf cos.wt/ in
the x-direction, we have for the external interactions
Equation (2):

H0 CHrf D h̄wLIz C 2h̄wrf cos.wt/Ix .2/

where wL D 2pnL D �gB0 denotes the Larmor frequency
and the nutation frequency wrf is defined as wrf D �gBrf.
The transformation from the laboratory frame to the
rotating frame gives, by neglecting the part which
oscillates with twice the RF, Equation (3):

H0,i CHrf,i D h̄wIz C h̄wrfIx .3/

where w D wL �w denotes the resonance offset.
In addition to the external interactions there exist

internal interactions of a nuclear spin, which can be
efficiently expressed in the notation of irreducible tensor
operators..20/ The definition and the most important
feature (coordinate rotation) of an irreducible tensor
operator of rank k with .2kC 1/ components is given by
Equation (4):

PRT.k/
q P�1

R D
Ck∑

q0D�k

T.k/
q0 D.k/

q0q.R/ .4/

where D.k/
q0q.R/ denote the matrix elements of the

irreducible representation of the group OC(3) of the
ordinary three-dimensional rotations. The transformation
operator PR is defined as PR D expfi�erJg, where J is the
total angular momentum operator, er is the unit vector
pointing in the direction of rotation and � represents
the angle of rotation. The rotation transforms the
eigenfunctions, jImi, of the angular momentum operator
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Iz as Equation (5):

PRjImi D
∑
m0
jIm0iD.k/

m0m.R/ .5/

The matrix elements D.k/
q0q.R/ (Wigner matrices) can be

written as Equation (6):

D.k/
m0m.a,b, g/ D expfiam0gd.k/m0m.b/ expfigmg .6/

with the Euler angles a,b and g. The elements d.k/m0m.b/ of
the reduced Wigner matrices depend on the angle b only.
They are given in Table 1 for rank 2; values for rank 4
can be found in Zheng et al..21/ As presented in Figure 1,
a positive rotation to a frame (x, y, z) about the Euler
angles includes the rotation a about the original z axis,
the rotation b about the obtained y0 axis and the rotation
g about the final z00 axis [cf. Rose.22/].

Table 1 Reduced Wigner matrix d.k/qq0 .b/ for rank 2a

q0/q �2 �1 0 1 2

�2 a4 �p2a2c
√

3
2 c2 �p2b2c b4

�1
p

2a2c a2.2d� 1/ �p3cd b2.2dC 1/ �p2b2c

0
√

3
2 c2

p
3cd 1

2 .3d2 � 1/ �p3cd
√

3
2 c2

1
p

2b2c b2.2dC 1/
p

3cd a2.2d� 1/ �p2a2c

2 b4
p

2b2c
√

3
2 c2

p
2a2c a4

a The following abbreviations are used: a D cos b
2 , b D sin b

2 ,
c D p2ab D 1p

2
sinb and d D a2 � b2 D cosb.

α

β

x

y

 y′′

z, z′

, y′

 y′′′

 x′′  x′′′

 z′′  z′′′,

γ
 x′

Figure 1 Euler angles.

The commutator shows another important feature of
an irreducible tensor operator (Equations 7–9):.20/

[Iz,T.k/
q ] D qT.k/

q .7/

and

[Iš1,T.k/
q ] D Ý

√
1
2 fk.kC 1/� q.qš 1/gT.k/

qš1 .8/

with

Iš1 D Ý 1p
2
.Ix š iIy/ .9/

The tensor product U.K/
Q of two operators T.k/

q and V.k/
q

is defined according to Equation (10):.20/

U.K/
Q D

∑
qq0

T.k/
q V.k0/

q0 hkk0qq0jkk0KQi .10/

where hkk0qq0jkk0KQi are Clebsch–Gordan coeffi-
cients..20/ The scalar product of the operators T.k/

q and
V.k/

q is simpler (Equation 11):

T.k/
q Ð V.k/

q D
Ck∑

qD�k

.�1/qT.k/
q V.k/

�q .11/

Fortunately, most internal interactions in the NMR can
be written in this form..23/ In the following the operators
T.k/

q and V.k/
q act on two noninteracting systems, the

nuclear spin coordinates and the spatial coordinates
(lattice parameters), respectively.

In the strong external magnetic field it holds for the
internal interactions by neglecting the nonsecular part of
the corresponding Hamiltonian that (Equation 12)

[H0,Hinternal] D 0 .12/

Comparison of Equation (12) with Equation (7) shows
that only tensor elements with q D 0 contribute to the
secular part of the internal Hamiltonians in a strong
external magnetic field, if the system is described in
the laboratory frame (LAB). However, the microscopic
properties of the system are described in the PAS and a
rotation of the coordinates from the PAS to the LAB by
means of the Wigner matrix elements D.k/

q00.R/ must be
performed. For example, the element q D 0 of the tensor
V.k/ is obtained by Equation (13):

V.k/
0 .LAB/ D

k∑
q0D�k

V.k/
q0 .PAS/D.k/

q00.R/ .13/

Operators of rank 0 are invariant with respect to rota-
tions. For the chemical shift we have (Equations 14–16)

T.0/
0 D �1p

3
IzB0 .14/

V.0/
0 D

p
3siso .15/
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and

Hisotropic
chemical shift D �gh̄sisoIzB0 .16/

where siso is the isotropic part of the shielding tensor
(Equation 17):

siso D sXX C sYY C sZZ

3
.17/

Rank 0 operators do not contribute to dipolar interactions
or quadrupolar interaction in first order. The contribution
of the rank 1 operators can be neglected for all considered
interactions. Therefore, anisotropy of the chemical shift,
dipolar interactions and quadrupolar interactions in first
order can be described by rank 2 operators in the form of
Equation (18):

H D C
C2∑

qD�2

.�1/qT.2/
q V.2/

�q .18/

Several contributions as described in Table 2 can be
superimposed. The elements of the shielding tensor s
(trace 3siso) and of the traceless tensor of the electric
field gradient V [which must not confused with the
operator V.k/] are given in the PAS. Parameters of
the anisotropy are d D sZZ � siso for the chemical shift
and VZZ D eq for the electric field gradient, where e
denotes the elementary charge and the value q alone has
no physical meaning in SI units. Q is the quadrupolar
moment and eQ is called the electric quadrupolar
moment. The asymmetry parameter h is in the range
0 � h � 1. With the convention jVZZj ½ jVYY j ½ jVXX j
or jsZZ � sisoj ½ jsYY � sisoj ½ jsXX � sisoj, we obtain

(Equations 19 and 20)

h D VXX � VYY

VZZ
.19/

or

h D sXX � sYY

sZZ � siso
.20/

Equation (21):

Iš1 D Ý 1p
2
.Ix š iIy/ .21/

and Equation (22):

F.a,b, h/ D
(

3 cos2 b� 1
2

C h

2
sin2 b cos 2a

)
.22/

are used in Table 2. The last row in Table 2 gives
components which were transformed from the PAS
into the LAB by the Euler angles a and b using
Equation (13) for rank 2. With Equation (18) we obtain
for the secular part of the Hamiltonian in the LAB
for quadrupolar interaction in the first order (Equa-
tion 23)

HQ D eQVZZ

4I.2I � 1/
[3I2

z � I.I C 1/]

ð
(

3 cos2 b� 1
2

C h

2
sin2 b cos 2a

)
.23/

The quadrupolar coupling constant Cqcc is commonly
defined according to Equation (24):

Cqcc D e2qQ
h

.24/

Table 2 Some contributions to the Hamiltoniana

Parameter Chemical shift Dipolar interaction Quadrupole interaction
between Ii and Ik

C h̄g �2gigkh̄2 µ0

4p
eQ

2I.2I � 1/

T.2/
0

√
2
3 IzB0

√
1
6 .3IziIzk � IiIk/

√
1
6 [3I2

z � I.I C 1/]

T.2/
š1

√
1
2 Iš1B0

√
1
2 .Iš1iIzk C IziIš1k/

√
1
2 .Iš1Iz C I�zIš1/

T.2/
š2 0 Iš1iIš1k I2

š1

V.2/PAS
0

√
3
2 .sZZ � siso/ D

√
3
2 d

√
3
2 r�3

ik

√
3
2 VZZ D

√
3
2 eq

V.2/PAS
š1 0 0 0

V.2/PAS
š2

1
2 .sXX � sYY/ D 1

2hd 0 1
2 .VXX � VYY/ D 1

2heq

V.2/LAB
0

√
3
2 dF.a, b, h/

√
3
2

1
r3

ik

(
3 cos2 qik � 1

2

) √
3
2 eqF.a, b, h/

a The dipolar interaction is the homonuclear one. For heteronuclear dipolar interactions T.2/
0 must be substituted

by
√

1/6IziIzk.
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However, for the quadrupolar frequency, nQ or wQ,
different definitions exist in the literature. We use the
values according to Equation (25):

nQ D 3e2qQ
2I.2I � 1/h

D 3Cqcc

2I.2I � 1/
.25/

or Equation (26):

wQ D 3e2qQ
2I.2I � 1/ h̄

.26/

which were introduced for half-integer spin nuclei in the
field of nuclear quadrupolar resonance (NQR) by Das
and Hahn,.24/ and established by Abragam.19/ also for
NMR. For different definitions in the case of half-integer
spin nuclei, see Freude and Haase.9/ (p. 33) and some
papers following Frydman and Harwood..25/ For integer
spins even less notational consistency exists, cf. Hoatson
and Vold.11/ (pp. 5 and 8). Equation (24) is still valid,
but the definition of the quadrupolar frequency after
Equation (26) is seldom used for spin-1 nuclei.

By substituting VZZ D eq and using the angular depen-
dent quadrupole frequency (Equation 27)

n0Q D nQ

(
3 cos2 b� 1

2
C h

2
sin2 b cos 2a

)
.27/

one can write (Equation 28)

Hfirst-order
Q D hn0Q

6
[3I2

z � I.I C 1/] .28/

Equation (28) represents the first-order contribution
of the quadrupolar interaction in the strong external
magnetic field. From the second-order contribution the
secular part with respect to Iz is given by Equation (29):

Hsecond-order
Q D hn2

Q

9nL

{
2IZ

[
2I2

Z � I.I C 1/C 1
4

]
V�1V1

CIZ

[
I2

Z � I.I C 1/C 1
2

]
V�2V2

}
.29/

The components Vp,p0 in Equation (29) correspond to the
LAB. They can be obtained from the components in the
PAS by means of Equation (13).

The homonuclear dipolar interaction of a pair .i, k/ of
spins with the distance rik and an angle qbetween the inter-
nuclear vector and the direction of the external magnetic
field is described by the Hamiltonian (Equation 30)

HD D µ0

4p
gigkh̄2

(
3 cos2 qik � 1

2r3
ik

)
.3Iz,iIz,k � IiIk/ .30/

and it holds that gi D gk. For heteronuclear dipolar
interactions we have gi 6D gk and .3Iz,iIz,k � IiIk/ in
Equation (30) must be substituted by .Iz,iIz,k/.

The Hamiltonian of the chemical shift is the sum of the
isotropic and the anisotropic contributions (Equation 31):

HCS D gh̄B0Iz

[
siso C d

(
3 cos2 b� 1

2
C h

2
sin2 b cos 2a

)]
.31/

3 EXCITATION

The energy of a spin interaction can be described
by the size of the corresponding Hamiltonian jjHjj.
For NMR the usual sequence is jjH0jj × jjHrfjj × jjHQjj,
jjHDjj, jjHCSAjj. Expressed in frequencies: the Larmor
frequency (jjH0jj), cf. Equation (2), is of the order of
magnitude of 10–1000 MHz, the nutation frequency
(jjHrfjj), cf. Equation (2), is of the order of magnitude
of 1–400 kHz and the internal interactions are smaller
than the RF field strength. However, the latter is
sometimes not correct for quadrupolar nuclei in solids.
We can assume the relation jjH0jj × jjHQjj × jjHDjj,
jjHCSAjj and have to distinguish the well-defined cases
jjHrfjj × jjHQjj (*) or jjHrfjj − jjHQjj (**) and the ill-
defined intermediate case (***). A so-called hard pulse
can perform a nonselective excitation of the whole
quadrupolar broadened spectrum, if the RF field strength
meets (*). The soft pulse (**) excitation is limited to any
single transition (m D �I,�I C 1, . . . , I � 1) in a single
crystal or to the central transition (m D � 1

2 ) for powdered
materials. Here the transition m denotes the transition
between the magnetic quantum numbers m �! mC 1.

The excitation of quadrupolar nuclei with half-integer
spins is discussed in detail by Freude and Haase..9/ For
a short description of the problem of excitation of any
NMR transition, we start from the basic equation for
the frequency spectrum of a rectangular pulse with the
duration t and the carrier frequency n0 with dn D n� n0

(Equation 32):

f .dn/ D 1
t

∫ Ct/2
�t/2

cos.2pdnt/ dt D sin.pdnt/
pdnt

.32/

It has its maximum f .dn/ D 1 for n D n0 and the first
nodes in the frequency spectrum occur at dn D š1/t.
The spectral energy density E is proportional to the
square of the RF field strength which includes the offset
dependence of Equation (32). If we define the usable
bandwidth of excitation dn1/2 in analogy to electronics by
Equation (33):

E
(
n D šdn1/2

) D 1
2 E.n D n0/ .33/

or Equation (34):

f 2.n D šdn1/2/ D 1
2 f 2.n D n0/ .34/
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Figure 2 Examples of the static line shape (without MAS)
of first-order quadrupolar broadened powder spectra for
nonselective excitation. The central line is not fully represented
(cut off). The theoretical line shapes are slightly Gaussian
broadened.

the bandwidth of excitation dn1/2 ³ 0.886/t follows from
Equation (32). It should be noted that also the quality
factor of the probe, Q D n/dnprobe, limits the band-
width of excitation independently of the applied RF
field strength or pulse duration. A superposition of the
free induction decay (FID) of the NMR signals (liquid
sample excited by a very short pulse) for some equidis-
tant values of the resonance offset (without retuning
the probe) shows easily the bandwidth dnprobe of the
probe. The spectral range of resonances for first-order
quadrupolar shifts, which should be excited, amounts
to nQ.2I � 1/ or 3Cqcc/2I (cf. Figure 2). The super-
position of both limitations gives the conditions in
Equation (35):

1
t
> 1.13nQ.2I � 1/ ³ 1.4Cqcc

2I
.35/

and Equation (36):

dnprobe > nQ.2I � 1/ D 3Cqcc

2I
.36/

for a ‘‘nonselective’’ excitation of the spectrum. For
increasing pulse width tor decreasing bandwidth dnprobe of
the probe, a ‘‘partly selective’’, i.e. nonuniform, excitation
of the transitions or a ‘‘selective’’ excitation of one
transition only takes place.

If the single pulse is substituted by a composite pulse,
a designed broadband or narrowband excitation can be
achieved..26/

The intensity of the FID G.t D 0/ after the pulse
with the RF field strength wrf and the duration t is,
for nonselective excitation of all transitions m$ mC 1,
given by Equation (37):.9/

Gnonselective
m,mC1 .0/ D 3[I.I C 1/�m.mC 1/]

2I.I C 1/.2I C 1/
sinwrft .37/

Equation (37) gives also the relative intensities of all
transitions, e.g. 12/30, 9/35 and 4/21 for the central lines
in the case of nonselective excitation of the I D 3

2 ,
5
2 and

7
2 nuclei, respectively. The selective excitation of a single
transition can be described by Equation (38):.9/

Gselective
m,mC1 .0/ D

3
p

I.I C 1/�m.mC 1/
2I.I C 1/.2I C 1/

ð sin
(√

I.I C 1/�m.mC 1/wrft
)

.38/

Comparison with Equation (37) reveals that the
maximum observed intensity is reduced byp

I.I C 1/�m.mC 1/, but the effective nutation
frequency is enhanced by the same value. For the central
transition, m D � 1

2 , we obtain Equation (39):

neff
rf D .I C 1

2 /nrf .39/

Thus, for the selective excitation of the central
transition, the optimum pulse duration is equal to the
duration of a nonselective p/2 pulse divided by I C 1

2 .
The RF power should be as low as possible. Second-order
quadrupolar broadening, the chemical shift anisotropy
and dipole broadening give the lower limit for the RF
power which should be applied, in order to excite the full
central transition in powder spectra. Then, only a small
portion of the satellite powder spectra is also excited. The
partly selective excitation of more than one transition can
be treated only numerically..9/

The problem of ill-defined excitation in cases of
strong quadrupolar interaction can be overcome by
adiabatic frequency sweeps. Adiabatic passages are well
known in NMR..19/ Kentgens.27/ established in 1991 the
quantitative excitation of a half-integer spin system by
a frequency-stepped adiabatic half-passage (FSAHP) on
the basis of an approach of Sindorf and Bartuska.28/

and introduced in 1999 double-frequency sweeps (DFS)
in static, MAS and MQMAS NMR experiments on
the basis of an appropriate time-dependent amplitude
modulation to the carrier frequency, which was applied
before by Fu et al..29/ to integer spin systems in single
crystals.

In the FSAHP, the spin system is far off-resonance at
the beginning of the irradiation. The frequency is then
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stepped through the region of resonances slowly enough
that the density operator can follow the Hamiltonian.
Switching off the RF power at the resonance position of
the central transition creates a single-quantum coherence
like a p/2 pulse applied to a spin- 1

2 system. A full
passage would be comparable to a nonselective p
pulse. A frequency sweep that adiabatically inverts the
satellite transitions, in order to transfer magnetization
to the central levels and increase the intensity of
the corresponding signal, was introduced by Haase
and Conradi..30/ The combination of this population
enhancement with cross-polarization (CP) from 27Al to
17O was demonstrated..31/ A DFS can be generated by
an amplitude modulation of the RF which causes two
sidebands that are swept from a start frequency to a final
frequency during the pulsing..32/ The authors claim that
the DFS technique enhances the signal intensity also in
MQMAS experiments.

The exclusive detection of the š 1
2 $ š 3

2 transitions,
which is based on a central-transition signal enhance-
ment by means of an adiabatic RF sweep was introduced
by McDowell et al..33/ in order to simplify the spectra
and increase the sensitivity. Another approach to res-
olution enhancement by population transfer between
Zeeman levels of the quadrupolar spin system with
selective pulses and adiabatic frequency sweeps was
first applied to 63Cu in superconductors by Haase
et al..34/

Another NMR technique that uses adiabatic pas-
sage in combination with rotational echo and double
resonance was introduced by Gullion..35/ He com-
bined the principles of rotational-echo double resonance
(REDOR),.36/ with the transfer-of-populations double-
resonance (TRAPDOR) developed by Grey et al..37/

The so-called REAPDOR NMR technique allows first,
like TRAPDOR, the indirect detection of signals which
are too broad to be directly observable for the single-
resonance observation of the quadrupolar nucleus and
second, like REDOR, the measurement of distances
between spin pairs..35/

CP excites a spin system by polarization transfer from
another spin system. CP was introduced by Hartmann
and Hahn.38/ and is described in detail in the textbook
by Slichter..39/ S. Vega.40/ first applied static CP to
half-integer nuclei and A.J. Vega.41,42/ considered the
spin dynamics of cross-polarization magic-angle spinning
(CPMAS) NMR as a function of the ratio n2

rf/nQnrot.
Applications until 1992 are reviewed in Chapter 6.2 of
Freude and Haase..9/ Recent discussions about the spin-
locking efficiency of the CPMAS NMR of half-integer
quadrupolar nuclei were presented by Hayashi,.43,44/ Ding
and McDowell.45,46/ and Sun et al..47/ The combination
of CP with other NMR techniques will be considered in
sections 5–7.

4 LINE SHAPE OF STATIC AND
MAGIC-ANGLE SPINNING NUCLEAR
MAGNETIC RESONANCE SPECTRA

The following considerations concern the angular depen-
dent quadrupolar shift. Assuming the resonance offset
to be zero, the quadrupolar shift should be given as
n� nL. For simplicity, we omit �nL, the subtraction
of the Larmor frequency. The conventions nm,mC1 and
nm,�m for single-quantum transitions and symmetric tran-
sitions, respectively, are used here in agreement with
the majority of the literature. For the central transi-
tion n�1/2,C1/2 we have m D � 1

2 . Then, the first-order
quadrupolar shift becomes, with n0Q from Equation (27),
Equation (40):

nm,mC1 D n0Q.mC 1
2 / .40/

for single-quantum transitions, which means zero for
the central transition m D � 1

2 . The first-order quadrupo-
lar contribution is zero for all symmetric transitions
m$ �m. See Equation (28) and note that Iz � m is a
number in this case.

The second-order quadrupolar shift can be obtained by
means of Equation (29) as Equation (41):

nm,mC1 D �
n2

Q

18nL

{
[24m.mC 1/� 4I.I C 1/C 9]V1V�1

C [6m.mC 1/� 2I.I C 1/C 3]V2V�2
}

.41/

or Equation (42):

nm,�m D �
mn2

Q

18nL

{
[4I.I C 1/� 8m2 � 1]V1V�1

C [2I.I C 1/� 2m2 � 1]V2V�2
}

.42/

for single or symmetric quantum transitions, respectively.
The components Vj are given in the LAB and can
be described, with the Wigner matrices of rank 2, as
functions of corresponding values in the PAS, which are
given in Table 2. The VjV�j terms in Equations (41) and
(42), therefore, can be written also as Wigner matrices
for which the rank goes up to 4. Amoureux.48/ gave
a corresponding equation with the coefficients for the
transformation of Equation (42) from the LAB into the
PAS.

The second-order quadrupolar shift of the central
transition can also be obtained with m D � 1

2 from
Equations (41) and (42) (Equation 43):

n�1/2,C1/2 D �
n2

Q

6nL

[
I.I C 1/� 3

4

]
ð .A cos4 bC B cos2 bC C/ .43/
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Table 3 Functions A,B and C for the second-order static and MAS line shapes of the central
transition (cf. Equation 43)

Function Static MAS

A �27
8
� 9

4
h cos 2a� 3

8
h2 cos2 2a C21

16
� 7

8
h cos 2a� 7

48
h2 cos2 2a

B C15
4
� 1

2
h2 C 2h cos 2aC 3

4
h2 cos2 2a �9

8
� 1

12
h2 C h cos 2a� 7

24
h2 cos2 2a

C �3
8
C 1

3
h2 C 1

4
h cos 2a� 3

8
h2 cos2 2a C 5

16
� 1

8
h cos 2aC 7

48
h2 cos2 2a

The components VpV�p are substituted now by functions
depending on the Euler angles a and b and the asymmetry
parameter h. The functions A, B, C (Table 3, static) were
first used by Narita et al..49/ in order to calculate the
second-order powder pattern of the central transition
for a static (nonrotating) sample. Müller.50/ showed
that in the case of very fast MAS of the samples
Equation (43) holds with other functions A, B, C (Table 3,
MAS).

In order to deduce quadrupole parameters from
experimentally obtained spectra, it is usual to fit the
experimental spectrum with calculated spectra using a
utility program of the spectrometer software. Figures 2
and 3 show spectra, which were obtained with the program
WINFIT from Bruker. If the spinning speed is not
large compared with the second-order shift, the average
Hamiltonian can be used for numerical calculations.

Equation (43) allows an analytical determination of the
center of gravity ncg � niso for the powder pattern, which
is called the isotropic quadrupolar shift of the signal of the
central transition. This shift is not influenced by a rotation
of the sample. We denote it as niso Q (Equation 44):

niso Q D �
n2

Q

30nL

[
I.I C 1/� 3

4

](
1C h2

3

)
.44/

An important parameter of the powder line shape f .n/
is the second moment defined by Equation (45):

M2 D
∫
.n� niso/

2f .n/ dn .45/

with
∫

f .n/ dn D 1. The dimension Hz2 of M2 changes to
s�2 or T2 if the line shape is given as f .w/ or f .B/, respec-
tively. The square root of M2 characterizes the second-
order broadening of the signal. Equations (46–48) give
the second moments as a function of niso for the static and
for the MAS spectrum and in addition the narrowing fac-
tor, which can be achieved by the application of MAS to
the second-order quadrupolar broadening of the central
transition:

Mstatic
2 D n2

iso
23
7

.46/
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9
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Figure 3 Examples of the line shapes, without and with MAS,
of second-order quadrupolar broadened powder spectra of
the central transition. The theoretical line shapes are slightly
Gaussian broadened.

MMAS
2 D n2

iso
1
4

.47/√
Mstatic

2

MMAS
2

D
√

92
7
³ 3.6 .48/

Equations (46–48) in combination with Equation (44)
allow the determination of nQ

√
1C h2/3 from the second

moment of the line shape, if the latter is exclusively
broadened by second-order quadrupolar interaction.
However, other contributions to the second moment
of the static line shape should also be considered. The
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anisotropy of the chemical shift gives Equation (49):

Mcsa
2 D

4
9
.snL/2

5

(
1C h2

3

)
.49/

where s D sZZ � .sXX � sYY//2 denotes the total
anisotropy and h is the asymmetry parameter (cf. Equa-
tions 20 and 21) and niso in Equation (45) must be taken
as the isotropic value of the chemical shift.

If the dipolar interaction is small compared with the
quadrupolar interaction, the spin flipping between differ-
ent transitions is prohibited, and the second moment
due to the dipolar interaction is modified..9,19/ We
will give here only the equations for dominating dipo-
lar interaction. The dipolar second moment of a spin
system consisting of N resonant spins of type I (homonu-
clear interaction) and M nonresonant spins of type S
(heteronuclear interaction) can be determined by the
dimensionless Equation (50):

M2/Hz2

.gI/2p/2
D M2/s�2

g2
I

DM2/T2 D CI

r6
I/m6

C CS

r6
S/m6

.50/

with (Equations 51–54)

CI D 3
5

I.I C 1/
( µ0

4p

)2
g2

Ih̄
2 .51/

CS D 4
15

S.SC 1/
( µ0

4p

)2
g2

Sh̄2 .52/

1

r6
I

D 1
N

N∑
iD1

N∑
k 6Di

1

r6
ik

.53/

1
r6

S

D 1
N

N∑
iD1

M∑
kD1

1
r6

ik

.54/

The value CS of a nonresonant nucleus can be easily
calculated from the value of the same resonant nucleus
CI by CS D CI ð 4/9. If in Equation (50) the unit of the
magnetic flux density T is substituted by 10�4 T (this
corresponds to the old cgs unit gauss) and the unit m is
substituted by the old unit Å, then the values CI can be
taken from Table 4.

Another dimensionless equation is very helpful in
order to correlate the second moment of a line, which
is broadened by any interaction, to the line width,
which is commonly described by the full width at
half-maximum .fwhm � dn1/2/. Under the assumption
of a gaussian line shape we obtain, for M2/s�2 D
g2

I M2/T2 D .gI/2p/2M2/Hz2, cf. Equation (50), with T2

as the transversal relaxation time and the line width dn
given in hertz, Equation (55):

M2/s�2 D 2
.T2/s/2

D .dn1/2/Hz/2
p2

ln 4
³ 7.12.dn1/2/Hz/2

.55/

Table 4 Values of CI in the equation

M2/10�8T2 D
(

CI

r6
I /Å

6 C
CS

r6
S/Å

6

)a

1H 358.1 19F 316.9 63Cu 125.8 121Sb 239.2
2H 22.50 23Na 125.3 65Cu 144.3 127I 167.2
7Li 270.4 27Al 283.6 75As 52.52 133Cs 129.4
9Be 35.36 29Si 14.13 77Se 13.02 195Pt 16.55
10B 66.16 31P 58.68 79Br 112.4 199Hg 11.38
11B 184.3 35Cl 17.19 81Br 130.6 201Hg 7.798
13C 22.64 37Cl 11.91 87Rb 191.7 203Tl 116.9
14N 4.983 51V 519.3 93Nb 706.0 205Tl 119.2
15N 3.677 55Mn 254.1 117Sn 45.45 207Pb 15.67
17O 76.81 59Co 419.3 119Sn 49.74 209Bi 305.1

a Values of CS are given by CS D CI ð 4/9. The distances rI and rS
denote in a simple model the internuclear distances of one resonant
spin to another resonant spin and to a nonresonant spin, respectively.
For the general case, see the definitions of rI and rS in Equations (53)
and (54).

Now we go back to Equation (41) and consider the MAS
spectra of the satellite transitions in addition to the central
transition. Samoson.51/ has shown that the second-order
quadrupolar shift of the m$ mC 1 transition can be
split into an isotropic part describing the center of gravity
of the quadrupolar shift and an angular-dependent part
(Equation 56):

nm,mC1 D �
n2

Q

30nL
[I.I C 1/� 9m.mC 1/� 3]

[
1C h2

3

]

�
(

n2
Q

30nL

[
I.I C 1/� 17

3
m.mC 1/� 13

6

])
ð ([A cos4 bC B cos2 bC C

])
.56/

with (Equations 57–59)

A D 105
16
� 35

8
h cos 2aC 35

48
h2 cos2 2a .57/

B D �45
8
C 5

12
h2 C 5h cos 2a� 35

24
h2 cos2 2a .58/

C D C 9
16
C 1

3
h2 � 5

8
h cos 2aC 35

48
h2 cos2 2a .59/

For the central transition, m D � 1
2 , Equation (56) cor-

responds to Equation (43) and the isotropic, upper part
in Equation (56) corresponds to Equation (44). The true
value of the isotropic chemical shift can be determined
from the experimentally obtained isotropic shift (center
of gravity of the signal), if the isotropic quadrupolar
shift can be determined as shown below..10,51,52/ For
nonselective excitation, or at least partially selective
excitation, MAS sidebands can be observed which are
just outside of the spectral range of the static spectrum
of the central transition. Their main intensity results
from the š 1

2 $ š 3
2 transitions, whereas the center band
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results mainly from the C 1
2 $ � 1

2 transition. The aver-
age resonance position of two equal-order sidebands
can be obtained experimentally as the center of grav-
ity of the corresponding sidebands. Thus, the difference
 D niso Qš1/2,š3/2 � niso Q�1/2,C1/2 of the average reso-
nance position of two first satellite sidebands to the
center of gravity of the center band (central transition)
can be measured and compared with the corresponding
difference derived from Equation (56) (Equation 60):

 D � n2
Q

30nL
9
(

1C h2

3

)
.60/

Finally, the combination of Equations (56) and (60) gives
the isotropic quadrupolar shift of the center band, which
for I D 5

2 is equal to niso Q�1/2,C1/2 D 8/9.
This procedure for the determination of the quadrupo-

lar shift or other quadrupolar parameters was introduced
by Samoson..51/ It is convenient for I D 5

2 nuclei, because
the linewidth of their š 1

2 $ š 3
2 satellites is decreased

by a factor of 0.3 with respect to the central line.
Jäger used this sideband analysis for the study of var-
ious inorganic compounds.10/ and denoted it SATRAS
(satellite-transition spectroscopy).

Now we go back to Equation (42) and use the repre-
sentation of Amoureux.48/ for the shift of a symmetric
transition in the case of very fast sample rotation around
the magic angle q D arccos 3�1/2 ³ 54.74°. Then, the con-
tributions from the rank 2 components disappear and we
obtain.53/ Equation (61):

np/2,�p/2 D niso Q.p/ C naniso Q.p/

D pn2
Q.3C h2/

90nL

{
I.I C 1/� 3

4
p2
}

�
{

pn2
Q

12960nL

}{
.18C h2/d.4/0,0

C
p

360 h d.4/2,0 cos 2aC
p

70 h2 d.4/4,0 cos 4a
}

ð {36I.I C 1/� 17p2 � 10
}{(� 9

28

)
ð .35 cos4 q� 30 cos2 qC 3/

}
.61/

where p denotes the quantum level pQ and symmetric
coherences with the notation p/2$ �p/2 instead of
m$ �m are considered. The Euler angles (a,b) describe
the spinner axis with respect to the PAS. The elements
d of the reduced Wigner matrices are related to b by
Equations (62–64):

d.4/0,0 D
1
8
.35 cos4 b� 30 cos2 bC 3/ .62/

d.4/2,0 D
p

10
8
.7 cos2 b� 1/ sin2 b .63/

d.4/4,0 D
p

70
16

sin4 b .64/

Equation (61) still contains a function of the rotor
angle q in the last brackets, in order to give one basic equa-
tion for MQMAS and DOR as well: if we insert the magic
angle q D arccos

√
1/3 ³ 54.74°, then the value of the last

brackets is equal to one and Equation (61) can be used
as the basic equation for MQMAS NMR (cf. section 6).
If we consider a DOR and the second rotor angle is

fixed to arccos
√
.6š√96/5//14 ³ 30.56° or 70.12°, then

the value of the last brackets in Equation (61) is equal
to zero and the total anisotropic part of Equation (61)
disappears. For the central transition, p D �1, only the
isotropic quadrupolar shift remains, which can be directly
observed by DOR NMR. The isotropic contribution in
Equation (61) is identical with Equation (44) and with the
isotropic part of Equation (56), if the central transition is
considered (p D �1 and m D � 1

2 ).

5 DOUBLE-ROTATION AND
DYNAMIC-ANGLE SPINNING

Samoson et al..54/ succeeded in 1988 in building a double-
rotor probe. The outer rotor, inclined by b2 D 54.74° with
respect to the external field, rotated at about 400 Hz, and
had a diameter of 20 mm. The sample in the inner rotor,
5 mm diameter, rotated at about 2 kHz, and the angle
between both axes of rotation was b1 D 30.56°..54/

A torque-free rotation can be achieved only for a
certain ratio of k D w1/w2. The two contributions to
the inner-rotor angular velocity are w1 and the angular
velocity w2 imposed by the outer rotor. The latter can
be decomposed into one component w2 cosb1 along
the z-axis of the inner rotor and another component
w2 sinb1 perpendicular to this axis in y-direction, so
that y-direction, axis z of the inner rotor, and axis
Z of the outer rotor are in one plane. Thus, wx D 0,
wy D w2 sinb1, wz D w1 C w2 cosb1, and the resulting
angular momentum L must be in the Z-direction in order
to be torque-free.55/ (cf. Figure 4) (Equation 65):

tanb1 D Jyw2 sinb1

Jz.w1 C w2 cosb1/
.65/

For b1 D arccos
√
.6C√96/5//14 ³ 30.56°, we obtain

Equation (66):

w1

w2
� ninner

nouter
D k D

√
6C√96/5

14

(
Jy

Jz
� 1
)

³ 0.86
(

Jy

Jz
� 1
)

.66/
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Figure 4 Moments of inertia for DOR after Wu et al..55/ By
adjusting the ratio of moments, Jy/Jx, the addition of the
two vector components of the angular momentum along the
inner-rotor axis z and the y-axis can be made to point along
the outer-rotor axis Z, so that spinning the outer rotor will not
affect the orientation of the total angular momentum of the
inner rotor.

and the usual design of the inner rotor gives val-
ues of Jy/Jz so that 5 < k < 6. Wu et al..55/ explained
that the spinning system is in a stable state when
the torque-free condition, which is given by Equa-
tion (66), is slightly violated and the frequencies obey
Equation (67):

ninner D knouter Cninner .67/

where the excess of the inner frequency ninner is
about 1 kHz.

The application of rotation-synchronized pulses has
been shown to be effective in eliminating half of the DOR
sidebands..56/ The total suppression of sidebands can be
achieved by the application of additional pulses.57/ and
by application of the magic-angle turning technique..58/

A theoretical consideration of the DOR sidebands can be
found in the literature..59 – 61/

DOR NMR gives accurate values of the isotropic shift,
diso, of the NMR of a quadrupolar nucleus. Two shift
effects are superimposed: the isotropic quadrupolar shift,
which is described in Equation (44), and the isotropic
value of the chemical shift, which was introduced in
Equation (16). We substitute siso, the isotropic part of the
shielding tensor, by the value of the chemical shift dCS iso D
sref � siso (with respect to a given isotropic chemical shift
of a reference compound). Then we substitute the second-
order quadrupolar shift niso Q in Equation (44) by the
dimensionless value dQ iso D .niso Q//nL. In this notation
we obtain for the observed isotropic shift in the DOR

experiment Equation (68):

dDOR D dCS iso C dQ iso

D dCS iso �
n2

Q

30n2
L

[
I.I C 1/� 3

4

](
1C h2

3

)
.68/

For common use the shifts can be expressed in parts
per million (ppm) by multiplying the right-hand side
of Equation (68) by 106. Equation (68) reflects the fact
that the value of the isotropic chemical shift cannot be
obtained from one DOR experiment if the quadrupolar
shift is unknown. However, two DOR experiments at
different external field strengths, which means at different
Larmor frequencies, give the value of the chemical shift
dCS iso and also the quadrupolar parameter nQ

√
1C h2/3.

The DOR technique has been applied, first, to the
23Na resonance in sodium oxalate.54,56,62/ and later to
NaNO2

.56,63/ to the 17O resonance in diopside.64/ and
silicates.65/ and to the 27Al resonance of YAG..63/ The
majority of the DOR NMR studies was devoted to zeo-
lites of faujasite type.66 – 75/ and to zeolite-like materials
such as aluminophosphates,.47,66,76 – 86/ zincosilicates.87/

or sodalite..88,89/ Other materials studied included
aluminas.90/ and aluminum borate.91/ (27Al), gallium
phosphate.92/ (71Ga) and boron nitride.93/ (11B). CP
effects have been studied..47,79/ Amoureux.94/ proposed a
combination of DOR and variable-angle spinning (VAS)
in which the quadrupolar shift of DOR NMR can be
deduced with a simulation of the second-dimension spec-
tra obtained with stepped values of the angle of the outer
rotor with respect to the external magnetic field.

The rotation frequencies of the inner and outer rotor at
present do not exceed ninner D 12 kHz and nouter D 2 kHz,
respectively. A pneumatic unit, which is controlled by a
computer, simplifies the experimental set-up and makes
it safer. However, compared with the MAS technique, a
more complicated set-up and stronger wear of the rotors
must still be accepted for DOR experiments.

A DAS experiment was first performed independently
by Chmelka et al..64/ and Llor and Virlet..95/ The DAS
technique uses a time-dependent angle of the rotor axis,
which toggles in the simple experiment between 37.38°
and 79.19° for two equal periods of time. During the hop-
ping time, necessary for switching the angle (>30 ms), the
evolution of the magnetization can be reduced by means
of a selective p/2 pulse pair applied at a time t1 after the
preparation pulse. The signal consists of a second-order
quadrupolar echo with a maximum at the time t1 after
the last pulse. The data acquisition of the FID starting
at the echo maximum gives the data in the t2 domain.
The two-dimensional (2-D) spectrum is obtained after a
2-D Fourier transformation with respect to t1 and t2. An
advanced concept introduces a fourth p/2 pulse in order
to retain two pathways from the t1 evolution yielding a
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pure absorption-phase spectrum and introduces a third
angle of rotation of 54.74°, in order to correlate in two
dimensions the DAS spectra with MAS spectra..96,97/ A
sideband pattern emerges if the evolution period of the
2-D DAS experiment is divided into unequal parts by RF
pulses or spinner reorientation, as shown by Grandinetti
et al..98/ Fyfe et al..99/ found that the switch to the magic
angle after the CP step is useful for obtaining high-
resolution spectra of slowly relaxing spin species. A 2-D
heteronuclear correlation DAS NMR experiment with
CP from 23Na to 31P was applied by Jarvie et al..100/ in
order to find connectivities between the nuclei. Wenslow
and Mueller.101/ demonstrated the increased information
of this so-called DAS/CP/MAS NMR experiment for the
study of cation sites in glasses. Medek et al..102/ intro-
duced the three-dimensional dynamic-angle correlation
spectroscopy (DACSY), which is based on the acquisition
of DAS NMR signals as a function of different initial and
final spinning axes.

Two drastic limitations for the application of the DAS
technique compared with the DOR technique should be
noted. First, the spin–lattice relaxation time T1, which
is often short for quadrupolar nuclei, has to be larger
than the time period necessary for flipping the rotor axis.
Second, the spin exchange due to dipolar interactions,
which cannot be eliminated during the relatively long
flipping time of the rotor axis, has to be sufficiently small.

6 MULTIPLE-QUANTUM MAGIC-ANGLE
SPINNING TECHNIQUE

In 1995, Frydman and Harwood.25/ proved the feasibility
of a 2-D NMR experiment that makes use of invisible
multiple-quantum transitions combined with MAS to
remove the anisotropy of the quadrupolar interaction.
Symmetric p/2$ �p/2 coherences with the quantum
level pQ were selected, since the corresponding powder
resonances are devoid of first-order quadrupolar effects.

The phase development j.t/ of the single or multiple-
quantum coherence can be written as Equation (69):

j.t/
2pt
D npC np/2,�p/2

D npC pn2
Q.3C h2/[4I.I C 1/� 3p2]

360nL

� pn2
Qf36I.I C 1/� 17p2 � 10g

12960nL
f.18C h2/d.4/0,0

C
p

360 hd.4/2,0 cos 2aC
p

70 h2d.4/4,0 cos 4ag .69/

with np/2,�p/2 from Equation (61), which is reduced under
MAS conditions. The contributions from the chemical

shift and from the resonance offset are included in
n D sisonL � noffset. Equation (69) shows that by going
from the multiple-quantum level pQ to the �1Q level
of observation, the sign of the phase development can
be inverted. Thus, the influence of the anisotropy of
the second-order quadrupolar interaction is averaged
out, if the times t1 and t2 spent on the quantum
levels pQ and �1Q, respectively, fulfill the condition
in Equation (70):

t2 D p
36I.I C 1/� 17p2 � 10

36I.I C 1/� 27
t1 D R.I, p/t1 .70/

This relation describes the appearance of the isotropic
echo, and thus gives the slope R.I, p/ of the anisotropic
axis in the 2-D spectrum, which is obtained after the 2-D
Fourier transformation with respect to t2 and t1.

Several pulse sequences were used in order to excite a
multiple-quantum coherence and convert it to the observ-
able single-quantum coherence after the evolution time.
The pulse sequence, which is shown in Figure 5, is mostly
applied now. The highest possible RF power should
be used for the first and second pulse, which excites
the triple- (or quintuple-) quantum coherence and con-
verts it back to zero-quantum coherence, respectively.
The third pulse (z-filter) should be much weaker, in
order to excite the central transition only. It converts
nonobservable zero-quantum coherence and popula-
tions (p D 0) into observable single-quantum coherences
(p D �1).

The symmetric 3Q coherence pathway in Figure 5 is
(0!š3! 0!�1). The symmetric quintuple-quantum

 p

 5

0

 4

−4

3
2
 1

−1

−3
−2

−5

 t1  t2

Figure 5 Pulse sequence and coherence transfer pathway for
the echo (upper way) and antiecho (lower way) consisting of
two strong pulses and a weak z-filter pulse. The triple-quantum
MAS pathway is shown on the lines for the nuclear spin I D 5

2 .
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(5Q) pathway is (0!š5! 0!�1). Two-pulse seque-
nces (without z-filter) can be described by the notation
(0!šp!�1). Although only one sign of p (cf. Equa-
tion 70) yields an echo which can be observed, it is needed
to acquire bothšp coherence transfer pathways when try-
ing to produce 2-D MQMAS spectra that are free from
dispersive distortions..103/ Equally strong signals from
both pathways must be collected, in order to obtain pure
adsorptive spectra. This is more difficult if a two-pulse
sequence is used, which includes the different transitions
Cp!�1 and �p!�1 for the last step in the echo and
antiecho coherence transfer pathway, respectively. How-
ever, both pathways are completely symmetrical when
considering the coherence jumps in the z-filter pulse
sequence..104,105/

The flip angles of the first and second pulses should be
optimized with respect to the best signal amplitude. In
principle, this can be done by numerical calculations,.106/

e.g. by the program PULSAR..107/ The result depends
on the nuclear spin I and its Larmor frequency nL,
the chosen coherence pQ and the ratio between the
nutation frequency nrf D gBrf/2p and the quadrupolar
frequency nQ. One conclusion is that the MQMAS
NMR spectra, which are obtained by strong pulses,
do not present quantitative results with respect to the
concentration of species, since the multiple-quantum
transition efficiency is different for nuclei with different
quadrupolar frequency nQ.

The calculations need a full set of NMR parameters
including the quadrupolar parameters and do not take
into consideration second-order and spinning effects.
Therefore, the optimization of the pulse duration should
be performed at the beginning of the NMR experiment
by variation of the pulse duration; and only the initial
flip angles for this procedure should be taken from
the numerical calculations. Nonselective flip angles of
about 180° and 50° for the first and second pulse,
respectively, can be used for any I and pQ, if the Larmor
frequency is about 100 MHz and the ratio between the
quadrupolar frequency nQ and the nonselective nutation
frequency is nQ/nrf ³ 10. More precise flip angles are
given in the literature.106,108/ as a function of I and
pQ. (Note that definition of the quadrupolar frequency
in the literature.25,106,108/ is different to the definition
of Abragam;.19/ cf. Equation (25), which is used here:
n

Frydman
Q D n

Abragam
Q /6.)

An alternative approach to the generation of multiple-
quantum transitions by strong pulses is to use the adiabatic
transfer by the interchange between the eigenstates 3Q
and 1Q undergoing MAS..42/ Wu et al..109/ introduced a
triple-quantum magic-angle spinning (3QMAS) experi-
ment by rotation-induced adiabatic coherence transfer
(RIACT) for I D 3

2 nuclei and applied it to the study
of sodium sites in inorganic salts. They claimed that

this method gives quantitative MQMAS NMR spectra,
since the adiabatic coherence transfer is independent of
the strength of the quadrupolar interaction. However,
theoretical calculations.108/ showed that, compared with
the nonadiabatic excitation, the disturbing off-resonance
effects are more extensive for RIACT. Lim and Grey.110/

performed numerical simulations of the RIACT experi-
ment as a function of asymmetry parameter and pulse
spacings and discussed the effect of very fast sample
spinning. Mildner et al..111/ demonstrated by means of
17O studies of silicates that RIACT can be applied
to I D 5

2 spins at the moderate RF field strength of
nrf ³ 30 kHz.

Ding and McDowell.112,113/ claimed that a shaped first
excitation pulse would also achieve quantitative results
in nonadiabatic 3QMAS NMR experiments and that
properly shaped pulses can also reduce the requirements
on the RF power and sample spinning speeds. The
superior excitation of triple-quantum coherences by
composite pulse schemes was also shown by Marinelli
et al..114/

Kentgens and Verhagen.32/ showed that DFSs are
very efficient for the conversion of triple- to single-
quantum coherence in MQMAS spectroscopy. Goldbourt
et al..115/ used instead fast radiofrequency amplitude
modulation (FAM) in the version FAM and FAM1
for I D 3

2 and I D 5
2 nuclei, respectively, and obtained

a substantial intensity and resolution enhancement of
the signal over the commonly used MQMAS pulse
schemes. A very strong RF field, no resonance offset
and a high spinning rate, if possible 30 kHz as shown by
Rocha,.116/ are still the requirements for most MQMAS
experiments.

For both the nonadiabatic and adiabatic MQMAS
experiments described above, the selection of desired
multiple-quantum coherences is done by phase
cycling..111,117/ Methods of hypercomplex or time-
proportional phase increment (TPPI) 2-D Fourier
transformation [cf. Ernst et al..118/] are used for the
acquisition of real and imaginary part with respect to
the t1/n1 dimension. Fyfe et al..119/ used pulsed field
gradients instead of phase cycling. The advantage is
the simplification of the MQMAS pulse program, which
allows the implementation of correlation experiments.
However, the insertion of the field gradient coil reduces
the maximum achievable RF power.

A shearing transform of the experimentally obtained
2-D spectrum, which aligns anisotropic ridges parallel
to the n2 axis in such a way that the isotropic dimen-
sion can be displayed along the n1 axis, is described
below. Brown et al..104,120,121/ introduced an experiment
with an additional pulse called split-t1 MQMAS that
is pure adsorptive and includes the shearing ratio
into the pulse program so that anisotropic ridges
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Figure 6 2-D 17O 3QMAS NMR spectra of the zeolite
Na-ZSM-5 (a) after the 2-D Fourier transformation and
(b) after the following shearing transformation. The two signals
were assigned to SiOSi and SiOAl fragments with concentra-
tions of 80 and 20%, d D 40 and 30 ppm, Cqcc D 5.3 and 3.5 MHz,
h D 0.12 and 0.29, respectively..53/ (The figure was provided by
Ulf Pingel.)

are parallel to the n2 axis after the 2-D Fourier
transformation.

Figure 6(a) and (b) shows the 2-D 17O 3QMAS NMR
spectra of the zeolite Na-ZSM-5 before and after the
shearing procedure. The two signals in the spectra are
due to Si�O�Si and Si�O�Al bonds..53/ The spectra
demonstrate how the projection on the n1 axis is changed
by the shearing. The analytical treatment starts from the
isotropic part of Equation (69). Without resonance offset,
the total shift is a superposition of the isotropic part of
the chemical shift, sisonL, and the isotropic part of the

quadrupolar shift, niso Q (Equation 71):

niso D sisonLpC niso Q

D sisonLpC pn2
Q.3C h2/[4I.I C 1/� 3p2]

360nL
.71/

Equation (71) can be transformed into relative units
(ppm) by multiplication by 106/.�pnL/. The value �pnL

describes the apparent Larmor frequency and includes the
real Larmor frequency for p D �1. For the n1 axis (before
shearing) and for the n2 axis, we have Equations (72)
and (73), respectively:

d1 D dCS iso C dQ iso

D dCS iso �
n2

Q.3C h2/[4I.I C 1/� 3p2]

360n2
L

.72/

d2 D dCS iso C dQ iso

D dCS iso �
n2

Q.3C h2/[4I.I C 1/� 3]

360n2
L

.73/

Equation (73) describes the shift d2 of the center of gravity
of the anisotropic ridge, which is not influenced by the
shearing transformation. The coordinate d

shearing
1 after the

transformation is given by.108/ Equation (74):

d
shearing
1 D dCS iso C d

shearing
Q iso

D dCS iso C
n2

Q.3C h2/[4I.I C 1/� 3]

612n2
L

.74/

It can be seen that after shearing the quadrupolar
shift becomes always positive and independent of p.
Comparison of Equation (74) with Equation (73) gives
the slope of two special lines in the sheared 2-D spectrum.
One line with slope 1, which is denoted CS in Figure 6,
describes the variable isotropic chemical shift in the case
of zero quadrupolar shift. Only one line CS exists and
crosses the coordinates (0, 0). Lines Q with slope �10/17
describe variable quadrupolar shifts at one value dCS iso,
which is given by the crossing of line Q with line CS. The
shift difference between this crossing point and the center
of gravity of a signal gives the corresponding quadrupolar
shift d

shearing
Q iso . One-dimensional anisotropic slices A are

obtained from the 2-D spectrum. These slices can be
fit by a line-shape simulation, which gives values for
nQ and h, whereas dQ iso is a measure of nQ

√
1C h/3.

The quadrupolar parameter obtained from the 2-D
spectrum can then be used for a simulation of the single-
quantum MAS NMR spectrum. This procedure yields
correct information about the relative concentration
of the various species giving rise to the corresponding
signals. The program REGULAR, which was developed
by Delevoye,.122/ takes full advantage of the information
included in the 2-D MQMAS NMR spectrum and thereby
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quantifies the distribution of nucleus surroundings also
in badly crystallized and amorphous materials. A 2-D
result is obtained which represents quadrupolar constants
versus isotropic chemical shifts with correct relative
intensities. Scaling and labeling of the isotropic axis
(n1 axis after shearing) was considered in detail by
Man..123/

The residual line width of the MQMAS NMR
spectra is a matter of current research. Wu and
Wasylishen.124/ showed that the heteronuclear dipolar
interaction between two nuclei does not cause residual
dipolar couplings in MQMAS NMR experiments.

The spinning sidebands in the multiple-quantum
dimension are a common feature of dipolar-coupled spin
I D 1

2 and half-integer quadrupolar systems. Both cases
were considered by Friedrich et al..125/ The case of half-
integer spins is the subject of various studies..126 – 129/

Spinning sidebands arise even in the absence of explicit
time modulations of any spin interactions, due to orienta-
tion and time dependence characterizing the multiple- to
single-quantum conversion process, as shown by Marinelli
and Frydman..126/ The sidebands cause signal loss and mis-
interpretation of spectra. Rotor synchronization, which
means setting the evolution dwell time equal to the
rotation period, is useful for suppressing these spin-
ning sidebands..130/ However, it limits the spectral width
of the multiple-quantum dimension to the rotation fre-
quency. This drawback increases on going from triple- to
quintuple-quantum transitions.

Several combinations of MQMAS with other NMR
techniques have been successfully applied. Vosegaard
et al..131/ added the Carr–Purcell–Meiboom–Gill
(CPMG) pulse sequence to the MQMAS pulse pro-
gram, in order to improve the sensitivity by splitting the
line shape in the n2 dimension into manifolds of spin-
echo sidebands. High-power 1H decoupling improves
the resolution in both dimensions..132,133/ Lacassagne
et al..134/ demonstrated improved resolution for strong
heteronuclear coupling by applying composite decou-
pling schemes during the evolution and acquisition time.
Wang et al..135/ provided chemical shift anisotropy data
by multiple-quantum variable-angle spinning (MQVAS).
CP provides information about connectivities..136 – 139/

REDOR.139 – 141/ and heteronuclear chemical shift cor-
relation (HETCOR).138,142/ were also applied in addition
to MQMAS. The most difficult combination, DOR
in addition to MQMAS, was presented by Samoson
et al..143,144/ The advantage of multiple-quantum double-
rotation (MQDOR) compared with MQMAS is that the
need for simulations is avoided..143/ However, although in
principle most informative, experimental difficulties and
low multi-quantum conversion efficiency make the appli-
cability of the MQDOR technique currently relatively
limited..144/

MQMAS NMR studies have been carried out on
all half-integer quadrupolar spins from I D 3

2 to I D 9
2

[93Nb.106/]. The nucleus 59Co (I D 7
2 ) in nitrogen com-

pounds was studied to show the interplay between the
chemical shift anisotropy and the quadrupolar interac-
tion. However, the majority of the studies were focused
on the two nuclei 27Al (I D 5

2 ) and 23Na (I D 3
2 ). Two

examples are the study of the aluminum coordination in
SrAl12O19 by Jansen et al..145/ and the study of sodium
cations in dehydrated zeolites by Hunger et al..146/ Zeo-
lites, zeolite-like materials and glasses.147,148/ have been
investigated in many studies.

7 NUTATION TECHNIQUE

Nutation NMR spectroscopy represents a 2-D experi-
ment: a strong RF field is irradiated during the evolution
period t1, and the FID is observed during the detection
period t2. In the rotating frame, the spins nutate (precess)
around the strong RF field with specific nutation fre-
quencies w1; here the subscript 1 denotes the frequency
axis w1 in the 2-D spectrum corresponding to the Fourier
transform with respect to t1 and should not be confused
with wrf D gBrf which is a constant for the 2-D experi-
ment. The original one-dimensional nutation experiment
of Torrey.149/ uses only one point of the FID.

Samoson and Lippmaa.150,151/ introduced 2-D nuta-
tion NMR studies of half-integer quadrupolar nuclei.
A corresponding one-dimensional experiment was per-
formed by Fenzke et al..152/ For quadrupolar nuclei, the
effective nutation frequencies w1 depend on the strength
of the quadrupolar interaction, as has been shown in
section 3. If wQ − wrf, then the transverse magnetiza-
tion responds to the RF pulse like spin- 1

2 nuclei, thus
w1 D wrf. If wQ × 10wrf, the central transition can be
treated as a two-level system and an effective nutation
frequency is expected, that is, increased by a factor I C 1

2 ,
i.e. w1 D .I C 1

2 /wrf (cf. Equation 39). For the interme-
diate case, 0.1 < wQ/wrf < 100, the nutation spectra are
complicated because of the influence of the partly excited
outer satellite transitions.

Nutation spectra can be calculated using numerical
procedures or by means of an analytical description
which is the more complicated the larger the spin
quantum number. The powder average, which produces
complicated nutation spectra, is necessary, in order to
deduce quadrupolar parameters from the spectra and
to compare the experimental spectrum with a set of
calculated spectra. An analytical approach was found
for I D 3

2 ,.153 – 156/ for I D 5
2 ,.157,158/ and for I D 7

2
.159,160/

yielding .I C 1
2 /

2 different nutation frequencies of the
central transition. Each frequency gives rise to a powder
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pattern, and 2I of the .I C 1
2 /

2 frequencies are dominant.
Calculated line shapes of nutation spectra can be found in
papers by Kentgens et al..161,162/ and in a review by Freude
and Haase..9/ The latter reviews the quadrupolar nutation
literature from 1983 to 1992 (about 40 papers), including
experimental aspects such as inhomogeneity of the RF
field, resonance offset, influence of MAS, spin–lattice
relaxation, spin–spin relaxation in the rotating frame and
some advanced concepts in nutation spectroscopy. Since
1993, another 15 papers were published, among them
recent work about nutation MAS NMR by Ding and
McDowell..46,163/

The most advanced concept, the off-resonance nuta-
tion NMR of half-integer nuclei, was introduced by
Kentgens..164/ The large resonance offset, noffset × nrf,
during the irradiation causes an evolution of the spin
system in the effective field, Beff D Boffset C Brf, whereas
the signal is as usually observed in resonance. The off-
resonance technique extends the range of applicability at
given B0 and Brf to larger values of Cqcc. The acquisition
of several spectra with different noffset improves the relia-
bility of the fitting process, which is essential for obtaining
information from nutation spectra. A loss of signal inten-
sity due to the uninformative zero-frequency peak, which
is typical for off-resonance irradiation, can be avoided by
a soft selective pulse or by using an FSAHP (cf. section 3),
for the preparation of the central transition magnetiza-
tion only. A recent review including the perspectives of
the nutation NMR of half-integer quadrupolar nuclei was
given by Kentgens..162/ He proposed a combination of
MQMAS, off-resonance nutation and echo techniques
for sites with very large Cqcc.

8 ECHO TECHNIQUES

Echo techniques provide two data sets in the NMR time
domain. First, the echo decay dependence on the time
t2 starting from zero at the maximum of the echo gives
similar information to the initial FID after the preparation
pulse, but the loss of signal during the ring down of the
probe and the recovery of the receiver immediately after
the pulse is overcome in the echo technique. Second, by
varying the pulse distance t1 between the preparation
pulse and the refocusing second pulse, the resulting
envelope of the echo decay gives additional information
about the spin system. The refocusing effect of a second
pulse after a preceding p/2 pulse for an interaction that
is proportional to Iz is called the Hahn echo. The original
experiment by Hahn.165/ was performed with identical
phase incoherent pulses in an inhomogeneous external
magnetic field. The term Hahn echo is now in use for
the spin-echo (after p/2– t1 –p– t1) of spin- 1

2 nuclei or of

quadrupolar nuclei with half-integer spins, if the central
transition is selectively excited.

However, the quadrupolar interaction strongly influ-
ences the formation of an echo: homonuclear dipolar
interactions which mainly cause the decay of the spin-
echo amplitude become less effective since spin-flipping
between different transitions is forbidden. Owing to the
nature of the quadrupolar coupling, which is to first order
proportional to I2

z , refocusing is not complete. Also, the
limited range of excitation for very broad lines of powder
samples causes complicated spin-echo behavior.

Echo studies on quadrupolar nuclei with half-integer
spin (for integer spin, see section 9) were reviewed by
Freude and Haase,.9/ beginning with the pioneering work
of Das and Saha.6/ in 1955 up to the publications in 1993,
e.g. Haase and Oldfield..166/ Several cases, which can be
mainly divided into nonselective and selective excitation,
were considered, as follows..9/

Nonselective and hard pulses without dipole interaction
cause several echoes at times kð t1 with k D 1

2 , 1, 3
2 and

k D 1
2 , 1, 3

2 , 2, 3 for I D 3
2 and I D 5

2 , respectively. Some
of these are forbidden echoes: k D 1

2 ,
3
2 and k D 3

2 , 3 for
I D 3

2 and I D 5
2 , respectively. On going from hard to soft

pulses (cf. section 3), the influence of the quadrupolar
interaction during the pulse has to be considered and
the selection rule is changed. Then also the forbidden
echoes can be observed. The consideration of dipole
interaction for first-order quadrupolar echoes can be
divided into two parts. First, the heteronuclear dipole
interaction, which is proportional to IzSz, can generally
be removed by the application of a second p-pulse.
However, strong coupling among the S spins, and also
a short spin–lattice relaxation time of the S spins, can
destroy the formation of the I spin echo. Second, if
the homonuclear dipolar interaction is large compared
with the quadrupolar interaction, jjHDjj × jjHQjj, its
influence is essentially the same as for spin- 1

2 nuclei.
If the quadrupolar interaction is large compared with the
dipolar interaction, jjHQjj × jjHDjj, spin exchange due to
homonuclear dipole interaction between adjacent levels
can be considered as being suppressed completely and
the echo decay can be investigated by selective excitation
of each transition, separately.
jjHQjj × jjHrfjj × jjHDjj and jjHQjj × jjHrfjj ³ jjHDjj

denote the cases of selective excitation of a
single transition without and with dipole interaction,
respectively. For powder we can mainly excite the
central transition, and for single crystals we can tune
to any transition and describe it by the reduced spin- 1

2
formalism..19/ Without the dipole interaction an echo is
observed at the time t1 after theppulse in full analogy with
spin- 1

2 nuclei subjected to an inhomogeneous interaction.
Since the calculation of the spin-echo amplitude in the
presence of dipolar interactions can be complicated,
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the spin-echo decay has been discussed by Haase and
Oldfield.166/ in terms of the second moment spin-echo
decay (cf. section 5.2.5 in Freude and Haase.9/).

Echo techniques in combination with coherence selec-
tion (multiple-quantum filter) reduce the overlap of
signals of quadrupolar nuclei in anisotropic soft matter, as
demonstrated by Furo and Halle..167,168/ Recent progress
in this field was presented by Eliav et al..169 – 172/ The
use of echoes for the editing of 27Al MAS NMR spec-
tra of zeolite catalysts was shown by Schmitt et al..173/

The connection between all NMR interactions (except
the homonuclear dipole interaction) and the optimum
experimental conditions for the avoidance of spectral
distortions was described by Dumazy et al..174/

The leading authority in the field of quadrupolar echoes
is Pascal Man, who has published more than 10 papers
on this topic during the last decade. Most of them are
discussed in recent publications..175 – 177/

The CPMG.178,179/ pulse sequence p/2x, .t1,py, t1/n can
be considered as an advanced concept of the Hahn echo.
Larsen et al. reconsidered the quadrupolar version of
CPMG (QCPMG) without MAS.180/ and with MAS..181/

For MQMAS NMR and 2H NMR, see sections 6 and 9,
respectively. More than one order of magnitude can be
gained in sensitivity by the application of this QCPMG
technique.

9 2H NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY

2H is the most important NMR isotope with an integer
nuclear spin I D 1, rather seldom 6Li and 14N NMR
studies can be found in the literature. About 10% of the
solid-state NMR studies of quadrupolar nuclei concern
deuteron magnetic resonance spectroscopy, which is a
powerful technique for investigating molecular structure
and dynamics. This small section does not correspond
to the importance of the deuterium NMR, especially
for the study of dynamics. The textbook by Schmidt-
Rohr and Spiess, Multidimensional Solid-state NMR and
Polymers.18/ and the reviews by Hoatson and Vold, ‘2H-
NMR Spectroscopy of Solids and Liquid Crystals’,.11/

and Ulrich and Grage, ‘2H NMR (Solid-state NMR
of Polymers)’,.14/ demonstrate the wealth of modern
applications of solid-state 2H NMR.

The experimental techniques for nuclei with the spin
I D 1 are different to the techniques for nuclei having
half-integer spins mainly for one reason, that no central
transition exists. There are only two transitions for the
magnetic quantum number m: �1$ 0 and 0$ 1. They
cause a line splitting that is symmetric with respect to
the Larmor frequency if the quadrupolar interaction

is considered in first-order perturbation theory with
respect to the Zeeman interaction (cf. Equation 40).
From Equation (41) it follows that the second-order
shifts for both transitions are identical. Thus, the splitting
between the two lines (difference frequency), which is
the experimentally observed parameter in studies of
single crystals, is not influenced by the second-order
quadrupolar interaction.

Equations (40) and (41) can be used for nuclei with
the spin I D 1, but the quadrupolar frequency should
be substituted by the quadrupolar coupling constant
using nQ D 3Cqcc/2. The definition of the quadrupolar
frequency for half-integer spins in Equations (25) and
(26) is rather unusual for integer spins. The use of the
quadrupolar coupling constant Cqcc after Equation (24)
is commonly accepted, but for integer spins no nota-
tional consistency exists with respect to the quadrupolar
frequency nQ.

The asymmetry parameter h (cf. Equations 19 and 20),
is relatively small for the majority of the 2H NMR studies
due to a rotation symmetry of the hydrogen bonding.
The theoretical powder line shape of nuclei with I D 1
and h D 0 is equal to the line shape of isolated pairs of
nuclei with the spin I D 1

2 . Therefore, the typical 2H NMR
pattern of the so-called static powder (no sample rotation
and no internal rotation) is often referred to as the Pake
powder pattern. Pake in 1948 studied the 1H NMR spectra
of gypsum and discussed the angular dependence of the
doublets in the spectra of a single crystal and the powder
pattern in the spectrum of a powder sample as well..182/

The splitting of lines of single crystals or the full width
of powder patterns reach values up to 300 kHz. From
dn1/2 ³ 0.886/t (cf. Equations 32–34), it follows that a
duration t � 2 µs for the p/2 pulse is necessary, in order to
obtain a quite uniform excitation of the whole spectrum.
In addition to the need for high RF power, an echo pulse
sequence must be applied in order to overcome the dead
time problem of the receiver. A simple pulse sequence
consisting of two p/2 pulses with a pulse duration of
2 µs and a pulse separation of 20 µs with phase cycling
(the phase of the first pulse is cycled with respect to the
synthesizer, and in addition the phase of the second pulse
is cycled with respect to the first pulse) is the standard for
solid-state 2H NMR experiments. The pulse separation
must be adjusted to one rotation period if MAS is applied.
Hoatson discussed the broadband composite excitation
sequences.183/ and the Hadamard pulse excitation.184,185/

for detecting quadrupolar order in 2H NMR. Noise
spectroscopy provides broad-bandwidth excitation with
minimal applied RF field strengths. The state-of-the-art
for applications to the 2H solid-state NMR was described
by Yang et al..186,187/ More detailed consideration of the
quadrupolar echo in 2H NMR can be found in the review
by Hoatson and Vold,.11/ Chapter 2.2, and the references
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therein. (The NMR echo for nuclei with half-integer spin
is discussed in section 8 of this article.) The excitation
with symmetric quadrupolar-shaped (SQUASH).188/ and
time-asymmetric-shaped (QUASH) pulses.189/ improves
the excitation bandwidth.

Deuterium labels are introduced synthetically or by
a postsynthesis treatment of the material. The labeled
hydrogen segment can be investigated in terms of its
specific structural and dynamic properties. The natural
abundance of 2H is only 150 ppm. The relative sensitivity
of naturally abundant 2H with respect to the 1H NMR
sensitivity at constant external field is only 1.5 ppm.
Nevertheless, natural abundance high-resolution solid-
state 2H NMR investigations can be performed if
MAS, high-power 1H decoupling and 1H�2H CP are
used..190,191/

1H�2H CP effects in single- and double-quantum
(DQ) transitions of the 2H NMR were theoretically and
experimentally investigated by Vega et al..192/ in 1980.
There are two reasons why CP is rarely used in the
solid-state 2H NMR: the maximum increase in the 2H
NMR intensity due to the CP from 1H spins is given by
the gyromagnetic ratio gH/gD ³ 6.5 for infinitely diluted
2H nuclei. This value decreases if the concentration
of 2H nuclei increases with the deuteron enrichment.
However, the increasing level of deuteration increases
the 2H NMR intensity more effectively. The second
point is that the high-power decoupling of the protons
close to the deuterons causes some problems. However,
1H�2H CP is invaluable for the investigation of the
interfaces of the deuterated segments, e.g. in polymer
blends. Ba et al..193/ proposed a quadrupolar echo double
resonance (QEDOR) and a solid echo double resonance
(SOLEDOR) NMR experiment in order to provide
information about deuteron–proton distances. A new
theoretical model that describes CPMAS experiments
for abundant I D 1

2 spins coupled to a single spin S D 1
was presented by Marks et al..194/ Gan and Robyr.195/

described a new 2-D CPMAS experiment with a three-
pulse sequence for the determination of the relative
orientation between 2H quadrupolar coupling tensors.

The MAS technique for powder materials offers a
more sensitive technique (compared with the quadrupolar
echo technique) and the opportunity for an accurate
measurement of the chemical shift..196/ A simple variation
of the processing procedure of the FID, which is obtained
in a one-pulse experiment, gives a 2-D spectrum with
quadrupolar pattern in one dimension and the isotropic
chemical shift in the other dimension..197,198/ The 2-D
data set in the time domain can be constructed from
the one-dimensional set, which should be acquired with
a dwell time tdwell and a rotation frequency nrot in
the order of magnitude of 1 µs and 5 kHz, respectively.
N D .2nrottdwell/�1 points with the time distance of 2tdwell

starting at the top of each rotational echo define the t2
domain, and the increments of t1 as the rotation period
1/nrot give the t1 domain. Spaniol et al..199/ recently used
a 2-D 2H MAS NMR experiment for the separation of
paramagnetic and quadrupolar interactions.

Quadrupolar effects do not shift (or broaden in the
case of powder) the signals arising from DQ transitions.
Therefore, 2-D 2H DQ NMR spectra provide information
about the chemical shift of the deuterons..200/ Advantages
of the MAS NMR technique compared with the DQ
NMR technique are the higher sensitivity of the single-
quantum compared with the DQ transition and the
higher sensitivity of the MAS technique compared with
the static echo technique. Multiple-quantum effects in
combination with MAS are less often used for 2H
nuclei.201 – 203/ compared with nuclei with half-integer spin
(cf. section 6). Chandrakumar et al..203/ use a four-pulse
experiment (QUADSHIFT) with a t1 interval in the
middle (which is incremented by the rotation period)
in order to obtain chemical shift values and quadrupolar
parameters from DQ coherences under MAS conditions
[see also Chandrakumar.13/]. 2H MAS NMR imaging
experiments were described by Blümich..185/

Deuterium NMR spectroscopy of single-crystal systems
is an active field of research. The original approach of
Volkoff et al..4,5/ is still in use, in order to obtain the
quadrupolar parameters from the angular dependence
of the line splitting, and new aspects were found and
applied by Haeberlen et al..204,205/ The work up until
1994 is reviewed by Chandrakumar.13/ and recent results
are also available.204,205/ The ordering behavior at the
phase transition in single crystals of betaine phosphate
and betaine phosphite has also been studied by one-
dimensional and 2-D 2H NMR..206/

The majority of 2H NMR studies concern molecular
dynamics. Many polymer systems are studied, because
2H NMR is ideally suited to explore molecular motions
in polymers..14/ There is a wide range of timescales for
the correlation times that are accessible by various meth-
ods: 102 –10�4 s (2-D exchange spectroscopy), 102 –10�5 s
(selective inversion), 10�4 –10�8 s (line-shape analysis),
102 –10�4 s (T2 anisotropy), 10�8 –10�12 s (T1Z anisotropy)
and 10–10�12 s (T1Q anisotropy)..11/ For exchange spec-
troscopy we refer to the textbook by Schmidt-Rohr
and Spiess..18/ The introduction of multi-dimensional
exchange experiments by Spiess et al. gave rise to
strong developments in this field. Kubo et al..207/ recently
combined deuterium selective-excitation exchange spec-
troscopy with the Hadamard method for the measure-
ment of reorientation rates. The technique of selective
inversion is based on the selective excitation or the so-
called hole burning that has been well known in NMR
from the very beginning..208/ Recent applications to 2H
NMR have been reviewed by Hoatson and Vold..11/
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Table 5 Quadrupolar coupling constant Cqcc D e2qQ/h, the asymmetry parameter h and the isotropic value of
the chemical shift d (referred to 1.0 M AlCl3Ð6H2O) for the 27Al NMR of powder compounds at ambient
temperaturea

Compound Site Cqcc (MHz) h d (ppm) Refs.

Aluminates
CaOÐ6Al2O3 AlO4 2.0 0assumed 65 261

AlO5 6.7 0assumed 27.5 262
AlO6-I 1.5 0assumed 9 261
AlO6-II <1 0assumed 16 261

CaOÐ2Al2O3 AlO4-I 6.7 0.8 78 261
AlO4-II 13 0.1 ¾60 261

CaOÐAl2O3 AlO4-I 2.7 0.85 80 261
AlO4-II 2.7 0.85 83 261

4CaOÐ3Al2O3 AlO4 2.4 0.95 80 261
12CaOÐ7Al2O3 AlO4-I 3.7 0.9 79 261

AlO4-II 11 0.2 85 263
3CaOÐAl2O3 AlO4 9.7 0.3 85 263

AlO4-I 8.69 0.32 79.5 264
AlO4-II 9.3 0.54 78.25 264

4CaOÐ3Al2O3Ð3H2O AlO4-I 1.8 0.5 78 261
AlO4-II 5.4 0.45 79 261

KAlO2 AlO4 1.1 0.7 76 263
KAlO2Ð0.5H2O AlO4 5.6 0.0 77 263
KAlO2ÐH2O AlO4 6.5 0.6 83 263
KAlO2Ð1.5H2O AlO4 5.0 0.25 81 263
5BaOÐAl2O3 AlO4 2.3 0.8 80 263
BaOÐAl2O3 AlO4 2.4 0.4 78 263
aBaOÐAl2O3Ð2H2O AlO4-I 3.4 0.5 81 263

AlO4-II 5.1 0.9 80 263
a-LiAlO2 AlO6 2.8 0.05 16 265
b-LiAlO2 AlO4 1.8 0.55 82 265

AlO4 1.86 0.56 83.0 266
g-LiAlO2 AlO4 3.2 0.7 81 265
b-NaAlO2 AlO4 1.4 0.5 80 263
a-Al2O3 AlO6 2.40 0.01 18.8 267
g-Al2O3 AlO4 >5.0 ¾0 >67 268, 269

AlO6 4.5 ¾0 >9 268, 269
g-Al2O3 (rehydrated) AlO4 5.1 – 71.5 270

AlO5 5.1 – 44.0 270
AlO6 3.55 – 10.0 270

k-Al2O3 AlO4 7.6 0.3 81.5 271
AlO6-(1) 5.0 – ca. 13 271
AlO6-(4) 8.5 – 18 271

c-Al2O3 AlO4 5.0 0.3 71.5 272
AlO5 2.7 0.3 38.5 272
AlO6 4.5 0.3 11.5 272

Cd8(AlO2)12 S2 (sodalite) AlO4 2.00 <0.1 80.4 273
Ca8(AlO2)12 S2 (sodalite) AlO4 3.55 <0.1 79.1 273
Cd8(AlO2)12 Se2 (sodalite) AlO4 3.95 <0.1 78.7 273
Cd8(AlO2)12 (SO4)2 (sodalite) AlO4 3.24 <0.1 79.1 273
Sr8(AlO2)12 S2 (sodalite) AlO4 4.65 <0.1 76.9 273
Sr8(AlO2)12 Se2 (sodalite) AlO4 5.10 <0.1 76.6 273
Sr8(AlO2)12 (CrO4)2 (sodalite) AlO4 6.75 <0.1 75.5 273
SrAl12O19 AlO4 3.45 0.1 68.0 145

AlO5 2.1 0.7 18.0 145
AlO6-(1) 0.6 1 17.1 145
AlO6-(2) 1.3 1 9.6 145
AlO6-(3) 4.9 0.63 21.7 145

Alumoborates
2SrOÐAl2O3ÐB2O3 AlO4 4.3 0.65 83.5 91
2CaOÐAl2O3ÐB2O3 AlO4 6.25 0.45 79.5 91

(continued overleaf )
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Table 5 (continued)

Compound Site Cqcc (MHz) h d (ppm) Refs.

2Li2OÐAl2O3ÐB2O3 AlO4 6.0 0.45 76 91
3Li2OÐAl2O3Ð2B2O3 AlO4 6.7 0.83 70 91
9Al2O3Ð2B2O3 AlO4 6.8 0.1 53 91

AlO5 4.8 0.3 31 91
AlO6 6.2 0.4 10.5 91

Aluminumphosphates
AlPO4 (quartz) AlO4 4.2 0.35 44.8 274
AlPO4 (tridimite) AlO4 0.75 0.95 39.8 274
AlPO4 (cristobalite) AlO4 1.2 0.75 42.5 274
Al2PO4(OH)3 (augelite) AlO5 5.5 0.78 30 275

AlO6 4.7 0.2 �3 275
Al2PO4(OH)3ÐH2O (senegalite) AlO5 2.87 0assumed 30 275

AlO6 4.09 0assumed 1.7 275
KAlP2O7 AlO6 1.2 0.25 �16 276
AlPO4-5 (molecular sieve) AlO4 2.3 0.95 40.4 274
AlPO4-8 (dehydrated sieve) AlO4-(1) 3.9 0.5assumed 40.1 84

AlO4-(2) 3.6 0.5assumed 40.6 84
AlO4-(3) 3.6 0.5assumed 47.0 84
AlO4-(4) 3.0 0.5assumed 42.9 84
AlO4-(5) 3.4 0.5assumed 42.6 84

AlPO4-14 (molecular sieve) AlO4-(3) 1.75/1.74 0.70/0.63 43.2/42.9 83/277
AlO4-(2) 4.15/4.08 0.82/0.82 44.0/43.5 83/277
AlO5-(1) 5.66/5.58 0.89/0.97 27.2/27.1 83/277
AlO6-(4) 2.60/2.57 0.68/0.70 �0.9/�1.3 83/277

AlPO4-21 (molecular sieve) AlO4 3.7 0.15 47.3 78
AlO5-I 5.9 0.68 14.6 78
AlO5-II 7.4 0.52 15.7 78

AlPO4-25 (molecular sieve) AlO4-I 1.9 0.67assumed 40.8 78
AlO4-II 0.8 0.67assumed 39.5 78

AlPO4-25 (dehydrated molecular
sieve)

AlO4-I 2.3 0.67assumed 39.2 78

AlO4-II 1.1 0.67assumed 37.5 78
Alumosilicates
Al2SiO5 (sillimanite) AlO4 6.77 0.53 64.5 278

AlO6 8.93 0.46 4.0 278
Al2SiO5 (andalusite) AlO5 5.73 0.7 35 279

AlO6 15.5 0.0 10 279
Al2SiO5 (kyanite) AlO6-(1) 10.1 0.27 13.0 280

AlO6-(2) 3.8 0.85 4.0 280
AlO6-(3) 6.4 0.70 5.7 280
AlO6-(4) 9.2 0.38 5.9 280

Mullite (¾3Al2O3Ð1SiO2) AlO6 7.3 0 6.3 281
AlO4(T) 7.3 0 68 281
AlO4(T0) 6 0.5 53 281
AlO4(TŁ) 4 0.5 45 281

Pennine AlO4 2.8 – 72 278
AlO6 1.4 – 10 278

KAlSi2O6 (leucite) T1-T3 2.1–2.3 0assumed 61–69 282
CaAl2Si2O8 (anorthite) T1-T6 2.7–8.2 0.45–0.70 61–66 282
KAl2f(OH,F)2/AlSi3O10g AlO4 2.1 – 72 278
(muscovite) AlO6 2.2 – 5 278
CaAl2f(OH)2/Al2Si2O10g AlO4 4.2 – 76 278
(margarite) AlO6 6.3 – 11 278
Xantophyllite AlO4 2.8 – 76 278

AlO6 2.0 – 11 278
Na8Al2Be2Si8O24Cl2 (tugtupide) AlO4 1.36 0.08 63.4 218
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Table 5 (continued)

Compound Site Cqcc (MHz) h d (ppm) Refs.

NaAlSi3O8 (low albite) AlO4 3.29 0.62 62.7 283
KAlSi3O8 (microcline) AlO4 3.22 0.21 58.5 283
(Mg, Fe)Al3SiBO9 (grandidierite) AlO5 8.7 0.95 41.0 284

AlO6-(1) 3.5 0.5 9.0 284
AlO6-(2) 8.6 0.95 11.0 284

Natrolite AlO4 1.67 0.50 64 278
LiCl-sodalite AlO4 0.98 0.59 71.9 217
LiBr-sodalite AlO4 0.71 0.61 70.9 217
NaCl-sodalite AlO4 0.94 0.32 62.9 217
NaBr-sodalite AlO4 0.81 0.29 61.8 217
NaI-sodalite AlO4 0.57 0.34 60.4 217
Na-A, hydrated zeolite AlO4 1.1 0.75 59.2 278
Na-Y, hydrated zeolite AlO4 2.0 0.5 62.8 278
Na-Y, dehydrated zeolite AlO4 5.5 0.3 ca. 60 285
H-Y, dehydrated zeolite AlO3 13.1 0.75 105š 20 285

AlO3 13.5 0.4 – 286
AlO3 15.3 0.4 60 287
AlO4 6.0 0.7 – 286

H-Y, dealuminated, dehydr. AlO3 13.7 0.5 – 286
AlO4 7.0 0.7 – 286

USY AlO4 2.8 – 60.0 270
AlO5 4.1 – 34.5 270
AlO6 2.9 – 4.0 270

HMOR, dehydrated zeolite AlO3 15.0 0.35 – 286
AlO4 6.8 0.7 – 286

Na-ZSM-5, dehydrated zeolite AlO4 4.7 0.5 ca. 60 285
H-ZSM-5, dehydrated zeolite AlO3 16.0/15.5 0.1/0.5 82š 20/– 285/286

AlO4 7.3 0.7 – 286
H, Al-MCM-41 (as synthesized) AlO4 2.3 0assumed 52.6 288
Fluoroaluminates
H3AlF6Ð6H2O AlF6 0.3 0.0 �2.8 289
K2AlF5ÐH2O AlF6 12 0.0 0 289
Rb2AlF5ÐH2O AlF6 13 0.0 0 289
CsAlF5ÐH2O AlF6 7.5 0.15 �10 289
NH4AlF4 AlF6 10 0.1 �6 289
KAlF4 AlF6 12 0.0 �5 289
RbAlF4 AlF6 13 0.1 �4 289
Al2SiO4F2 (topas) AlF6 1.7 0.4 0.3 289
Others
Al(acac)3 AlO6 3.03 0.15 0.0 290
Al(trop)3 4.43 0.08 36.6 290
Al(TMHD)3 AlO6 3.23 0.10 1.5 290
AlCl3Ð3Al(OH)3Ð6H2O AlO6 6.9 0.4 7 291
AlCl3Ð4Al(OH)3Ð7H2O AlO6 5.7 0.7 3 291
AlCl3ÐOPCl3 AlCl3O 6.0 0.15 88 292
Al2Ge2O7 AlO5 8.8 0.4 36 293
AlLaGe2O7 AlO5 7.2 0.37 36 293
Al2(MoO4/3 AlO6-(1) 1.12 0.65 �12.4 272

AlO6-(2) 0.88 0.95 �13.4 272
AlO6-(3) 1.21 1.0 �10.3 272
AlO6-(1) 0.78 0.8 �11.1 272

Al2(OH)2(H2O)8(SO4)2Ð2H2O AlO6 4.6 0.4 3 291
Al2(OH)4SO4Ð7H2O (aluminite) AlO6-I 10.1 0.1 6.9 291

AlO6-II 11.6 0.15 6.4 291
KAl(SO4)2Ð12H2O AlO6 0.400 0.00 �4.1 266
NH4Al(SO4)2Ð12H2O AlO6 0.456 0.00 �0.4 266

a The data published in 1983–92 were compiled by Dirk Müller.
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Table 6 Quadrupolar coupling constant Cqcc D e2qQ/h, the asymmetry parameter h and the isotropic value
of the chemical shift d (refered to 1.0 M NaCl) for the 23Na NMR of powdered substances at ambient
temperaturea

Compound Site Cqcc (MHz) h d (ppm) Ref.

Sodium–nitrogen compounds
NaNO3 0.337 0.00 �8.0 266
NaNO2 1.09 0.11 �0.1 266
NaN3 0.297 0.12 �3.8 266
Aluminosilicates
NaX (Si/Al D 1.0) I 1.1 0.5 5.2Ł 294

I0 5.8 0.0 �12.8Ł 294
II 5.0 0.0 �8.8Ł 294
III0(1,2) 2.2 0.7 �10.8Ł 294
III0(3) 1.2 0.9 �22.8Ł 294

NaX (Si/Al D 1.23) I 0.0 0.0 1.2Ł 74
I0 5.2 0.0 �11.8Ł 74
II 4.6 0.0 �7.8Ł 74
III0(1,2) 2.6 0.7 �5.8Ł 74
III0(3) 1.6 0.9 �21.8Ł 74

NaY (Si/Al D 2.5) I 1.2 0assumed 2.2Ł 146
I0 4.8 0.0 3.2Ł 74
II 3.9 0.0 �4.8Ł 74

EMT (Si/Al D 3.7) I 1.0 0assumed 0.7Ł 146
I0 C II 4.1 0.3 0.2Ł 146

NaMOR (Si/Al D 7.1) 12-ring 2.0 0assumed �6.8Ł 146
Sidepockets 3.1 0assumed �16.8Ł 146

NaZSM-5 (Si/Al D 18) 2.0 0assumed �10.8Ł 146
NaAlSi3O8 (albite) 2.69 0.25 �7.1 295
Na8Al2Be2Si8O24Cl2 (tugtupide) 1.41 0.44 7.7 218
Amphibole HSMC M(4) 3.9 0.49 9.3 296

A 2.9 0.26 5.5 296
NaCl-sodalite, dehydrated 0–0.5 – �8.8 217

¾0 0.67assumed 6.3 71
NaCl-sodalite, hydrated �0.1 – – 297
NaBr-sodalite, dehydrated 0.72 0.12 �9.9 217

1 0.67assumed 8.5 71
NaBr-sodalite, hydrated 0.6–0.8 – – 297
NaI-sodalite, dehydrated 1.73 0.06 �20.6 217

1.9 0.67assumed 9.3 71
NaI-sodalite, hydrated 1.5–1.8 0 – 297
Na-hydroxosodalite 2.00 0.10 3.2Ł 298
Na-nitride sodalite 1.00 0.18 0.4Ł 298
Silicates
Na2H2SiO4Ð8H2O 1.11 0.72 3.8Ł 298
Na2H2SiO4Ð5H2O I 1.35 0.45 5.7Ł 298

II 2.01 0.70 0.0Ł 298
Na2H2SiO4Ð4H2O I 1.80 0.75 9.0Ł 298

II 2.83 0.17 9.5Ł 298
Others
NaOH 3.5 0.00 19.4Ł 298
Na3P3O9 I 1.57 0.55 1.6Ł 298

II 2.20 0.70 �7.6Ł 298
Na2(OOCCH)2ÐH2O I 1.34 0.80 �2.2Ł 298

II 0.80 0.75 0.9Ł 298
Na2C2O4 2.50 0.74 17.9 266
CH3COONaÐ3H2O 0.779 0.38 2.1 266
Na2SO4 2.60 0.58 �1.3Ł 298

a An asterisk denotes values of the chemical shift which were originally referred to solid NaCl and transformed by
d.1 M NaCl/ D d(solid NaCl)C 7.2 ppm. Zeolite samples listed in this table were dehydrated.
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Table 7 Quadrupolar coupling constant Cqcc D e2qQ/h, the asymmetry parameter h and the isotropic
value of the chemical shift d (referred to H2O) for the 17O NMR of powder compounds at ambient
temperaturea

Compound Site Cqcc (MHz) h d (ppm) Ref.

Aluminum oxides and hydroxides
a-Al2O3 (corundum) OAl4 2.17 0.55 75 299
AlO(OH) (boehmite) OAl4 1.20 0.1 70 299

OAl4 1.15 0.13 70.0 266
Al2OH 5.0 0.5 40 299

Al(OH)3 (bayerite) Al2OH 6.0 0.3 40 299
g-Al2O3 OAl4 1.8 0assumed 73 299
h-Al2O3 OAl4 1.6 0assumed 73 299
d-Al2O3 OAl4 1.6 0assumed 72 299
q-Al2O3 OAl4 1.2 0assumed 72 299

OAl3 4.0 0.6 79 299
Al13O40 cluster AlOAl 1.2 0 50 300
Microporous materials
AlPO4-5 AlOP 5.7 0.0 63 301
AlPO4-11 AlOP 5.7 0.0 64 301
AlPO4-17 AlOP 5.6 0.1 67 301
Ga-sodalite SiOGa 4.0 0.3 29 301

SiOSi 5.1 0.0 52 301
NaBa-Ga-sodalite SiOGa 4.0 0.3 29 301

SiOSi 5.1 0.0 52 301
Ga-X SiOGa 4.0 0.3 28 301

SiOSi 5.0 0.0 50 301
Na-Y SiOAl 3.1 0.2 31 302

SiOSi 4.6 0.2 46 302
Ba, Na-Y SiOAl 3.4 0.2 45 302

SiOSi 5.1 0.1 57 302
NH4-Y SiOAl 3.2 0.2 31 302

SiOSi 5.0 0.1 47 302
Na-Y, dealuminated SiOSi 5.2 0.1 47 302
Sil-Y, dehydrated SiOSi O1 5.1 0.3 42.3 85

SiOSi O4 5.28 0.2 34.8 85
SiOSi O3 5.14 0.1 47.3 85
SiOSi O2 5.39 0.2 37.2 85

Na-A, dehydrated SiOAl 3.2 0.2 33 302
Na-A, hydrated SiOAl O1 3.4 0 43.6 86

SiOAl O3 3.4 0.25 40.5 86
SiOAl O2 3.4 0 31.0 86

Na-LSX, hydrated SiOAl O1 3.2 0.4 50.3 86
SiOAl O3 3.4 0.3 45.0 86
SiOAl O2 3.3 0.3 41.7 86
SiOAl O4 3.6 0.15 36.9 86

Na-ZSM-5, hydrated SiOSi 5.3 0.12 40.0 53
SiOAl 3.5 0.29 30.0 53

Stilbite SiOSi 5.1 0.18 43 303
SiOAl 3.5 0.28 33 303

Silicates
SiO2 (low cristobalite) SiOSi 5.3 0.0 46 302
SiO2 (cristobalite) SiOSi 5.3 0.125 40 304
SiO2 (amorphous) SiOSi 5.8 0.0 50 305

SiOH 4.0 0.3 20 305
SiO2 (stishovite) SiOSi 6.5 0.125 109 306
SiO2 (coesite) SiOSi O5 5.16 0.292 58 307

SiOSi O2 5.43 0.166 41 307
SiOSi O3 5.45 0.168 57 307
SiOSi O4 5.52 0.169 53 307
SiOSi O1 6.05 0.000 29 307

(continued overleaf)
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Table 7 (continued)

Compound Site Cqcc (MHz) h d (ppm) Ref.

Mg2SiO4 (forsterite) SiOMg-I 2.35 0.2 61 308
SiOMg-II 2.35 1.0 62 308
SiOMg-III 2.70 0.3 47 308
SiOMg-I 2.8 0assumed 64 309
SiOMg-II 3.3 0assumed 72 309
SiOMg-III 3.0 0assumed 49 309

MgSiO3 (clinoenstatite) SiOMg-I 3.2 0.0 60 310
SiOMg-II 3.2 0.0 42 310
SiOSi 5.1 0.3 62 310
SiO-? 2.9–5.2 0assumed 57–70 309

CaMgSi2O6 (diopside) SiOCa 2.7 0.0 84 310
SiOMg 2.7 0.1 63 310
SiOSi 4.4 0.3 69 310
SiOCa 2.8 0assumed 86 309
SiOMg 2.7 0assumed 64 309
SiOSi 4.5 0assumed 69 309

Mg3Si4O10(OH)2 (talc) SiOMg 3.2 0.0 40 305
SiOSi 5.8 0.0 50 305
MgOH 7.3 0.0 0 305

Li2Si2O5 br O1 5.6 0.55 108 311
br O2 4.05 0.05 35 311
nb O3 2.45 0.1 38 311

a-Na2Si2O5 br O1 5.74 0.2 52 311
br O2 4.67 0.3 74 311
nb O3 2.4 0.2 36 311

K2Si2O5 br O1 5.1 0.1 114 311
br O2 4.7 0.2 69 311
nb O3 2.1 0.5 72 311

Rb2Si2O5 br O1 4.4 0.1 124 311
br O2 4.7 0.5 59 311
nb O3 1.9 0.5 93 311

K2Si4O9 (wadeite) br O1 4.45 0.35 62.5 306
SiOSi O2 4.9 0.2 97 306

BaSiO3 br O 3.7 0.4 87 310
a-SrSiO3 br O 4.1 0.4 80 310
a-CaSiO3 br O 3.8 0.2 75 310
CaSiO3 (wollastonite) SiO-? 2.3–4.7 0assumed 115–167 309
Ca2SiO4 (larnite) SiO-? 2.5–2.8 0assumed 122–134 309
Na-ilerite (RUB-18) SiOSi 5.1 0 42.6 312

SiOH 3.1 0 61.2 312
Aluminosilicate glasses
YAS br O 3.1 – 54 313

nb O 143 313
nb O 210 313

LAS br O 3.1 – 58 313
nb O 178 313

NaAlSi3O8 SiOSi 5.1 0.15 49 314
SiOAl 3.2 0.05 33 314

NaAlSi3O8 SiOSi 5.2 0.2 40 315
SiOAl 3.8 0.2 25 315

Analcime H2O 7.6 0 18 316
Silicate glasses
Na2Si4O9 SiOSi 5.2 0.22 51 315

nb O 2.7 0.25 40 315
H2O 6.0 0.7 20 315

Na2Si2O5 br O 4.9 0.1 69 311
nb O 2.35 0.2 37 311
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Table 7 (continued)

Compound Site Cqcc (MHz) h d (ppm) Ref.

Na2Si3O7 br O 5.0 0 60 306
nb O 2.3 0 39 306

Li2Si2O5 br O 5.0 0.15 68 311
nb O 2.55 0.2 42 311

K2Si2O5 br O 4.7 0.25 60 311
nb O 2.5 0.45 84 311

K2Si4O9 br O 4.9 0 52 306
nb O 2.3 0 76 306

Cs2Si2O5 br O 4.55 0.3 68 311
nb O 3.1 0.55 145 311

Ba Si glass br O 4.0 0.3 78 317
Ba Ca Si glass br O 4.1 0.3 68 317
Ca Si glass br O 4.7 0.3 59 317

br O 4.6 0.0 66 318
nb O 2.1 0.2 110 318

Na2O–GeO2 crystals and glasses
GeO2 (quartz) GeO4 7.3 0.48 70 319
GeO2 (rutile) GeO6 7.5 0.10 160 319
Na2GeO3 (crystal) GeO4 5.2 0.5 70 319

NBO 2.5 0.5 47
Na2OÐ9GeO2 GeO4 7.0 0.5 165 319

GeO6
2 Na2OÐ9GeO2 GeO4 6.0 0.5 80 319
Others
TiO2 (rutile) TiOTi 1.5 0.87 596.5 249
HfGeO4 HfOGe 5.2 0.65 185 320
Mg(OH)2 (brucite) MgOH 6.8 0 20 321
Mg(OH)2 polycristalline MgOH 6.8 0.0 25 305
Mg(OH)x(OCH3)2�x MgOH 7.25 0 �25 321
Hydroxyapatite Ca5(P17O4)3(OH) 4.0/4.1 0.0/0.1 108/115 322
CaHP17O4Ð2H2O 4.2/4.3 0/0 98/96 322
KH2PO4 5.2 0.55 92 322
NH4H2PO4 5.1 0.55 93 322
Ba(ClO3)2ÐH2

17O H2O 6.8 1.00 22 322
Ca(OH)2 6.5 0.00 62 322
CaCO3 6.97 1 204 323

a The data published after 1989 were compiled by Ulf Pingel. A site nb O and br O denotes nonbridging and bridging
oxygen, respectively.

If the quadrupolar echo decay (p/2, t1,p/2, t1, t2)
is monitored as a 2-D data set, the doubly Fourier
transformed 2-D spectrum can be influenced by a
slow motion. Schleicher et al..209/ applied this tech-
nique for the observation of dynamics in alanine.
Müller et al..210/ used a multiple-pulse quadrupolar
echo sequence, in order to obtain information about
the chemical exchange. For other examples, including
the influence of dynamics on the longitudinal relax-
ation time in the Zeeman reservoir T1Z or the relax-
ation time in the quadrupolar reservoir T1Q, see Vold
et al..11,211/

Larsen et al..212/ applied the CPMG experiment to
deuterons (2H QCPMG) and thereby enhanced the sen-
sitivity by about one order of magnitude and the dynamic
range by two orders of magnitude.

Dynamic experiments were mainly performed with
nonrotating samples. However, dynamic 2H MAS NMR
is now in progress. Weintraub and Vega.213/ studied
dimethyl sulfone by MAS and off-MAS techniques. Kris-
tensen et al. investigated multiaxial dynamics.214/ and
effects of restricted rotational diffusion..215/

10 SURVEY OF NUCLEAR MAGNETIC
RESONANCE PARAMETERS FOR
SELECTED COMPOUNDS

Collections of electric field gradient and chemical
shift data for the most commonly studied quadrupolar
nuclei with half-integer spins 27Al, 23Na and 17O
are presented in Tables 5, 6 and 7, respectively. For
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solid-state NMR studies of other quadrupolar nuclei
we give only a few references to recent publi-
cations: lithium-6,.216/ lithium-7,.74,217/ beryllium-9,.218/

boron-11,.219 – 221/ nitrogen-14,.222/ magnesium-25,.223/

sulfur-33,.224,225/ chlorine-35/37,.226/ potassium-39,.227,228/

calcium-43,.229 – 231/ scandium-45,.232/ titanium-47/
49,.233,234/ vanadium-51,.235,236/ chromium-53,.237/

cobalt-59,.236,238,239/ copper-65,.240/ zinc-67,.241,242/ gal-
lium-69/71,.243 – 245/ bromine-81,.246/ rubidium-85/
87,.247,248/ zirconium-91,.249/ niobium-93,.33,249/ molyb-
denum-95,.250/ indium-115,.251/ antimony-121,.252/ iodine-
127,.253,254/ cesium-133,.255,256/ barium-137,.257,258/ lan-
thanum-139.73,259/ and lutetium-175..260/
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ABBREVIATIONS AND ACRONYMS

CP Cross-polarization
CPMAS Cross-polarization Magic-angle

Spinning
CPMG Carr–Purcell–Meiboom–Gill
DACSY Dynamic-angle Correlation

Spectroscopy
DAS Dynamic-angle Spinning
DFS Double-frequency Sweeps
DOR Double-rotation
DQ Double-quantum
FAM Fast Radiofrequency Amplitude

Modulation
FID Free Induction Decay
FSAHP Frequency-stepped Adiabatic

Half-passage
fwhm Full Width at Half-maximum
HETCOR Heteronuclear Chemical Shift

Correlation
LAB Laboratory Axis System
MAS Magic-angle Spinning
MQDOR Multiple-quantum Double-rotation
MQMAS Multiple-quantum Magic-angle

Spinning

MQVAS Multiple-quantum Variable-angle
Spinning

NMR Nuclear Magnetic Resonance
NQR Nuclear Quadrupolar Resonance
PAS Principal Axis System
QEDOR Quadrupolar Echo Double

Resonance
REDOR Rotational-echo Double

Resonance
RF Radiofrequency
RIACT Rotation-induced Adiabatic

Coherence Transfer
SATRAS Satellite-transition Spectroscopy
SOLEDOR Solid Echo Double Resonance
TPPI Time-proportional Phase

Increment
TRAPDOR Transfer-of-populations

Double-resonance
VAS Variable-angle Spinning
2-D Two-dimensional
3QMAS Triple-quantum Magic-angle

Spinning
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Abstract 

The effect of the interaction between spin-3/2 and spin-l/2 nuclei on solid-state magic-angle spinning nuclear magnetic 
resonance (MAS NMR) spectra of the latter is studied in cases where deviations from first-order theory are expected. A 
comparison is made between the exact and first-order perturbation approaches. Both dipolar and indirect (iso- and 
anisotropic) coupling interactions are considered. Implications regarding 13C,35.37C1, 31P,63*65Cu and ‘19Sn,35.37C1 cases are 
discussed. It is shown that in the latter two cases the sign of the indirect coupling constant J can be derived. 

Keywords: spin-3/2 nuclei; spin-l/2 nuclei; first-order theory: coupling constant 

Introduction 

The effects transmitted by quadrupolar nucIei 
to MAS NMR resonances of spin-l/2 nuclei in 
the solid state have attracted considerable atten- 
tion in recent years. Many cases of both dipolar 
and combined dipolar-indirect coupling interac- 
tions between quadrupolar and spin-l/2 nuclei 
have been reported for a variety of materials. 
These involve organic and inorganic compounds, 
zeolites, surface-immobilized substrates, silicon 
ceramics, etc. The topic has been reviewed re- 
cently [I]. Further spin pairs not covered in this 

* Corresponding author. 

review are 31P,99,101Ru [2] and ‘13Cd,14N [3]. 
First-order perturbation theory (valid when the 
ratio of quadrupolar to Zeeman energy for the 
quadrupolar nucleus is small) is found to be ap- 
plicable in many cases. This approach has been 
shown to be able to provide a simple connection 
between the relevant data involved, namely 
quadrupole parameters, bond distances and an- 
gles, and iso- and anisotropic indirect (scalar) 
coupling interactions 14-61. Recently, perturba- 
tion theory has been applied to the inverse case 
(Le., for large quadrupole coupling constants), 
and both dipolar and indirect coupling interac- 
tions were taken into account [7,81. One outcome 
of this body of work is the possibility of estimat- 
ing the anisotropy of the scalar coupling interac- 
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tion (AJ), a parameter of somewhat elusive ex- 
perimental accessibility [ 11. 

The general, first-order perturbative equation 
for the “high-field” case, when both dipolar and 
indirect coupling interactions to a spin-3/2 nu- 
cleus occur is 1.51: 

Au, = -ml + (3~0’/2Ov,)[5/4 - m2] 

x (3 cos2pD - 1) 

= --ml - d(5/4 - m2) (1) 

where Au, is the shift (relative to the unper- 
turbed, isotropic I frequency) produced by (m) 
eigenstates of quadrupolar nuclei S (m = 3/2, 
l/2, - l/2, -3/2), J is the isotropic I,S indi- 
rect coupling constant (I = l/2, S = 3/2), D’ is 
the “effective” dipolar coupling constant [D’ = D 
- (AJ)/3], D is the 1,s dipolar coupling con- 
stant [D = &/45-)y,y,h/4rr2r3], x is the S 
quadrupole coupling constant [x = e2q,,Q/h, the 
electric field gradient (EFG) at S is assumed to 
be axially symmetric], us is the Zeeman frequency 
of S, pD is the angle between the I,S internu- 
clear vector and the principal axis of the 
quadrupolar tensor, AJ is the anisotropy in the J 
tensor (Al = J,, -J, ; J is considered to be axi- 
ally symmetric and coaxial with D), and d = 
-(3xD’/2Ov,)(3 cos2pD - 1). This latter factor 
has been called “the second-order shift” itself [l], 
due to the fact that first-order perturbations on 
the eigenstates of S leads to second-order effects 
on the Z lines. Eqn. 1 applies to the intensity- 
weighted average of each of the four resonances, 
which are in principle powder patterns. A careful 
analysis of the signs of the relevant magnitudes 
involved in eqn. 1 shows that, for all possibilities 
of signs of the gyromagnetic ratios yr and ys, the 
term D’/vs may be written as D’/vs = 
I D/v, I -(1/3)AK I ylys/v’s I (where AK = 
AJ/y,y,). This means that, if us is always taken 
as positive, D’ can be written as D’ = 
I D I -(1/3)AK I y, ys I. Thus the sense of the dis- 
tortion d depends on the combined signs of D’, 
x and the angular factor (3 cos2pD - 1). Further- 
more, the first term in eqn. 1 should be 
- mJy,/ I yf I, which also accounts for a negative 

YI. 

Relevant examples of this are ‘19Sn spectra 
affected by 35,37C1 nuclei in chlorostannic com- 
pounds [9-111, and 31P spectra of 63*65Cu-contain- 
ing phosphine-copper-halide complexes [12-221. 
In both of these cases, information on AJ effects 
have been gathered, though in certain cases the 
quadrupole coupling constants are not smaller 
than the resonance us frequencies [22]. When 
there are reasons to expect both J and AJ to be 
negligible in comparison with D, eqn. 1 predicts 
two spin-l/2 signals at +(3xD/20vsX3 cos2pD 
- l), i.e., a symmetric doublet with a splitting 
given by: 

s=Av + l/2 - Av + 3/2 

= (3xD/lOv,)(3 cos2pD - 1) (2) 

Notice that in contrast to the 13C,i4N case 
(where S = 1 and 2 : 1 asymmetric doublets result) 
[4] the fact that the doublet is symmetric makes it 
insensitive to the sign of x. 

For the 13C,35,37C1 spin pair, both J and AJ 
are expected to be small compared with D [23,24]. 
In this case, since it is reasonable to assume that 
@’ = 0, first-order theory predicts symmetric 
splittings given by: 

s=Av + l/2 -“,3,2 = (6xD/10vs) (3) 

Very recently, symmetric doublets have been 
observed in high-field MAS NMR spectra of solid 
chlorine-containing organic compounds [24-261. 
It seems clear that in these latter cases perturba- 
tion theory is not strictly applicable, since x is 
actually larger than vs. Experimentally this is 
verified by the fact that the splitting is not in- 
versely proportional to the field strength of the 
spectrometer. The deviations from the first-order 
regime are such that s becomes smaller than the 
value predicted by eqn. 3, which is contrary to the 
implications of figures in ref. 12. 

In the present report, we compare the results 
predicted by first-order theory in the case of 
spin-1/2,spin-3/2 coupling with those obtained 
by full-matrix diagonalization of the complete 
Zeeman-quadrupole Hamiltonian for S nuclei. 
Equations are derived which can be used to pre- 
dict the appearance of the spin-l/2 lines up to 
(x/us) = 3, both including indirect (iso- and 
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anisotropic) and dipolar contributions. Addition- 
ally, the possibility of determining the sign of J is 
discussed when substantial indirect coupling ef- 
fects are involved. 

Theory 

When first-order theory is no longer applica- 
ble, the S eigenstates are calculated by numerical 
methods, with diagonahzation of the complete 
Zeeman-quadrupole Hamiltonian [12]. We con- 

b 

a 

‘EFG 

60 

f 

‘EFG 

t 

sider here the approach of Menger and Veeman 
[12], but for a general value of the angle PD. An 
axially symmetric EFG tensor is assumed, with its 
unique z axis inclined an angle 8 with respect to 
the magnetic field B, (Fig. la>. The diagonaliza- 
tion renders the S eigenstates as an expansion of 
Zeeman states / n): 

(4) 

All coefficients a,,(8) are real and depend on 
the orientation 8. Once they are available, the 

- 
YEFG 

C 

‘EFG 

,$‘ . 4 %As 

Fig. 1. Different reference frames used to study the MAS NMR lines of spin-l/Z nuclei coupled to spin-3/2 quadrupolar nuclei. 
(a) Location of the magnetic field B, and the internuclear vector r in the EFG frame. (b) Location of the main zEFG axis and the 
vector r in the Zeeman frame. Cc) Relative orientation of MAS and EFG frames. 
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dipolar Z,S coupling can be included: Results and discussion 

Av,( 0) = -D( (1 - 3 cos*fi) &zu$,( 6) 

- 3 sin L! cos J2 cos 5 

xC[J[s(s+l)-m(m+l)] 

XU ?n,,+#%Ae> 

+\/[S(S+ 1) -m(m - l)] 

XU ,,,-I(%,(~)]) (9 

where the angles R and 5 locate the internuclear 
vector r in the Zeeman frame (Fig. lb). If r is 
further positioned in the xz plane of the EFG 
tensor (Fig. la), then cos 0 = cos pD cos 0 + 
sinp” sin 8 cos 4, and (sin J2 cos 5) = 
cos /3o sin 0 - sin pD cos 8 cos 4. On the other 
hand, under MAS conditions, the following rela- 
tions are valid (Fig. lc): 

cos 8 = ~0~(54.7y cos E 

+ sin(54.7”) sin r” cos( wt) 

sin 8 cos 4 = - cos(54.7”) sin E cos rp 

(6) 

+sin(54.7”)[cos z cos cp cos( ot) 

+ sin cp sin( ot)] (7) 

where 5 and cp are the polar angles locating the 
zEFo axis in the MAS frame (Fig. lc) and w is the 
sample spinning frequency. 

Fig. 2 shows the results obtained with the 
exact approach when po = 0, and when only 
dipolar coupling is considered as a mechanism of 
transmission of quadrupolar effects to the MAS 
NMR lines of the spin-l/2 nucleus. In this fig- 
ure, the four line positions are plotted (in units of 
D) as a function of the ratio (,Y/v~) for a positive 
quadrupole coupling constant (reversing its sign 
reverses all line positions). The points shown in 
Fig. 2 are actually the centers of mass of “Pake- 
like” powder patterns, with the sole exception of 
one of the lines obtained when (,Y/v~) = 4, which 
gives rise to a single spin-l/2 resonance for all 
orientations. For small values of (x/vs> first- 
order conditions are seen to be met, and approxi- 
mate straight lines with slope +0.3 are obtained. 
When all four lines are subjected to a Gaussian 
broadening of 0.5 units of D, a nearly symmetric 
doublet is obtained up to (x/vs> = 3. Beyond this 
point, the line shape is an asymmetric 2:l:l triplet, 
and for (x/vs) > 5, a distorted quartet is ob- 
tained. It should be noticed that since both the 
triplet and the quartet are asymmetric; they are 
in principle a source of information on the sign of 

x. 
In the case of the recently observed 13C,35,37C1 

coupling in chlorine-containing organic com- 
pounds [24-261, the quadrupole coupling con- 

Therefore, the shifts on the spin-l/2 line can 
be calculated as follows. For a particular orienta- 
tion given by B and cp, the required functions of 
8 and 4 are obtained through eqns. 6 and 7, and 
the dipolar shift through eqn. 5. This is repeated 
for many equally spaced values of wt in the range 
0-27r, and the results are averaged over one 
cycle of wf, yielding the desired shifts Av,,, asso- 
ciated with the orientation (&). These calcula- 
tions are repeated for 500 x 200 different pairs of 
values of s” and cp, the intensities are scaled 
according to sins, and are finally stored in ma- 
trix form, as is usual in the computation of pow- 
der patterns. A microcomputer program (avail- 
able on request) has been written which calcu- 
lates the line shapes according to the above 
scheme. 

Fig. 2. Line positions (in units of D) of a spin-l/2 nucleus 
dipolar coupled to a spin-3/2 nucleus as a function of the 
ratio (x/v~), as obtained by full-matrix diagonalization of the 
Zeeman-quadrupole Hamiltonian for positive x and pD = 0. 
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Fig. 3. Symmetric splitting (in units of D) caused by spin-3/2 
nuclei on spin-l/2 MAS NMR lines, as a function of the ratio 
R = I,y/vs I. Circles: values obtained by the exact calcula- 
tions. Full line: values given by eqn. 8. Dotted straight line: 
result predicted by first-order theory. 

stant for the major 35C1 isotope is cu. -70 MHz 
[27], whereas the experimental resonance fre- 
quencies vS at the studied fields 124-261 are 19.6, 
29.4, 39.2 and 49.0 MHz at 4.7, 7.05, 9.4 and 11.7 
T, respectively (lH NMR frequencies are 200, 
300, 400 and 500 MHz). Thus the values of 
I x/us I are 3.6, 2.4, 1.8 and 1.4, respectively, and 

a broad triplet is expected at 4.7 T, whereas at 
the higher fields symmetric doublets are pre- 
dicted (Fig. 2). Even for these latter cases, first- 
order theory is not strictly applicable, since in all 

of them I x/us I > 1. Fig. 3 compares the exact 
splittings with those given by first-order theory 
(again for p D = 0). The exact splitting has been 
obtained by taking the centers of mass of the four 
lines, separately averaging those corresponding to 
m = k 3/2 and m = f l/2, and subtracting them. 
As seen in Fig. 3, deviations towards smaller 
splittings result when R = I x/v, I increases. The 
deviation is less than 5% for R < 0.8. Least- 
squares fitting of the exact splittings to a cubic 
polynomial equation gives: 

s = LI(0.581 R + 0.033R2 - 0.021 R3) (8) 

which can be used in the range 0.8 <R < 3. Table 
1 compares the calculated centers of mass of the 
four lines and the values of s as given by first- 
order theory, by the exact approach and by eqn. 
8. 

Experimental examples are shown in Table 2. 
The agreement with first-order theory is good at 
the higher fields, whereas eqn. 8 better describes 
the experimental observations at 7.05 T. Even at 
the highest field, however, the observed splittings 
seem to be smaller than those predicted on the 
basis of exact calculations. However, the above 
discussion is centered on the effect of the major 
35C1 isotope (75.53%; Q = -0.08165 b) [28]. 
First-order theory predicts that s is proportional 

TABLE 1 

Centers of mass of the four lines expected for spin-1/2,spin-3/2 residual dipolar coupling (in units of D) as a function of the ratio 
X/us when pD = 0 

X/J’S First 
order a 

nl 

- 3/2 -l/2 +1/2 +3/2 

S 

Exact FOT Eqn. 8 

0.8 + 0.24 - 0.24 0.26 0.22 -0.24 0.48 0.48 0.48 
1.0 f 0.30 
1.2 + 0.36 
1.4 + 0.42 
1.6 + 0.48 
1.8 * 0.54 
2.0 k 0.60 
2.2 * 0.66 
2.4 i 0.72 
2.6 + 0.78 
2.8 f 0.84 
3.0 + 0.90 

- 0.30 0.32 0.27 
- 0.35 0.39 0.31 
- 0.41 0.46 0.35 
- 0.46 0.54 0.39 
-0.51 0.61 0.42 
- 0.56 0.68 0.44 
- 0.61 0.76 0.46 
- 0.66 0.83 0.46 
- 0.70 0.91 0.45 
- 0.74 0.99 0.43 
- 0.78 1.07 0.39 

-0.30 0.59 0.60 0.59 
-0.35 0.71 0.72 0.71 
- 0.41 0.82 0.84 0.82 
- 0.46 0.92 0.96 0.93 
-0.51 1.03 1.08 1.03 
- 0.56 1.12 1.20 1.13 
- 0.60 1.21 1.32 1.21 
- 0.63 1.29 1.44 1.29 
- 0.65 1.36 1.56 1.35 
- 0.67 1.41 1.68 1.42 
- 0.68 1.46 1.80 1.47 

’ Line positions as given by first-order theory (FOT). The positive sign corresponds to the position of the _t l/2 states: the negative 
to f 3/2 states. 
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TABLE 2 

Experimental results on 13C,35*37CI residual dipolar coupling 

1 2 3 

Compound R b/T s ex!J 
(kHz) 

Ref. S,& = GHZ) 

First order Eqn. 8 

1 2.38 7.05 0.59 52 0.81 0.73 
1 1.43 11.7 0.41 52 0.49 0.47 
2 2.38 7.05 0.69 53 0.81 0.73 
3 1.79 9.4 0.50 51 0.61 0.58 

a In all cases, T~_~, = 173 A, D = 0.57 kHz and 1 ,y 1 = 70 MHz has been used. 

to the combined factor (Dx/vS), which is inde- 
pendent of yS. Thus the effect of the minor 37C1 
isotope (24.47%; Q = -0.06435 b) [28] is ex- 
pected to be a reduction of the splitting by cu. 
5%. It should be noted that the measurement of 
the 13C lines are subjected to errors of cu. t-50 
Hz. 

As discussed above, the expected line shape at 
4.7 T is a broad 2: 1: 1 triplet. Approximate sec- 
ond-order shifts given by the exact approach (Fig. 
2) for (x/vS> = 3.6 are -0.78 (average of two 
lines), +0.27 and + 1.30 D (- 8.4, +3.0 and 
+ 14.7 pgm for 13C using D = 0.57 kHz for rc_c, 
= 1.73 A). These balues correspond to positive 
quadrupole coupling constants. For x negative, 
which seems to be the case for 35C1 [27], they 
reverse their signs, and the central peak of the 
triplet appears on the low frequency side, mea- 
sured from the center of the high-field doublets. 
This result is also in agreement with the experi- 
ments [24,25]. 

In the case of the 31P,63.65Cu spin pair, an 
indirect J interaction also occurs, leading to dis- 
torted J quartets [12-221. Only the effect of the 
major (69.1%) 63Cu isotope will be considered 

here. First-order theory predicts the following 
line positions (see eqn. 1): 

AV- 3/2 = (312) J + d (9) 

AV- 1/2= (VW-d (10) 

b/2 = -(1/2)J-d (II) 

Av 3,2 = - (3/2)J + d (12) 

We will call the four line positions given by 
eqns. 9-12 vi, v2, vg and V~ in the order of 
increasing frequencies, the spacings as Av,, = v2 
- Vl, Av 32 = v3 - v2, Av,, = v4 - v3, and the dif- 
ferences between these line spacings as AAv,,, = 
Av32 - Av2,, AAv,,, = Av,, - Av,, and AAv,,,, = 
Avh3 - Avzl. 

When first-order conditions are no longer met, 
not only the quadrupole-induced distortion devi- 
ates from the expected value of d, but also the 
isotropic indirect contribution is not simply given 
by -ml. Fig. 4 shows the changes in the line 
positions for the spin-l/2 nucleus as a function 
of (x/vS) when only J coupling occurs (i.e., D = 
AJ = 0). To study these deviations in the general 
case, where J coupling effects are combined with 
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2 -2 

-2L-- -y--A -2 
0 2 4 6 0 10 

Fig. 4. Line positions (in units of J) of a spin-l/2 nucleus 
indirect coupled to a spin-3/2 nucleus as a function of the 
ratio (x/us), as obtained by full-matrix diagonalization of the 
Zeeman-quadrupole Hamiltonian for positive x. 

dipolar coupling, the exact approach was sepa- 
rately applied to the indirect and (effective) dipo- 
lar interactions, in the latter case for relevant 
values of the angle pD (0, 30, 60 and 90”>, up to 
R = 3. It was found that only a single set of 
coefficients for a cubic equation was needed in 
order to cover these cases, provided the factor 
(3 cos2po - 1)/2 is included within the dipolar 
contribution. Thus the form of the cubic equation 
is: 

Av,=J[‘a(m) +“b(m)R+Jc(m)R” 

+Jd( m) R”] + D’[ (3 co?@) - 1)/2] 

X [ %(m)R +%(m)R2 +Dd(m)R3] 

(13) 

where R = I x/v, I. 

The coefficients Ju(m), Job(m), J,Dc(m) and 
Judd are given in Table 3. Reversing the sign 
of x reverses all the line positions, thus reversing 
the sign of all coefficients. Table 4 shows the 
individual line positions for selected values of the 
ratio ,y/vs when only the isotropic J coupling is 
involved, as compared to those given by eqn. 13. 

As already discussed, the sense of the distor- 
tion d provides information about the sign of x 
[22]. It has been argued that, even when first-order 
theory is not strictly applicable to these cases, d 
can still be obtained as d = AAv~~~J~ [22], and 
important information concerning the sign of x 
and the value and sign of AJ can be obtained 
[22]. However, first-order theory is unable to pro- 
vide the sign of J, since eqns. 9-12 predict that 
the line spacings are Av,, = I J I -2d, AVOW = 
I J I, Avd3 = I J I + 2d (provided that I d I is smaller 
than I J I so that no cross-over of lines takes 
place). An interesting outcome of the deviations 
from the first-order regime which are accounted 
for by eqn. 13 is the possibility of determining the 
sign of J. In the case of phosphine-copper-halide 
complexes, R lies in the range 0.2-0.9 at 7.05 T 
[221. For comparison of the first-order results 
with those given by eqn. 13 when J = +D’, D’ > 
0, p*=O. R=l, yI > 0, yS > 0, see Table 5. 
Notice that the columns for J > 0 and J < 0 are 
interchanged if either y, or ys are negative, 
whereas those for positive and negative x are 
interchanged if (a> the factor (3 cos’pD - 1) is 
negative or (b) the parameter D’ becomes nega- 
tive as a result of large AJ effects. Several inter- 
esting conclusions can be drawn. The value of 

A&32,/4 is an excellent approximation for d, as 
expected [22]. It can also be concluded that when 
first-order theory is not applicable, the sign of J 
can be gathered from the relation between AAv,~~ 

TABLE 3 

Coefficients corresponding to the cubic eqn. 13. These coefficients were derived assuming a positive value for x, For negative x+ all 
coefficients change their signs. 

m 

- 3/2 
-l/2 

l/2 
3/2 

Ja(m) 

1.501 
0.501 

- 0.505 
- 1.497 

Jb(m) 

0.002 
-0.017 

0.045 
- 0.029 

Jc(m) 

- 0.045 
0.038 

- 0.072 
0.077 

Jd(m) 

0.006 
- 0.016 

0.022 
-0.013 

Db(m) 

- 0.301 
0.308 
0.272 

- 0.280 

o&n) 

0.002 
0.017 
0.017 

- 0.034 

“d(m) 

0.004 
0 

- 0.021 
0.017 
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Centers of mass of the four lines expected for spin-1/2,spin-3/2 scalar coupling (in units of J) as a function of the ratio x/vs 

x/vs ma 
-3/2 -l/2 + l/2 +3/2 

0 + 1.50 + 0.50 - 0.50 - 1.50 
1.4 + 1.44 + 1.43 + 0.51+ 0.51 -0.51-0.52 - 1.44- 1.42 
1.6 + 1.42+ 1.41 +0.51+0.51 - 0.52 - 0.53 - 1.40- 1.40 
1.8 + 1.40+1.39 + 0.50 -I- 0.50 - 0.52 - 0.53 - 1.39-1.38 
2.0 + 1.38+ 1.37 + 0.50 + 0.49 - 0.52 - 0.53 - 1.35 - 1.35 
2.2 + 1.36+ 1.35 + 0.48 + 0.48 - 0.52 - 0.52 - 1.32- 1.33 
2.4 + 1.34+ 1.33 + 0.46 + 0.46 - 0.50 - 0.51 - 1.30- 1.30 
2.6 + 1.32+ 1.31 + 0.44 + 0.43 - 0.48 - 0.49 -1.28-1.28 
2.8 + 1.30+ 1.29 + 0.41+ 0.40 - 0.45 - 0.46 - 1.26- 1.26 
3.0 + 1.28+ 1.26 + 0.37 + 0.36 -0.41-0.42 -1.24-1.24 

a For each value of m, the first entry is the value computed using the exact approach, the second is that calculated using eqn. 13. 

and AAu,,,, P rovided that the sign of x is known. 
For example, when X/V, = + 1, 1 AAv,,, I > 

1 AAvm I for positive values of J and uice versa. 
This simple relationship has been found to hold 
for several values of I J I in the range OSD’-20’ 
and for pD having the relevant values 0, 30 and 
90”, which are typical of P,Cu complexes [13-221. 
In all complexes studied so far the distortion d 
was found to be negative, implying positive values 
of x for po = 0 and negative values when pD = 
90” [22]. Since AJ effects are smaller than D, the 

TABLE 5 

Line positions and spacings (in units of D’) for a spin-l/2 
nucleus coupled to a spin-3/2 nucleus, when J = If: D’, D’ > 0, 
pD=Oand R=l 

First-order Exact a 
theory J>O J<O J>O J<O 

(x/vs) +1 -1 +1 +1 -1 -1 
VI -1.80 -1.20 -1.76 -1.76 -1.17 -1.16 
v2 -0.20 -0.80 -0.24 -0.18 -0.83 -0.78 
v3 0.80 0.20 0.83 0.78 0.24 0.18 
v4 1.20 1.80 1.17 1.16 1.76 1.76 
A~21 1.60 0.40 1.52 1.58 0.34 0.39 
A+2 1.00 1.00 1.07 0.96 1.07 0.96 
A~43 0.40 1.60 0.34 0.39 1.52 1.58 
AAv~s~r /4 -r;; 0.30 - 0.30 -0.30 0.30 0.30 
(Av) . 1.00 0.98 0.98 0.98 0.98 
AAv,z -0.60 0.60 - 0.45 -0.62 0.73 0.57 
AAv,,z - 0.60 0.60 - 0.73 -0.57 0.45 0.62 

a The line positions were calculated for a positive yI (see the 
text). 

b (Av) = (Avzl + Av32 + Av,,)/3. 

effective constant D’ is positive. Experimental 
line spacings (Table 6) for several different com- 
plexes provide evidence ( I AAv,,, I > I AAv,,, I, 
compare with Table 5), that J is, in all cases, 

TABLE 6 

Literature 31P line spacings (in kHz) for several copper-phos- 
phine-halide complexes 

Complex a Av43 Av3* AVOW AAv,,, AAv,, (Au) b IJI ’ 

(PCuCI),(c) 1.72 1.99 2.12 -0.27 -0.13 1.94 1.95 
1.68 1.98 2.11 -0.30 -0.13 1.92 1.93 

(PCuBr), (c) 1.71 1.91 2.00 -0.20 -0.09 1.87 1.88 
1.69 1.91 2.03 -0.22 -0.12 1.88 1.88 

(PCuI), 1.41 1.57 1.69 -0.16 -0.12 1.56 1.56 
1.47 1.70 1.71 -0.23 -0.01 1.63 1.63 

PCuCl 1.40 2.21 2.50 -0.81 -0.29 2.04 2.06 
PCuBr 1.48 2.17 2.43 -0.69 -0.26 2.03 2.08 
(PCuBr), (s) 1.65 1.86 1.99 -0.21 -0.13 

1.43 1.87 2.06 -0.44 -0.19 
(PCuI),(s) 1.34 1.68 1.88 -0.34 -0.20 

1.35 1.69 1.75 -0.34 -0.06 
P,Cu,Cl, 1.49 1.91 2.08 -0.42 -0.17 
p3cu212 1.23 1.62 1.75 -0.39 -0.13 
P,Cu,Br; 1.37 1.69 1.92 -0.32 -0.23 
p,cu,1; 1.08 1.20 1.23 -0.12 -0.03 
P,CuCI 0.94 1.27 1.43 -0.33 -0.16 
P,CuBr 0.88 1.28 1.44 -0.40 -0.16 
P,CuI 0.88 1.20 1.43 -0.32 - 0.23 

a P = Triphenylphosphine and derivatives; c = cube; s = step; 
experimental data from refs. 13-21. 

b See Table 5. 
c The values of 1 J 1 have been obtained by fitting the three 

experimental line spacings to eqn. 13, with x taken from 
ref. 22. 
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TABLE 1 

Literature l19Sn line spacings (in kHz) for Sn,CI compounds 

Compound &I/T A~43 Av32 A~21 AAv432 AAv32, f.4~)~ IJI b 
Ph,SnCl ’ 7.05 0.42 0.26 0.11 0.17 0.15 0.26 0.27 
Ph,SnCI ’ 4.7 0.50 0.24 0 0.26 0.24 0.25 0.27 
Bz,SnCI 4.7 0.48 0.23 0 0.25 0.23 0.24 0.26 

a See Table 5. 
b As in Table 6. with values of ,y taken from refs. 9-11. 
’ Average of two non-equivalent crystal sites. 

positive. Since both T(~‘P> and Y(~~CU) are posi- 
tive, it follows that K(31P,63C~) is positive. This 
latter result is in line with other cases of one-bond 
indirect coupling between 31P and spin-l/2 tran- 
sition metals [29]. Finally, one should note that 
the value of 1 J 1 cannot be simply obtained from 
inspection of the spectra (see Table 5). A good 
approximation to the magnitude of the isotropic 
value of the indirect coupling constant can be 
obtained by applying eqn. 13. In the case of the 
tetrahedral copper sites in “cube” (PCuX), com- 
plexes and in the linear PCuX complexes, pD = 0 
and the EFG at 63,65Cu is axially symmetric, as 
required by the site symmetry in crystals [22]. 
Using the known (or derived) value of x (with 
sign) and adjusting the line spacings to eqn. 13, J 
can be obtained (as shown in Table 61. As can be 
seen, the values of J are very close to the average 
of the three spacings, as previously suggested 
[13-211. 

Similar arguments apply to the 119Sn,35,37C1 
spin pair, where both J and D’ effects are mani- 
fested in the r19Sn MAS NMR spectra in the 
solid state [9-111. TabIe 7 shows experimenta 
values for Sn,CI compounds at two different fields. 
Consideration of the relative line positions shows 
that in this case d is positive (in contrast to the 
P,Cu case), as a result of the combination of 
/3 D = 0, D’ > 0 and x < 0 [ 111. Comparison of 

AAVW and AAv,,, (Table 7) with the results 
shown in Table 5 for X/Y~ negative indicates that 
J is positive for the “9Sn,35C1 spin pair in these 
compounds [r(“‘Sn) < 01. Therefore, the value 

of K(“9Sn,35C1) is negative, again in agreement 
with signs of one-bond K values measured for 
pairs of nuclei of groups IV and VII of the 

periodic table [29]. As before, the value of 1 J 1 
(shown in Table 7) can be obtained by applying 
eqn. 13 and using the known value of x for the 
major 35C1 isotope. 

It should be noticed that the relationship 

1 AAv43* I > I AAv321 I for positive J (and vice 
uersa> has been restricted to cases where D’ > 0, 
pD = 0,30 and 90 and I J I in the range 0.5-2 D’ 
which are applicable to the experimental observa- 
tions in the 31P,63*65Cu and 119Sn,35,37C1 couplings. 
In other cases, one should resort to eqn. 13 in 
order to establish the sign of J. 

In conclusion, equations have been developed 
which can be used to calculate the multiplet 
splittings of spin-l/2 MAS NMR lines when cou- 
pling to spin-3/2 nuclei occurs. These equations 
are suitable for a range of quadrupole coupling 
constants outside the validity of first-order the- 
ory, and take into account the existence of dipo- 
lar and scalar (both iso- and anisotropic) interac- 
tions. Additionally, the possibility of determining 
the sign of the isotropic indirect coupling con- 
stant is discussed. 
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Structural Information from
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Solid State NMR
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ABSTRACT: Solid-state NMR has become the method of choice for determining details
of molecular-level structure in heterogeneous systems. Though spin-1/2 nuclei still form the
core of most such studies, quadrupolar nuclei are increasingly being used. This review
assesses what is currently possible, from achieving high-resolution spectra for quadrupolar
nuclei (a prerequisite for most structure determination work), to forming correlation spectra
which give qualitative details of spatial proximity of nuclei and the determination of
internuclear distances, between quadrupolar spins and quadrupolar and spin-1/2 nuclei.
Examples are given of each method discussed, and the advantages and disadvantages of
the various experiments for different possible applications are assessed. © 2006 Wiley

Periodicals, Inc. Concepts Magn Reson Part A 28A: 183–248, 2006

KEY WORDS: solid-state NMR; quadrupole coupling; quadrupolar nuclei; structure deter-
mination; magic-angle spinning; double rotation; dynamic-angle spinning; correlation spec-
troscopy; multiple-quantum magic-angle spinning; satellite-transition magic-angle spinning;
multiple quantum; rotational resonance; rotational-echo double resonance; J-coupling;
scalar coupling; computation/calculation of NMR parameters.

1. INTRODUCTION

1.1 Why Use Quadrupolar Nuclei?

Most solution-state NMR spectroscopists have an in-
built horror of quadrupolar nuclei. They are “impos-
sible” to use spectroscopically and often have un-

pleasant side effects on otherwise well-behaved spin-
1/2 nuclei and their spectra. The situation has never
been this bad in solid-state NMR. For a start, the
excessively short relaxation times that occur for qua-
drupolar nuclei in solution and that lead to excessive
line broadening do not occur to the same extent in the
solid state. Fast relaxation requires a large time-de-
pendent nuclear spin interaction, the time dependence
usually arising from molecular motion. In the solid
state, the molecular motion, and thus the time-depen-
dent element, is often greatly reduced, and so the
relaxation times experienced by quadrupolar nuclei in
the solid state, though often still fast, are not so fast
that they lead to (more) line broadening. Since 1995,
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there has been an easily accessible technique for ob-
taining high-resolution spectra of quadrupolar nuclei
in the solid state. There is no doubt that the interest in
using quadrupolar nuclei to study molecular structure
in solids has received a huge boost from the introduc-
tion of the multiple-quantum magic-angle-spinning
(MQMAS) method (1). But there remains the ques-
tion of why we should wish to use quadrupolar nuclei
in any structural study when, despite the high-resolu-
tion methods for quadrupolar nuclei, there is no doubt
that spin-1/2 nuclei are still much easier to handle.

The answer is simple: 75% of NMR-active nuclei
are quadrupolar (and of these, the vast majority are
half-integer). Thus, for many materials that we may
wish to examine, we have no choice but to use qua-
drupolar nuclei in our study. Even if there are conve-
nient spin-1/2 nuclei present, we cannot hope to ob-
tain a full structural picture if we ignore all the atomic
species that have quadrupolar nuclei. Beyond this,
there is the further consideration that many otherwise
useful spin-1/2 nuclei have inconveniently low natural
abundances—for example, 13C (1.1% natural abun-
dance) and 15N (0.37%). So if we wish to study the
structure of a naturally occurring solid protein, we
have the option of using these low-abundance nuclei
or 1H if we restrict ourselves to using spin-1/2 nuclei.
The strong dipolar couplings within the network of
abundant 1H in a solid protein means that 1H NMR
spectra consist of broad, featureless lines unless rather
sophisticated methods are employed. How much eas-
ier life would be if we could use instead the near-
100% abundant 14N quadrupolar (I � 1) nucleus in
our study. To this end, there have been experiments
developed that use 14N overtone spectroscopy and
measure the 14N overtone spectrum directly, indi-
rectly, and via cross-polarization, which brings us
closer to this goal (2–4).

1.2 What Is Quadrupolar Coupling?

So-called quadrupolar nuclei (i.e., those with I � 1⁄2)
possess an electric quadrupole moment in addition to
the magnetic dipole moment that all NMR-active nu-
clei must have. Electric quadrupole moments interact
with electric field gradients, which in turn arise from
the particular distribution of electrons and other nuclei
around the nucleus in question, unless that nucleus is
at a crystallographic site of cubic symmetry. The
nuclear electric quadrupole moment/electric field gra-
dient interaction can be rather large, causing powder
patterns of megahertz in width for solid samples con-
sisting of large numbers of randomly oriented crys-
tallites (i.e., powders). The size of the interaction
depends on the size of the nuclear electric quadrupole

moment, a constant that is tabulated in many places
(5 ), and the size of the electric field gradient, which is
determined by the molecular and electronic structure
around the nucleus. The nuclear electric quadrupole
moment/electric field gradient interaction can be de-
scribed by the Hamiltonian in Eq. [1.1]:

ĤQ �
eQ

6I�2I � 1��
Î � V � Î [1.1]

where eQ is the nuclear electric quadrupole moment
and V is a second-rank Cartesian tensor describing the
electric field gradient. Such a tensor can be repre-
sented by a 3 � 3 matrix (Eq. [1.2]) in which a
component V��, �, � � x, y, z, is the �-component of
the electric field gradient where the applied magnetic
field of the NMR experiment is in the direction � of
the defining frame of reference (the relevance of the
applied magnetic field for an electric interaction will
become clear shortly).

V � �Vxx Vxy Vxz

Vyx Vyy Vyz

Vzx Vzy Vzz

� [1.2]

As already implied, such a tensor can be expressed
with respect to any Cartesian axis frame. One frame
of particular relevance is the principal axis frame
(PAF), which is the reference frame in which the
tensor is diagonal, with components Vxx, Vyy, and Vzz,
which are often expressed as the anisotropy and asym-
metry:

eq � Vzz
PAF, �Q �

Vxx
PAF � Vyy

PAF

Vzz
PAF [1.3]

where eq is the anisotropy of the electric field gradient
tensor and �Q its asymmetry. The trace of the electric
field gradient tensor is always zero.

In a large magnetic field, the Zeeman interaction
with the nuclear magnetic dipole moment is the dom-
inant interaction, and the applied magnetic field in
such a case acts as the quantization axis for the
nuclear spins. Thus the magnetic dipole moment is
oriented by the applied magnetic field, and with it
(because it is part of the same nucleus) the nuclear
electric quadrupole moment, even though the latter
has no interaction with the applied field (Fig. 1.1).

The electric field gradient tensor meanwhile is
determined purely by the molecular structure around
the nucleus and thus has an orientation that is fixed
with respect to a molecular frame of reference. The
interaction between the nuclear electric quadrupole
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moment then depends on its orientation with respect
to the molecule, which in turn is determined by the
direction of the applied field. In other words, the
strength of the nuclear electric quadrupole moment/
electric field gradient interaction depends on the ori-
entation of the molecule (or more precisely, the elec-
tric field gradient tensor arising from it) with respect
to the applied magnetic field, and so is termed aniso-
tropic (i.e., the interaction strength depends on mo-
lecular orientation).

The principal axis frame of the electric field gradient
tensor is a property of the molecular structure; the ori-

entation of the electric field gradient is generally de-
scribed by the orientation of its principal axis frame with
respect to the applied magnetic field or, equivalently,
with respect to a laboratory frame in which, by conven-
tion, the applied magnetic field lies along z.

The effect of the quadrupole coupling Hamiltonian
of Eq. [1.1] can then be approximated in this high
field case using average Hamiltonian theory or, equiv-
alently, perturbation theory. Both these approaches
express the quadrupole interaction Hamiltonian as a
sum of contributions of successively higher order in
the applied magnetic field; the level of approximation
required for any given case then depends on the size
of the quadrupole coupling interaction relative to the
Zeeman interaction. The first- and second-order con-
tributions to the quadrupole coupling Hamiltonian are
given by Eqs. [1.4] and [1.5] (6 ):

ĤQ
�1� � �6

e2qQ

4I�2I � 1�
W20

Q T̂20
Q [1.4]

ĤQ
�2� � 	� e2qQ

4I�2I � 1��
2 1


0

2

5

� ��	3�10 T̂30
Q � T̂10

Q �3 � 4I�I � 1���V00
Q

� �	12�10 T̂30
Q � T̂10

Q �3 � 4I�I � 1���V20
Q

� �	34�10 T̂30
Q � 3T̂10

Q �3 � 4I�I � 1���V40
Q
� [1.5]

where the spherical tensor operators T̂k0
Q are given by

T̂10
Q � Îz, T̂20

Q � �1

6
�3 Îz

2 � I�I � 1��,

T̂30
Q � � 1

10
�5 Îz

2 � 3I�I � 1� � 1� Îz [1.6]

The W20
Q parameters that contain all the geometrical

terms for the first-order term are given by

W20
Q � �

n�0,�2

Dn0
2 ��, �, ��B2n [1.7]

ith

20 � 1 B2�2 �
1

�6
�Q [1.8]

and the Vk0
Q parameters containing all the geometrical

terms for the second-order term are given by

Vk0
Q � �

n

Dn0
k ��, �, ��Akn [1.9]

with

Figure 1.1 (a) Schematic illustration of the description of a
charge distribution as a sum of multipole terms. The electric
dipole term is always zero for a nuclear charge distribution; if
it were not, there would be a net force from the electric field
arising from the dipole moment. (b) In the high field limit, the
magnetic dipole moment (represented by the bold arrow) is
oriented by the applied magnetic field in the NMR experiment.
The nuclear electric quadrupole moment associated with the
nucleus is thus also oriented with respect to the applied field,
although it has no interaction with it. (c) A molecule (AB2)
with bonds in geometry shown on the left will give rise to an
electric field gradient of the form shown on the right by virtue
of the bond electron distribution. (There will also be an electric
field gradient arising from the core electrons of all atoms.)
Such an electric field gradient will interact with any nuclear
electric quadrupole moment.
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A00 � 	
1

5
�3 � �Q

2 �

A20 �
1

14
��Q

2 � 3� A2�2 �
1

7�3

2
�Q

A40 �
1

140
�18 � �Q

2 � A4�2 �
3

70�5

2
�Q A4�4 �

1

4�70
�Q

2 [1.10]

In Eqs. [1.4], [1.5], [1.7], and [1.9], the angles (�, �,
�) are the Euler angles (see ref. [6] for a definition of
Euler angles), which rotate the electric field gradient
tensor principal axis frame into the laboratory frame,
and the Dn0

k (�, �, �) are Wigner rotation matrix
elements for the rotation matrices connecting the two
frames.

Equations [1.4] and [1.5] can be used to derive the
transition frequencies expected for a quadrupolar spin
I between levels m 3 m 
 1, where m denotes the
magnetic quantum number. The first- and second-
order contributions to the transition frequencies so
derived are given by Eqs. [1.11] and [1.12]:

�
Q
�1� �

3e2qQ

4I�2I � 1�
�2m � 1�W20

Q [1.11]

�
Q
�2� � 	� e2qQ

4I�2I � 1��
2 2


0

� ��I�I � 1�� 9m�m � 1�� 3�V00
Q

� �8I�I � 1�� 36m�m � 1�� 15�V20
Q

� 3�6I�I � 1�� 34m�m � 1�� 13�V40
Q
� [1.12]

Two other terms are frequently used when discussing
quadrupolar nuclei: the quadrupole coupling constant,
CQ, which is given by (e2qQ/h) in units of hertz or,
equivalently, �, which is (e2qQ/�) and so is in units
of rad s	1 and the quadrupole coupling tensor, �,
which is given by � � (eQ/�) V.

Quadrupole coupling constants are often of the order
of megahertz or even tens of megahertz for quadrupolar
spins in sites of noncubic symmetry. In these cases, the
second-order (and possibly higher-order) contributions
to the transition frequency are significant. Both first- and
second-order contributions have a molecular orientation
dependence (see Eqs [1.11] and [1.12]), and thus we can
identify the cause of the dramatic linebroadening seen in
solid-state NMR spectra of quadrupolar nuclei from

powder samples as arising from this anisotropy in the
interaction.

There is one important point to note from Eq.
[1.11], however, as regards line broadening: for half-
integer spins, the so-called central transition 
1/23
	1/2 has a transition frequency that to first order is
independent of molecular orientation. Thus, to first
order, this transition is not broadened by the quadru-
polar coupling. The second-order contribution to the
transition frequencies has an isotropic component
(proportional to V00

Q ). This will feature in the NMR
spectrum of the nucleus in addition to any isotropic
chemical shift that may be present.

1.3 Brief Overview

The huge line broadening discussed in section 1.2,
which is inevitable in the solid-state NMR spectra of
most quadrupolar spins, would make the situation
seem hopeless as far as their use in structure determi-
nation is concerned. However, this is far from the
case. A prerequisite is clearly to obtain resolution
between the signals from chemically different sites,
and we discuss this in the next section. Excellent and
straightforward methods now exist to perform such
resolution efficiently. In sections 4–6, we examine
current and emerging methods designed as tools for
molecular and solid-state structure determination us-
ing quadrupolar nuclei. Here we find an increasingly
vast array of methods that can provide quantitative
internuclear distance information and more qualitative
spatial correlation methods.

2. METHODS FOR OBTAINING HIGH-
RESOLUTION SPECTRA OF
QUADRUPOLAR NUCLEI

It is not the intention of this review to give a com-
prehensive account of all the methods available for
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obtaining high-resolution spectra of quadrupolar nu-
clei in the solid state and, in particular, all their
refinements. However, as mentioned previously, an
essential prerequisite to using quadrupolar nuclei to
study molecular structure is that we can somehow
resolve signals from different chemical sites. Thus, it
is appropriate here to say a few words on resolution
methods and their relative efficacy. For a more com-
prehensive review of these methods, the reader is
referred to (7 ). In the discussion that follows, we
focus exclusively on half-integer quadrupolar spins.
There are at present no general techniques for obtain-
ing high-resolution spectra for integer spin quadrupo-
lar nuclei when the quadrupole coupling is large.
There are, however, only two such nuclei that chem-
ists are ever likely to be concerned with and those are
14N and 2H, both spin-1.

2.1 Magic-Angle Spinning

Rapid magic-angle spinning (or MAS) will average to
zero the W20

Q term of the first-order contribution to the
quadrupolar spin transition frequencies (see Eq.
[1.11]) and the V20

Q term of the second-order contri-
bution (Eq. [1.12]). In practice, it is often not possible
to spin the sample rapidly enough to completely av-
erage the first-order term (the spinning rate needs to
be significantly larger than the size of the W20

Q term
and its associated coefficients in Eq. [1.11]), i.e.,
potentially several megahertz. Where the spinning
rate does not satisfy this condition, spinning side-
bands will result. The first-order term for the central
transition (
1/23 	1/2) is zero (see Eq. [1.11]), so
this transition is unaffected to first order by magic-
angle spinning. The satellite transitions (m 3 (m 

1), where m� 1/2), however, are affected, and magic-
angle spinning will cause otherwise broad and hence
low-intensity powder patterns arising from these tran-
sitions to break up into (usually more easily observ-
able) spinning sideband patterns. However, for larger
quadrupole couplings, the spinning sidebands from
the satellite transitions are spread over such a large
frequency range that their individual intensities are so
low that they are sometimes still not observable above
the noise in the spectrum. Moreover, their intensity is
understandably highly dependent on the spinning an-
gle, and any slight deviation from the magic angle,
with such large anisotropies involved, will broaden
(and hence lower the maximum intensity of) the spin-
ning sidebands into scaled powder patterns. They will
then be difficult, if not impossible, to observe above
the noise.

To second order (and higher even orders), all
transitions are affected by the quadrupole coupling

and so are affected by magic-angle spinning. As
already stated, magic-angle spinning will average
to zero the V20

Q term of the second-order contribu-
tion (Eq. [1.12]), so removing the effects of this
term from the NMR spectrum providing the rate of
sample spinning is sufficiently rapid. It must be
significantly larger than the size of the V20

Q term and
its associated coefficients in Eq. [1.12]. If the rate
of spinning is not sufficient, spinning sidebands
will again result. Magic-angle spinning will also
have an averaging effect on the V40

Q term in the
second-order contribution to the transition fre-
quency (Eq. [1.12]), but the resultant average will
not be zero; thus, effects of this term will remain in
the NMR spectrum, albeit scaled.

This effect is easily quantified: the transition fre-
quencies under magic-angle spinning are those given
in Eqs. [1.11] and [1.12] but with the W20

Q and Vk0
Q

parameters of Eqs. [1.7] and [1.9] replaced by

W20
Q � �

m

Dm0
2 �	
Rt, �R, 0� �

n

Dnm
2 ��, �, ��B2n

[2.1]

Vk0
Q � �

m

Dm0
k �	
Rt, �R, 0� �

n

Dnm
k ��, �, ��Akn

[2.2]

where �R is the sample spinning angle with respect to
the applied magnetic field and 
R is the sample spin-
ning rate.

Figure 2.1 shows the effect of magic-angle spinning
on the central transition of a spin I � 3/2 nucleus; the
transition is clearly narrowed by the technique, but a
powder pattern caused by the V40

Q component of the
second-order transition frequency remains.

In summary, magic-angle spinning assists resolu-
tion but does not completely remove anisotropic
broadening if the quadrupolar interaction is large.

2.2 Multiple-Quantum Magic-Angle
Spinning (MQMAS)

In 1995, Frydman and Harwood (1) proposed a new
method for obtaining high-resolution NMR spectra of
half-integer quadrupolar nuclei. The method involves
recording a two-dimensional spectrum under magic-
angle spinning, a straightforward proposition in com-
parison with previous methods (see sections 2.4 and
2.5). It is no exaggeration to say that the invention of
this technique completely changed the attitude of the
spectroscopist toward quadrupolar nuclei for serious
structural studies. Prior to 1995, use of quadrupolar
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nuclei in such studies was restricted largely to a few
dedicated specialists. Since 1995, there have been too
many studies to enumerate here. MQMAS began the
drive for new techniques to use quadrupolar nuclei to
determine structural information.

The MQMAS experiment (Fig. 2.2(a)) proceeds by
initial excitation of a symmetric (
m3 	m) multiple-
quantum coherence associated with the quadrupolar spin
under study, while spinning the sample at the magic
angle, as shown in Fig. 2.2(a) for m� 3/2. The quadru-
polar contribution to the evolution frequency of such a
coherence in the rotating frame can be deduced from
Eqs. [1.4] and [1.5]. The first-order contribution from Eq.
[1.4] is zero, leaving just a second-order contribution of

�
m,	m � 	� e2qQ

4I�2I � 1��
2 4


0
m

� ��I�I � 1�� 3m2�V00
Q �

�8I�I � 1�� 12m2 � 3�V20
Q �

�18I�I � 1�� 34m2 � 5�V40
Q

� [2.3]

where the Vk0
Q parameters are given by Eq. [2.2], as

this experiment is performed under magic-angle spin-

ning. Under MAS, the V20
Q or second-rank term in the

evolution frequency averages to zero, so that during
the t1 period of the two-dimensional experiment, the
2m multiple-quantum coherence evolves under just

Figure 2.1 (a) Static, i.e., nonspinning and (b) magic-angle
spinning (MAS) central-transition second-order quadrupolar
powder pattern lineshapes, plotted as a function of the asym-
metry parameter, �. The excitation pulses producing each
spectrum are assumed to be ideal, i.e., 
1 �� 
Q, and the
spinning speed in the MAS spectra is assumed to be much
larger than 
Q.

Figure 2.2 (a) Pulse sequence and coherence transfer
pathway diagram for a basic triple-quantum MAS experi-
ment (1). Phase cycling should be used to select the solid
coherence pathway for I � 3/ 2, and the dashed pathway for
I � 3/ 2. If pure-phase lineshapes are desired, further pulses
are required (12, 14, 15). See text for further details. (b) 17O
(54.3 MHz) NMR of orthoenstatite (MgSiO3), including a
conventional MAS spectrum, a two-dimensional triple-
quantum MAS spectrum, recorded using a split-t1 sequence
(15), and corresponding isotropic projection (8 ).
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the zeroth- (isotropic) and fourth-rank terms of
Eq. [2.3].

At the end of t1 the multiple-quantum coherence is
then transferred to single-quantum coherence associ-
ated with the central transition 
1/2 3 	1/2. The
frequency of evolution of this coherence has no first-
order quadrupolar dependence and a second-order de-
pendence of (from Eq. [1.12])

�
�1/ 2�,	�1/ 2� � 	� e2qQ

4I�2I � 1��
2 1


0
�3 � 4I�I � 1��

� �1

2
V00

Q � 4V20
Q � 9V40

Q � [2.4]

Once again, the second-rank V20
Q term is averaged to

zero by the magic-angle spinning, leaving the evolu-
tion frequency of the single-quantum coherence gov-
erned by an isotropic term and another fourth-rank
term. These fourth-rank terms cause line broadening,
through their orientation dependence, and it is these
that the MQMAS experiment neatly eradicates.

The single-quantum central-transition coherence is
allowed to evolve for a time � � k t1, where k is equal
to the ratio of the fourth-rank terms in the multiple-
quantum coherence evolution frequency and the sin-
gle-quantum evolution frequency (i.e., from Eqs. [2.3]
and [2.4]):

k � 4m�18I�I � 1� � 34m2 � 5

9�3 � 4I�I � 1�� � [2.5]

for an experiment in which the multiple-quantum
coherence is between the 
m and 	m levels. With
this setting for k, the evolution of the multiple-quan-
tum coherence under the fourth-rank terms of its
evolution frequency is undone or refocused by the
evolution of the single-quantum coherence under the
fourth-rank terms of its evolution frequency during
the t1 period, which occurs at the end of kt1 (see Fig.
2.2(a)). Thus, at the end of the time t1 
 kt1, the net
evolution of the remaining central-transition coher-
ence is governed only by the isotropic quadrupolar
terms acting on the evolution of the multiple-quantum
coherence in t1 and the single-quantum coherence in
kt1.

Finally, in the MQMAS experiment, an FID of the
central-transition single-quantum coherence is col-
lected in t2. Subsequent processing of the two-dimen-
sional dataset involves Fourier transformation with
respect to t2 to produce a normal single-quantum
spectrum of the central transition and a second Fourier
transformation with respect to t�1 where t�1 � t1 
 k t1.
Some extra work is required to produce pure-absorp-

tion lineshapes, but the end result is an isotropic
spectrum in f �1 with signals at frequencies


1
iso �

1

k � 1
�2m
iso � 
m,	m

iso �

�
k

k � 1
�
iso � 
�1/ 2�,	�1/ 2�

iso � [2.6]

where 
iso is the isotropic chemical shift and


�1/ 2�,	�1/ 2�
iso � � e2qQ

4I�2I � 1��
2 1

10
0
�3 � 4I�I � 1��

� �3 � �2� [2.7]

is the isotropic quadrupolar component of the evolu-
tion frequency of the single-quantum central-transi-
tion coherence, and


m,	m
iso � � e2qQ

4I�2I � 1��
2 4


0
m�I�I � 1� � 3m2�

[2.8]

is the isotropic quadrupolar component of the evolu-
tion frequency of the 2m multiple-quantum coher-
ence.

The signals in f �1 are correlated with powder pat-
terns in f2 corresponding to the central transition for
each site. This can be seen in Fig. 2.2(b), a 17O
triple-quantum MAS spectrum (54.3 MHz) of or-
thoenstatite (MgSiO3), a chain silicate (8 ). The f �1
projection shows six sharp resonances corresponding
to the six distinct O species in this material, while
cross-sections parallel to f2 yield anisotropically
broadened MAS lineshapes. Simulation of these pow-
der patterns in f2 allows the quadrupole coupling
constants, CQ, and asymmetry, �Q, to be obtained for
each site. As we discuss in section 3, this information
can be valuable in structure determination studies.
Furthermore, the position of the center of gravity of
the lineshapes within the two-dimensional spectrum
allows the isotropic quadrupolar and chemical shifts
to be evaluated (9). Both of these affect the position of
a resonance in the MAS spectrum for quadrupolar
nuclei, with the result that the isotropic chemical shift
cannot be simply determined in a normal one-dimen-
sional spectrum. As in spin-1/2 NMR, however, the
isotropic chemical shift is extremely useful for spec-
tral assignment and structural studies.

MQMAS works by virtue of selecting different
coherences to evolve in the initial t1 period and the
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subsequent kt1 period and selecting for these periods
coherences whose evolution frequencies both depend
on the awkward anisotropic terms we wish to elimi-
nate from our spectrum, but which have a different
dependence in each case. Under such circumstances,
it will always be possible to arrange for the evolution
in one period to be refocused in the next with proper
arrangement of the time periods for each evolution.
For spin I � 3/2 nuclei, there is a choice of multiple-
quantum coherence available for the MQMAS exper-
iment. In many cases, triple-quantum coherences re-
main the coherence of choice owing to the increased
efficiency, relative to higher-order coherences, with
which they can be created and converted to single-
quantum coherence or a population state (10). In some
cases, a resolution enhancement in the isotropic spec-
trum may be obtained when a higher-order multiple-
quantum coherence is used; however, the magnitude
of this increase depends on the nature of the line
broadening (i.e. homogeneous or inhomogeneous)
present in the isotropic spectrum. Inhomogeneous in-
teractions scale with 2m, the order of the multiple-
quantum coherence excited, and so result in a similar
line broadening whichever coherence is employed (9).

Since its original invention in 1995, many modifi-
cations have been suggested to the basic MQMAS
experiment (1, 11). Various methods have been pro-
posed for obtaining pure-absorption lineshapes, and
key amongst these is the concept of acquiring an echo
or shifted echo FID in t2 and the use of a z-filter when
acquiring data in the hypercomplex manner, both of
which require straightforward additions to the simple
pulse sequence in Fig. 2.2(a) and have been reviewed
in much more detail elsewhere (12–14). Other ap-
proaches increase the ease with which an isotropic or
high-resolution spectrum may be acquired, using a
“split-t1” approach (15). Many modifications have
focused on sensitivity enhancement (16–23) owing to
the inherently poor sensitivity associated with the
excitation and conversion of multiple-quantum coher-
ences. Many authors have attempted to improve the
efficiency of triple- to single-quantum conversion,
with fast-amplitude modulation (FAM) pulses (16),
soft-pulse added mixing (SPAM) (23), and double-
frequency sweeps (DFS) (17) being some of the more
promising approaches. Other methods aim to improve
either the efficiency or quantitation of multiple-quan-
tum coherence excitation, notably the combination of
rotor-assisted population transfer (RAPT) and rota-
tion-induced coherence transfer (RIACT) (18, 19), or
FASTER-MQMAS (20), which exploits the increase
in triple-quantum excitation associated with rotary
resonance effects. In addition, the relative merits of
one- and two-pulse excitation of multiple-quantum

coherences have been considered, as indeed has the
use of composite pulses (21, 22). It is not the purpose
of this work to review or discuss these further, and the
list of references given is not intended to be complete
but rather to exemplify the type of improvements
which have been made.

2.3 Satellite-Transition Magic-Angle
Spinning (STMAS)

The satellite transition magic-angle spinning (ST-
MAS) experiment, shown in Fig. 2.3(a), follows the
same basic principles as the MQMAS experiment in
section 2.2 (24, 25). It affords resolution in a two-
dimensional experiment by using magic-angle spin-
ning to eliminate line broadening from second-rank
terms in the evolution frequencies for different coher-
ences, as in MQMAS, and employs refocusing of
evolution of coherences due to fourth-rank terms by
switching between different coherences in the initial
t1 period and a subsequent kt1 period. The difference
between STMAS and MQMAS is that whereas MQ-
MAS selects a symmetric 
m3 	m multiple-quan-
tum coherence in t1, STMAS selects coherences as-
sociated with single-quantum satellite transitions, i.e.,
m � �n 	 1/27 m � �n 
 1/2, n � 1, 2, . . ., (I 	
1/2). As with the MQMAS experiment, this coherence
is converted at the end of t1 into single-quantum
coherence associated with the central transition of the
observed spin.

The satellite-transition evolution frequency (ap-
propriate for the t1 period of the two-dimensional
experiment) has first- and second-order quadrupolar
contributions (see Eqs. [1.11] and [1.12]), unlike
the multiple-quantum coherences employed in MQ-
MAS. Clearly, if the quadrupole coupling constant
is of the order of megahertz, the first-order term
represented by Eq. [1.11] will be substantial and
lead to vast numbers of spinning sidebands in the f1

dimension of the final two-dimensional spectrum.
This is avoided in practice by synchronizing the t1

data collection with the sample spinning—that is,
the increment in t1 in the two-dimensional dataset
collection must be �R, the rotor period (or n�R

where n is an integer). The first t1 increment must
be set correctly to take into account finite pulse
effects (24, 26 ). In this way, evolution of the sat-
ellite-transition coherence under any second-rank
terms in the evolution frequency is avoided in the t1

dataset. Thus, the effects of the first-order quadru-
pole term are eliminated entirely (Eq. [1.11]), as are
the second-rank terms of the second-order quadru-
pole term (Eq. [1.12]), in addition to any chemical
shift anisotropy or dipole– dipole coupling terms.
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The satellite-transition coherence then evolves in t1

purely under the effects of the fourth-rank terms in
the second-order quadrupolar contribution to the

evolution frequency and isotropic terms arising
from the second-order quadrupole coupling effects
and chemical shift.

Figure 2.3 (a) Pulse sequence and coherence transfer pathway diagram for a satellite-transition
MAS experiment (24). Phase cycling should be used to select the solid coherence pathway for I �
3/ 2, and the dashed pathway for I � 3/ 2. If pure-phase lineshapes are desired, further pulses are
required (24, 25). See text for further details. (b, c) Two-dimensional 87Rb (130.9 MHz) STMAS
NMR spectra of RbNO3, recorded using a split-t1 experiment (25). In (c), the magic angle is misset
by 0.03°, severely compromising the sensitivity and resolution.
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In the subsequent kt1 period, the evolution fre-
quency of the central-transition coherence is given by
Eq. [2.4]. If k is set to the ratio of the coefficients of
the fourth-rank quadrupolar terms in the evolution
frequencies of the satellite-transition coherence and
the central-transition coherence, i.e.,

k �
2

3 �6I�I � 1� � 34m�m � 1� � 13

3 � 4I�I � 1� � [2.9]

for transitions m to m 
 1, the evolution under the
fourth rank terms during t1 is refocused by the evo-
lution under the fourth-rank terms during the subse-
quent kt1 period. As in MQMAS, this allows the
complete removal of the quadrupolar interaction and
the acquisition of an isotropic or high-resolution spec-
trum, as shown in Fig. 2.3(b), a two-dimensional 87Rb
(130.9 MHz) STMAS spectrum of RbNO3 (25).

For half-integer spins with I � 3/2, more than one
satellite transition is available. In general, all satellite
transitions may be excited, at least to some extent, and
thus may affect the final spectrum (24, 27 ). Obvi-
ously, the value of k can only be set to refocus one of
the satellite transition evolutions. The other satellite
transitions will appear in the final two-dimensional
STMAS spectrum as ridgelike correlations between
the satellite transitions and central transition, with
slopes depending on the coefficient of the fourth-rank
term in the evolution frequency for the particular
satellite transition and the value of k chosen for the
experiment. The relative amounts of each satellite
transition depend crucially on the pulse durations
employed for excitation and conversion of the satel-
lite-transition coherences (25, 27). In many cases, it is
possible to adjust pulse durations to minimize the
undesirable transfer while leaving the efficiency of the
desired transfer almost unaffected. Finally, there is the
question of which satellite transition coherence should
be used. Simulations suggest that the transfer of co-
herence from satellites to the central transition is most
efficient for the innermost satellite transitions that
share an energy level with the central transition (24,
27). However, the use of higher-order satellite-tran-
sition coherences may increase the resolution of the
experiment, although once again this depends on the
nature (homogeneous or inhomogeneous) of the
broadening observed in the isotropic spectrum.

As with the MQMAS experiment, some consider-
ation needs to be given to obtaining pure-absorption
spectra from this experiment using either a z-filter
(24) or a shifted echo (25), but once this is achieved,
quadrupole coupling constants and isotropic chemical
shifts can be extracted from the two-dimensional

spectrum following the same principles as for the
MQMAS experiment.

The advantage of the STMAS experiment over
MQMAS is that it involves excitation of single-quan-
tum coherences only, which is more efficient than
the excitation of multiple-quantum coherences in
MQMAS. This sensitivity advantage is greatest at
lower Larmor frequencies and, in particular, at fast
MAS rates, where the efficiency of multiple-quantum
filtration is significantly reduced (25). In contrast,
there appears to be little change to the efficiency of
STMAS as the MAS rate is increased. In addition, the
excitation efficiency of the satellite transitions appears
to have a weaker dependence on the quadrupole cou-
pling constant than does the multiple-quantum coher-
ence in MQMAS. Coupled with the overall sensitivity
advantage of STMAS, there is much to be gained
from implementing this experiment over MQMAS
when quadrupolar coupling constants are large. Fur-
thermore, the signal intensities arising in the isotropic
dimension of an STMAS spectrum may often be
closer to being proportional to the number of spins
contributing to the signal than those arising from the
MQMAS experiment.

There are, however, disadvantages to the STMAS
experiment. The presence of the large first-order
broadening in the satellite transitions results in strin-
gent practical requirements for accurate spinning an-
gle adjustment and rotor synchronization (24, 25).
Any slight missetting in the magic angle will reintro-
duce first-order quadrupolar broadening into the sat-
ellite transitions, which, although scaled, is still of
sufficient magnitude to result in a substantial broad-
ening or splitting of the isotropic spectrum. As shown
in Fig. 2.3(c), an 87Rb (130.9 MHz) STMAS spectrum
of RbNO3 where the magic angle is misset by only
0.03°, this severely compromises the sensitivity and
resolution of STMAS (25). It can be estimated that
the magic angle must be set with an accuracy of
�0.002° or better if good high-resolution spectra are
to be achieved. Recent work has resulted in the de-
velopment of an STMAS experiment that is self-
compensating for any angle misset (SCAM-STMAS),
substantially easing the implementation of STMAS
but often resulting in a loss in sensitivity (25, 28). In
STMAS and SCAM-STMAS, the spinning rate must
be stable to within a few hertz for accurate rotor
synchronization.

Second, the fact that several satellite transitions
may contribute to the spectrum for spins with I � 3/2
can lead to resolution problems, especially in samples
where there are several different chemical sites (24,
25). In addition, the STMAS experiment, as described
originally (24), cannot avoid a central transition-cen-
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tral transition autocorrelation ridge in the spectrum, as
its production involves the same coherence transfer
pathway as for a satellite transition-central transition
correlation. This can be seen clearly in Fig. 2.3(b),
where a strong narrow ridge is observed in addition to
the ridges parallel to f2. However, the recent imple-
mentation of a double-quantum filter within the ST-
MAS experiment has enabled the removal of this
autocorrelation signal with, in many cases, little loss
of sensitivity (29). The excitation of double-quantum
coherences using a selective central-transition inver-
sion pulse also avoids the presence of higher-order
satellite transitions in the STMAS spectrum, unless
the quadrupolar interaction is particularly small.

In summary, some superb results have been ob-
tained with STMAS, and for samples where sensitiv-
ity is an issue or where there are likely to be sites with
widely differing quadrupole coupling constants, ST-
MAS may be the experiment of choice.

2.4 Dynamic-Angle Spinning (DAS)

The dynamic-angle spinning (DAS) experiment is
another refocusing experiment (Fig. 2.4), and though
it produces spectra that often look similar to MQMAS
and STMAS, it does exploit an inherently different
principle to achieve high resolution (30). The DAS
experiment takes advantage of the fact that the evo-
lution frequency of a coherence depends on the sam-
ple spinning angle. The previous experiments we have
described are all carried out on samples spinning at
the magic angle. In the DAS experiment, the sample
spinning angle is changed between different periods
of the experiment to achieve changes in coherence
evolution frequency.

The experiment (see Fig. 2.4) begins by the exci-
tation of single-quantum coherence associated with

the central transition of the observed spin with a
selective 90° pulse (see ref. (6 ) for a discussion of
selective pulses for quadrupolar nuclei). This coher-
ence is then allowed to evolve for a time t1 while the
sample is rotated at an angle �1. The evolution fre-
quency of the central-transition coherence is given by
Eqs. [2.2] and [2.4], with �R � �1 in Eq. [2.2] during
this period. At the end of t1, another selective 90°
pulse stores the magnetization along the applied mag-
netic field while the sample spinning angle is changed
to an angle �2. The stored magnetization is then re-
turned to the transverse plane with another selective
90° pulse and allowed to evolve for a period kt1 while
the sample is spinning at angle �2. The evolution
frequency of the magnetization/central-transition co-
herence during this period is given again by Eqs. [2.2]
and [2.4], but with �R � �2. At the end of the kt1
period, an FID is collected in t2 in the normal way.

Subsequent processing of the final two-dimen-
sional dataset, involving Fourier transformation with
respect to t2 and t�1 where t�1 � t1 
 kt1 yields an
isotropic spectrum in f �1 and powder patterns in f2
corresponding to those expected for the central tran-
sition for a sample spun at angle �2.

There are many pairs of spinning angles that allow
this refocusing effect; for the combination �1 �
37.38°, �2 � 79.19°, k � 1, so that the refocusing
period is equal in length to the initial evolution period
(30). One problem with this experiment is that no pair
of spinning angles includes one of the angles being
the magic angle. Thus, the effects of dipolar coupling
and chemical shift anisotropy remain in the two-
dimensional spectrum, in both dimensions. This can
lead to a lack of resolution in the isotropic dimension
for some samples. A further change in spinning angle
to 54.7° may be added to the experiment before de-
tection of the FID under MAS.

A further problem with this experiment is the need
to change sample spinning angles during the experi-
ment. Not only is this technically difficult, it must be
performed in a time that is short compared with the
spin-lattice relaxation time for the observed spins, or
the stored magnetization simply relaxes back to equi-
librium during the angle change. Because quadrupolar
nuclei can have short relaxation times, even in the
solid state, this is a real restriction on this experiment,
particularly if the additional change to the magic
angle is also performed. In addition, the storage step
while the angle is changed results in the loss of half
the signal compared with a single pulse experiment,
because only one component of the transverse mag-
netization (x or y) can be stored. These difficulties
with the experiment and the requirement for a spe-
cialist probehead to perform the angle change means

Figure 2.4 Pulse sequence and coherence transfer path-
way diagram for a dynamic angle spinning (DAS) experi-
ment (30 ) showing the change in sample rotation angle
from �1 in t1 to �2 in t2, during which the magnetization is
stored along the applied field. See text for further details.
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that DAS tends to be performed rarely compared with
the commonly used MQMAS experiment.

2.5 Double Rotation (DOR)

As explained in section 1, the central transition of a
half-integer quadrupolar spin is unaffected by the
quadrupole coupling to first order. To second order,
the evolution frequency of the coherence associated
with the central transition is given by Eqs. [2.2] and
[2.4]; it consists of a sum of terms that depend,
respectively, on zeroth-, second-, and fourth-rank ro-
tation matrices. As discussed in section 2.1, the ef-
fects of terms depending on second-rank rotation ma-
trices can be averaged to zero by spinning the sample
at the magic angle. In a similar way, it can be shown
that the effects of terms containing fourth-rank rota-
tion matrices can be averaged to zero by spinning the
sample at an angle of 30.6° or 70.1° with respect to
the applied field. The double rotation experiment
(DOR) takes advantage of this fact and achieves an
isotropic spectrum by simultaneously spinning the
sample at the magic angle and at 30.6° or 70.1°
(usually the latter, as higher rf field strengths are
achievable) (31, 32).

This conceptually simple technique results in an
isotropic spectrum in a “pulse-acquire” one-dimen-
sional experiment. By appropriate choice of excitation
pulse, the resulting spectrum gives near-quantitative
signal intensities, the only high-resolution experiment
for quadrupolar nuclei which does so. Of course this
comes at a price; the technical difficulties of spinning
a sample rapidly about two angles simultaneously is
not to be underestimated. It is achieved in practice

(Fig. 2.5) by having two rotors, one inside the other
with one spinning at the magic angle and one at 30.6°
or 70.1°. The problem in the past has been to spin both
rotors at rates fast enough to achieve sufficient aver-
aging. When the rate of spinning is smaller than the
anisotropy associated with the term in the evolution
frequency that is being averaged, spinning sidebands
result, and these may overlap with signals from other
sites in the sample, leading to poor resolution. How-
ever, modern probe designs have made the DOR
experiment a real proposition. Furthermore, as NMR
experiments are performed at higher and higher fields,
the magnitude of the second-order quadrupole cou-
pling reduces, and so the spinning rate required to
produce sideband-free spectra is also reduced.

After the introduction of the MQMAS experiment,
DOR seemed set to become obsolete. However, be-
cause it can be made quantitative, that it relies only on
single-quantum coherence from the central transition
and is a one-dimensional experiment may make it set
for a revival, especially for higher-field instruments
and modern probeheads.

Recently, technical improvements to the double-
rotation technique have meant that much better spin-
ning stability has been achieved (33). This means that
longer two-dimensional experiments are now possi-
ble, and this feature has been used in a double-rotation
version of the MQMAS experiment. The so-called
MQDOR experiment results in the correlation of an
isotropic, multiple-quantum spectrum with an isotro-
pic, single-quantum central transition spectrum (33,
34). Signals occur at frequency �iso 
 �Q, iso in the
single-quantum dimension and at M(� iso 
 c� Q, iso)
where M is the order of the multiple-quantum coher-
ence used in the experiment and c is 	1, 1⁄4, 3/5, 3⁄4
for I � 3/2, 5/2, 7/2, 9/2 respectively. Thus, simply
measuring the signal positions in both dimensions of
the spectrum allows one to determine the isotropic
chemical shift and PQ � CQ (1 
 � Q

2 /3)1/2 immedi-
ately. This is likely to be particularly useful for sam-
ples exhibiting a distribution of isotropic chemical
shifts and/or quadrupole couplings, such as �-Al2O3.

2.6 Relaxation Methods

In cases where the nuclei suffer large quadrupole
couplings (relative to the Larmor frequency), it may
be that none of the experiments described in sections
2.2–2.5 will be useful for resolving signals from dif-
ferent sites. The multiple-quantum coherence needed
in the MQMAS experiment becomes increasingly dif-
ficult to excite evenly over a powder sample as the
quadrupole coupling becomes larger. The sensitivity
of the STMAS experiment to spinning angle misset-

Figure 2.5 Schematic of a double rotor as used in DOR to
remove the effects of quadrupolar broadening in a one-
dimensional NMR experiment (31 ). Two rotors are used,
one inside the other, rotating at angles of either 30.6° or
70.1° and 54.736°, respectively, averaging fourth- and sec-
ond-rank quadrupolar broadening.
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ting increases with the size of the first-order quadru-
pole coupling, resulting in incomplete refocusing of
the t1 coherence, and so a decreased intensity in the
signal measured in t2. For large quadrupole couplings,
it may not be possible to set the magic angle suffi-
ciently accurately.

Similar problems will arise with DAS for samples
with large quadrupole couplings; the sensitivity of the
experiment to angle missetting increases with the size
of the second-order quadrupole coupling, resulting in

incomplete refocusing of the evolutions of magneti-
zation in t1 and kt1 and a concomitant loss of signal
going into t2. As for DOR, the number of spinning
sidebands in the spectrum increases as the second-
order quadrupole coupling increases (for a constant
spinning rate), and for large quadrupole couplings,
this will prohibit spectral resolution of signals from
different sites.

Thus, in the case of large quadrupole couplings, it
becomes necessary to use different strategies to

Figure 2.6 (a) Pulse sequence for a two-dimensional relaxation experiment that separates qua-
drupolar lineshapes according to their characteristic T1 relaxation time constant (35). The spin echo
pulses are applied with a low radiofrequency field strength so they are selective for the central
transition of the half-integer quadrupolar nucleus. (b) 23Na NMR of a mixture of Na2SO4 and
Na2CO3 under static conditions (35), (i) conventional one-dimensional spectrum, (ii) two-dimen-
sional relaxation spectrum, showing two curved ridges corresponding to the 23Na sites in Na2SO4

and Na2CO3, respectively, (iii) two-dimensional relaxation spectrum where the curved ridges are
replaced by skyline projections in which the average relaxation rate for each signal is plotted.
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achieve spectral resolution. One method that has
proved useful exploits the differences in spin-lattice
relaxation times, T1, for different signals in the spec-
trum to achieve their separation in a two-dimensional
experiment (35). The basic pulse sequence for the
experiment is shown in Fig. 2.6(a). This technique has
to date been applied solely to half-integer spins,
where it is the relaxation of the central transition that
is studied. However, there is nothing in principle to
prevent it from being applied also to integer spins.

A two-dimensional dataset is collected as a func-
tion of a time � in the experiment, during which
spin-lattice relaxation is allowed to occur, and a time
t2, during which a conventional FID of the restored
z-magnetization (associated with the central transition
for half-integer spins) is recorded. Saturation is gen-
erally used to form the initial nonequilibrium state
from which relaxation then occurs. The other option is
inversion of the equilibrium magnetization, but this is
often not favored owing to the difficulty of achieving
uniform inversion across the entire central-transition
powder pattern.

The experiment may be carried out under magic-
angle spinning or static conditions. For samples for
which sensitivity is not an issue (i.e., moderate- or
high-� nuclei), 100% or near 100% abundance, and
for which the observed nuclei does not suffer large
quadrupole couplings, there are some advantages to
using magic-angle spinning. Whether static or magic-
angle spinning conditions are used, the FID associated
with the central transition, which is collected in t2 of
the experiment, is collected after a spin echo, as
shown in Fig. 2.6(a), to prevent any distortion of the
central-transition lineshape.

For low-� nuclei, or elsewhere where sensitivity is
an issue, it is possible to replace the spin echo in Fig.
2.6(a) with a CPMG echo train. Multiple echoes are
then collected in t2. Prior to data processing, these are
separated and added together to form a single t2 FID,
which greatly improves the signal to noise (although
at the expense of resolution). CPMG sequences work
best under static sample conditions; if magic-angle
spinning is used, the echo periods are restricted to
being multiples of the rotor period, which, for large
quadrupole couplings, is unnecessarily long, and any
small variations in sample spinning rate will result in
significant loss of intensity in the echoes as the echo
train proceeds. Figure 2.6(b) shows the results of
using this pulse sequence for 23Na in a mixture of
Na2SO4 and Na2CO3.

A key point in this experiment is in the data pro-
cessing. The two-dimensional time-domain dataset
has the form

S��, t2� � �� I��, R�exp�i�t2�G�R, ��dRd� [2.10]

where exp(i�t2) describes the t2 FID, for a component
in the central-transition spectrum that evolves at fre-
quency �. R is the relaxation rate constant (T1

	1)
governing the relaxation in the � period of the exper-
iment, and G(R, �) describes the relaxation process
that occurs during � or, more specifically, the propor-
tion of the magnetization that has recovered during �,
i.e., G(�) � 1	 exp(	R�) for a saturation recovery
process. I(�, R) is the intensity of signal at frequency
� whose relaxation is described by a rate constant R.
In other words, a two-dimensional plot of I(�, R) as a
function of � and R separates frequency spectra in the
� dimension according to their characteristic relax-
ation rate constant R. Thus, I(�, R) is the two-dimen-
sional “spectrum” we need to extract from the two-
dimensional time-domain dataset. A Fourier
transform with respect to t2 yields the frequency di-
mension �. We then need to perform an inverse
Laplace transform on the � data to obtain the R di-
mension. The Laplace transform has the form

S��� � �
	�


�

I�R�exp�	iR��dR [2.11]

where I(R) is the amplitude of the exponential func-
tion exp(	iR�) in the function S(�). Inverse Laplace
transforms to extract the I(R) amplitudes from exper-
imental data, which can be assumed to derive from
sums of exponential functions, are generally per-
formed by fitting sums of exponentials to the experi-
mental data. Such a process is notoriously unstable
and highly dependent on the noise in the dataset.
However, in the relaxation-assisted separation of qua-
drupolar lineshapes, the goal is not highly accurate
relaxation rate constants but merely separation of the
differently relaxing components. This can be realisti-
cally achieved for up to three components from an
experimental dataset with a reasonable level of signal
to noise (100:1 or better), providing the relaxation rate
constants are reasonably different.

3. DETERMINING STRUCTURE FROM
QUADRUPOLAR AND CHEMICAL SHIFT
PARAMETERS

The acquisition of high-resolution spectra (as de-
scribed in the previous section) is often a vital pre-
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requisite for the extraction of any structural informa-
tion (either qualitative or quantitative) for quadrupolar
nuclei. The removal of anisotropic broadening allows
simple information, such as the number of crystallo-
graphically distinct species and their relative popula-
tions, to be determined. Even this can provide struc-
tural insight, limiting the number of possible space
groups and therefore structures which need, or are
able, to be considered. Usually, from high-resolution
spectra it is then also possible to extract accurate
values for the quadrupolar and chemical shift interac-
tion parameters, primarily CQ (or �), �Q and �iso, and
in some cases the chemical shift anisotropy. These
parameters are determined by the local structure and
environment, and their knowledge, therefore, can pro-
vide structural insight. For example, the quadrupolar
interaction, as described in section 1, is the interaction
between the nuclear electric quadrupole moment of
the nucleus, eQ, and any electric field gradient at the
nucleus arising from the particular arrangement of
electrons and nuclei which surround it. The electric
field gradient component of this interaction depends
therefore on the surrounding molecular structure, with
a significant contribution from the electrons in the
bonds around the nucleus in question, as the core
electron density is generally more symmetrically ar-
ranged. Similarly, the chemical shift depends on the
electron density and so crucially on the number and
nature of chemical bonds present. Although many
complex factors (e.g., coordination number and atom,
bond distances and angles, and covalency) determine
the exact values of quadrupole and chemical shift
parameters, sometimes a particularly strong depen-
dence or correlation may enable structural informa-

tion to be extracted from merely a single measurement
or series or measurements on related compounds.

For example, the isotropic chemical shift for a
particular nucleus often shows a strong dependence
on the number and type of coordinating species. For
nuclei where the shift range is reasonably large, dif-
ferent species may be well separated in NMR spectra,
and indeed the determination of the chemical shift
then provides a direct indication of the coordination
number. This is often the case for 27Al, where Al in
tetrahedral (60–80 ppm) or octahedral (0–20 ppm)
coordination environments are usually easily distin-
guished (36), as shown in Fig. 3.1(a), a 27Al MAS
NMR spectrum of �-Al2O3. Here, the two resonances,
corresponding to four and six coordinating atoms, can
be clearly resolved even under MAS. Distinct shift
ranges for 17O in various coordination environments
in titanates have also been observed (for OTix 650–
850 ppm for x� 2, 450–650 ppm for x� 3, 250–450
for x� 4, and�250 ppm for x� 5) (36). In addition,
the isotropic chemical shift also exhibits a distinct
dependence (albeit usually of smaller magnitude) on
structural parameters such as bond distances or bond
angles, and much work has been undertaken to pro-
vide mathematical descriptions. For example, for 27Al
the isotropic shift in a series of framework alumino-
silicates (with tetrahedrally coordinated Al) has been
shown to depend on the Al–O–Si bond angle (�), with
�iso � 	0.5� 
 132 (ppm) (37), whereas in 17O
NMR, a strong correlation of �iso with Si–O bond
distance has been demonstrated for a range of silicate
minerals (8 ). However, the dependence of the chem-
ical shift on such a large number of structural param-
eters ensures that such correlations rarely have uni-

Figure 3.1 (a) 27Al (104.3 MHz) MAS NMR spectrum of �-Al2O3, demonstrating the dependence
of chemical shift upon coordination number (36). (b) Schematic representation of a silicate chain in
orthoenstatite (MgSiO3), indicating the differences in quadrupolar coupling constant, CQ, for
bridging (Si–O–Si) and nonbridging (Si–O–Mg) oxygen species (8 ).
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versal use, although they may be useful when
studying a series of related materials.

Similarly, there has been much study of the depen-
dence of the quadrupolar coupling on structure. For
17O, for example, early work determined that CQ

displays a strong dependence on the covalency of the
M–O bond (38):

CQ �in MHz��	0.203I�%�� 14.78 [3.1]

where I is the ionicity and is defined in terms of the
Pauling electronegativities

I�%� � 100�EN�O� � EN�M��/EN�O� [3.2]

a relationship that appears to hold for a wide range of
compounds. This has been of particular use in the
study of silicates where so-called bridging oxygens
(Si–O–Si) and nonbridging oxygens (Si–O–Mg, for
example) display different CQ values of (4–6 MHz
and 2–3 MHz, respectively). Measurement of CQ,
therefore, can instantly provide information on the
structural moieties present. For example, the 17O CQ

values for the six oxygen species in the MQMAS
spectrum of MgSiO3 previously shown in Fig. 2.2(b)
fall into two distinct groups, four around �3 MHz
(corresponding to nonbridging oxygens) and two
much higher, 4–5 MHz, (bridging species). This in-
dicates MgSiO3 is a chain silicate, as shown schemat-
ically in Fig. 3.1(b) (8 ). Similar correlations are
known for many other nuclei, including 11B, where
tetrahedral and trigonal B species can be easily dis-
criminated with CQ values of 0–0.5 MHz and 2.3–2.5
MHz, respectively (36). However, as with the chem-
ical shift the many empirical correlations present in
the literature must be regarded with care if general
application is required, rather than within a series of
related materials.

3.1 Ab Initio Calculations of NMR
Parameters

More recently, the development of computational
methods has provided an alternative, more flexible,
and perhaps ultimately more detailed approach to the
study of the dependence of quadrupolar and chemical
shift parameters on structure. The calculation of NMR
parameters may aid in the interpretation of complex
spectra but, more generally, provides a means for
following the direct dependence of a particular inter-
action upon a structural parameter, such as a bond
length or bond angle, in a detailed manner that may be
difficult to achieve experimentally. The quantum-me-
chanical determination of NMR parameters, involving

a detailed description of the electrons and nuclei and
the way they respond to the presence of a magnetic
field, is a complex, many-body problem that is unable
to be solved without some approximations (39). One
approach is Hartree-Fock (HF) theory, where each
electron is assumed to move independently in the
mean field generated by the other electrons. An alter-
native is density functional theory (DFT), where the
energy is considered as a functional of the total charge
density, thereby reducing significantly the dimension-
ality of the problem. However, this does require ad-
ditional approximations when considering the form of
the functional used to describe the electron exchange
and correlation. Nevertheless, DFT has been used
with great success, enabling calculations to be per-
formed on large systems at a fraction of the compu-
tational cost.

The details of how to calculate the chemical shield-
ing and quadrupole coupling tensors from electronic
wavefunctions are the subjects of extensive reviews
elsewhere (40), so only a brief outline of each will be
given here.

3.1.1 Chemical Shielding Tensor. The net chemical
shielding tensor, �, is given by the sum of the dia-
magnetic and paramagnetic terms (5, 6 )

� � �d � �p [3.3]

where components of the constituent tensors are given
by:

���
d �

�0

4�

e2

2me
� 0	�

i

�i
2 � �i
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ri
3 	 0
 [3.4]

and

���
p � 	

�0

4�

e2

2me

�
k�0

�! 0�¥i l̂i�� k"� k	¥i

l̂i�

ri
3	 0
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Ek	E0

 [3.5]

when the gauge origin (i.e., the origin from which the
electron distances ri are measured) is at the nucleus in
question. �, �, � denote Cartesian axes. The  are
electronic wavefunctions; the suffix i denotes the ith
electron. The ground electronic state is denoted 0, and
an excited electronic state, by k. ri is the distance of
the ith electron from the nucleus, and �i, �i its coor-
dinates along the � and � directions respectively. l̂i�,
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l̂i� are components of the electronic orbital angular
momentum operator, l̂i for the ith electron. “c.c” de-
notes the complex conjugate of the first term in the
summation of Eq. [3.5].

The diamagnetic term (Eq. [3.4]) depends only on
the ground electronic state, making it straightforward
to calculate from an ab initio or first-principles elec-
tronic structure calculation. Its dependence on ri

	3

means that it is very much a local contribution, arising
largely from the core electrons surrounding the nu-
cleus.

The paramagnetic term (Eq. [3.5]) provides more
of a commentary on bonding, so is the part that the
calculation must focus on getting right. Unfortunately,
it depends on integrals involving components of the
electronic orbital angular momentum operator, l̂�, the
ground electronic state, and various excited electronic
states. The requirement that excited electronic states
must be calculated means that the calculation is con-
siderably more time-consuming. Excited states are
also notoriously more difficult to calculate accurately.

3.1.2 Quadrupole Coupling Tensor. The definitions
of the quadrupole coupling parameters were given in
section 1 but are repeated here for convenience:

� �
e2qQ

h
�

eQ

h
Vzz

PAF, �Q �
Vxx

PAF � Vyy
PAF

Vzz
PAF [3.6]

where V��
PAF are components of the second-rank tensor

describing the electric field gradient at the nucleus of
interest in its principal axis frame, and eQ is the
nuclear electric quadrupole moment. Thus, the prob-
lem of calculating the quadrupole coupling constant
and asymmetry for a nucleus is really one of calcu-
lating the electric field gradient tensor VPAF at the
nucleus.

Classically, the electric field gradient is the second
derivative of the electric potential V arising from the
distribution of charges around the nucleus. The po-
tential V at the origin due to a point charge C a
distance r away is

V �
C

4�ε0r
[3.7]

where ε0 is the permittivity of free space. Expressing
V in Eq. [3.7] in terms of Cartesian coordinates x, y,
z, the second derivatives with respect to those x, y, z,
i.e., the electric field gradient at the origin, can be
easily determined to be for the zz component; for
instance (41):

Vzz � e
3z2 � r2

r5 [3.8]

or in terms of spherical tensor coordinates:

Vzz � e
3 cos2�� 1

r3 [3.9]

Equation [3.9] represents the classical expression for
the zz component of the electric field gradient tensor.
The quantum mechanical operator for Vzz is thus Eq.
[3.9] with each term replaced by the appropriate quan-
tum mechanical operator, i.e.,

V̂zz � e
3 cos2�� 1

r3 [3.10]

Similar expressions may be found for all the other
components V�� of the electric field gradient tensor.

In a molecule or compound, the distribution of
electrons is described by a wavefunction, #e (for
convenience expressed such that the origin is at the
nucleus of interest and normalized). The expectation
value of the zz component of the electric field gradient
due to this electron distribution, !Vzz"e is then given in
the normal way:

!Vzz"e � !#e�V̂zz�#e"

� e � #e*
3 cos2�� 1

r3 #er
2sin �drd�d$ [3.11]

where r2sin�drd�d$ is the integration volume ele-
ment.

The contribution to Vzz from the distribution of
nuclei around the nucleus of interest !Vzz"n is deter-
mined by assuming the surrounding nuclei act like
point charges, and using Eqs. [3.8] or [3.9]. The other
components V�� of the electric field gradient tensor
can be calculated in a similar manner and the com-
plete electric field gradient tensor formed by summing
the electronic and nuclear contributions for each com-
ponent. It is then a simple matter to diagonalize the
resulting tensor to find the electric field gradient in its
principle axis frame, VPAF, and its components used
to calculate the quadrupole coupling constant and
asymmetry according to Eq. [3.6].

The electronic wavefunction #e needed for calcu-
lating the electric field gradient tensor VPAF can be
determined using ab initio electronic structure calcu-
lations. The electric field gradient depends only on the
ground state electronic structure and arrangement of
nuclei in the molecule, and so it should be possible to
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obtain much more accurate calculations of it than of
the chemical shift for instance, which, as described
above, depends on excited electronic states in addition
to the ground electronic state, and these are signifi-
cantly more costly to calculate with any degree of
accuracy.

One potential difficulty with ab initio calculations
of the quadrupole coupling constant � is that it de-
pends on the nuclear electric quadrupole moment, Q,
which although a constant for a given nuclear isotope,
is for many nuclei, not accurately known. Generally
speaking, it is difficult to measure the sign of the
quadrupole coupling constant experimentally, and of-
ten, only its magnitude is reported. This could mean
that several molecular structures yield calculated
quadrupole coupling constants whose magnitude
agrees with the empirically derived value. Further
useful information could be obtained if the principal
axis frame of the quadrupole coupling tensor (or
equivalently, the electric field gradient tensor on
which it depends) could be determined experimen-
tally, as this information is necessarily calculated in
any ab initio calculation of the quadrupole coupling
parameters. One obvious, if experimentally tedious,
way to do this is by employing single crystal studies.
There are other methods now being developed that are
discussed in later sections.

The simplest calculations of NMR parameters, us-
ing either Hartree-Fock or DFT approaches, are for
molecules, often with localized basis sets such as the
atomic orbitals. An infinite periodic solid is approxi-
mated only as a cluster, with the nucleus of interest at
its center (39), and terminated (at a chosen distance)
with nuclei such as 1H. As the cluster size increases,
the calculated values approach those expected for an
infinite solid, but correspondingly the cost increases.
The observation that NMR parameters are essentially
local properties, dominated by the bonding in the first
few coordination spheres is the justification for such
an approach. However, many calculations are then
necessary if the system is large, with each species in
turn positioned at the cluster center. Even so, it can
often be difficult (and costly) to achieve sufficiently
large clusters and basis sets, restricting the accuracy
of the calculation in many nonmolecular solids (39).
Despite these limitations, the emerging importance of
NMR for the study of local structure has resulted in
many investigations using this type of approach, a few
examples of which are described in the next section.
Qualitative results may be produced easily and are
often sufficient for structural assignment of simple
spectra, whereas the variation of NMR parameters
with the local structural environment, determined for
well-ordered crystalline materials, can then be applied

to the interpretation of more complex, disordered
solids.

However, in some cases the level of accuracy
achieved by cluster methods is not sufficient for com-
plete spectral assignment. Alternative approaches to
the calculation of infinite solids often involve the use
of periodic boundary conditions, exploiting the high
translational symmetry of solids (39). This approach
formally applies only to perfect crystals, but aperiod-
icity may be considered through the use of super cells.
Many such codes use plane waves as basis sets. Al-
though a large number of waves may be required to
accurately represent complex wavefunctions, plane
waves provide an orthonormal basis set which is
computationally simple and cheap. The WIEN (42)
package (a linearized augmented plane wave code or
LAPW) has enabled the accurate determination of
electric field gradient tensors in many periodic crys-
tals with great accuracy, aiding spectral assignment.
The approach used by WIEN, an all-electron ap-
proach, is accurate but may be time-consuming and it
is currently only applicable for the calculation of the
quadrupolar parameters and not the chemical shift.
More recently, Pickard and Mauri (39) introduced a
plane wave pseudopotential method for calculating
NMR parameters, where the core and valence elec-
trons are considered separately, an approximation that
works well for many cases. This considerably im-
proves the efficiency of the calculation, allowing
more complex systems to be calculated on reasonable
timescales. An extension of this theory, the gauge-
including projector-augmented wave (GIPAW)
method (43), reintroduces the core electrons, allowing
parameters dependent upon them, such as the chem-
ical shift, to be determined. Since its introduction, the
accuracy of this approach has been demonstrated in a
variety of applications, examples of which are de-
scribed in the next section.

3.2 Experimental Correlations of
Quadrupole Coupling Parameters with
Structural Features

Despite the limitations in the calculations of NMR
parameters described in the previous section, excel-
lent results have been achieved in several areas, most
notably in work on 17O in silicate glasses and related
crystalline analogues. Tossell and colleagues (44–46)
pioneered the early application of calculations using
simple cluster models of the environment around the
bridging oxygen linkage in such materials and ab
initio calculations using coupled Hartree-Fock pertur-
bation theory with large Gaussian basis sets to predict
simple trends for the 17O quadrupole coupling param-
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eters with Si–O–Si bond angle. These trends were
later confirmed by Grandinetti and colleagues (47) in
an 17O DAS study of the SiO2 polymorph coesite.

Since then, there have been many studies that have
further refined the ab initio calculations and predicted
further trends in the 17O quadrupole coupling param-
eters with different structural features. For instance,
Clark and Grandinetti (48) have determined how the
Si–O bridging oxygen distance affects the quadrupole
coupling constant, and the Si–O–Si bond angle, the
quadrupole asymmetry parameter with ab initio cal-
culations using GAUSSIAN 94 on a model (OH)3Si–
O–Si(OH)3 cluster. Similar work has also examined
how these trends are modified by alkali metal cations
(important for silicate glasses containing network
modifier cations) located in the vicinity of the bridg-
ing Si–O–Si (49) and shown that while the effect of a
single coordinating cation is significant, the effect of
a second cation is less so. More importantly perhaps is
the confirmation that the orientation of the bridging
oxygen-cation vector is important in determining the
quadrupole coupling parameters. More recently, these
authors have employed a combined approach using
both cluster methods and the LAPW WIEN code for
the study of bridging oxygens in alkali silicates (50).
Good agreement was obtained between the two meth-
ods, and similar trends observed.

Grandinetti’s work has shown (48–50) that the 17O
quadrupole coupling parameters in M–O–M units de-
pend largely on the first coordination sphere surround-
ing the oxygen. Xue and Kanzaki (51) have per-
formed calculations with clusters extending out to two
to four coordination spheres and confirmed that in-
deed both the quadrupole coupling constant and
asymmetry are largely reproduced by considering just
the first coordination sphere, with little improvement
in the calculation if the structure is considered beyond
the second coordination sphere. It is worth noting that
a significantly larger coordination sphere is required
for reliable calculation of chemical shifts, and hence
that calculation of quadrupole coupling parameters
are a considerably more economical mode of structure
determination.

Other studies that use the quadrupole coupling
parameters to examine structural details use experi-
mental correlations between particular bond angles or
bond lengths and quadrupole coupling parameters.
For instance, the C–Li–C bond angle in organolithium
compounds (found from X-ray diffraction studies) has
been correlated with the 7Li quadrupole coupling con-
stant (52) and a linear relationship found between the
two:

��7Li�� �3.9 � 0.4���C � Li � C�

� �215.2 � 55.6� [3.12]

A similar relationship was found between the N–Li–N
bond angles in lithiated amines:

��7Li�� �4.1 � 0.5���N � Li � N�� �110.8 � 69�

[3.13]

The similarity in the slope of the two correlations
means that the angular dependence of the 7Li quad-
rupole coupling constant depends purely on geomet-
rical factors (and not electronic factors). This supports
the idea that Li–C and Li–N bonds are largely ionic
(52).

The differences in the intercepts between the two
correlations reflect the fact that the 7Li quadrupole
coupling constants are significantly larger for the
amides, which in turn arises from the different charge
separations in the Li–C and Li–N bonds. N, being
more electronegative than C has a significantly larger
negative charge than C in their respective bonds with
Li, and Li, in consequence, is significantly more pos-
itively charged in its bonds with N. Indeed, ab initio
calculations show that the positive charge on Li in-
volved in an Li–C bond is typically 0.82–0.83,
whereas in an Li–N bond, it is 0.90–0.92.

As discussed previously, the use of a cluster ap-
proach does have limitations, particularly when used
for calculation of chemical shifts. This was demon-
strated by Profeta and colleagues (53) who employed
the PARATEC/CASTEP GIPAW code (43) for the
determination of 17O quadrupole and chemical shift
parameters in a series of SiO2 polymorphs. The use of
this method with a plane wave basis set enables fully
converged computationally efficient calculations to be
performed on structures containing up to 144 atoms in
the unit cell. Excellent agreement was obtained with
experiment but no simple correlations between CQ

and �iso and Si–O–Si were observed in this series of
compounds, although a distinct correlation of �Q with
this angle was established. The authors were then able
to extend this approach to assign the 10 distinct 17O
resonances in the spectrum of the zeolite ferrierite, a
spectrum that had not been able to be assigned in a
study using a cluster approach (53). Charpentier and
colleagues (54) have also used this method for the
study of 17O, 29Si, and 23Na NMR parameters in a
series of sodium silicate crystalline materials. The
dependence of the NMR parameters on structural
features obtained was then used in the study of silicate
glasses, where much less information about the struc-
ture is available.
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4. STRUCTURAL INFORMATION FROM
HETERONUCLEAR DIPOLAR COUPLING

The dipolar coupling interaction is perhaps the obvi-
ous choice for use in structural measurements. Its
direct internuclear distance dependence (r	3) means
that it can be used to measure internuclear distances,
potentially with great accuracy, and its known orien-
tation dependence (the dipolar coupling tensor always
has axial symmetry with the unique tensor principal
axis along the internuclear vector) enables it to be
used to measure the orientation of other nuclear spin
interaction tensors with respect to the molecular
frame.

Unfortunately, the often large quadrupole cou-
plings present for quadrupolar nuclei mean that the
much smaller dipolar coupling is easily obscured, and
many experiments that are effective at measuring
dipolar couplings between spin-1/2 nuclei are not
useful for quadrupolar spins. Nevertheless, the dipolar
coupling between quadrupolar nuclei and either spin-
1/2 nuclei or other quadrupolar nuclei has been suc-
cessfully exploited in structural studies. This section
focuses primarily on those methods that have so far
proved useful in employing dipolar couplings be-
tween quadrupolar spins and spin-1/2 nuclei, illustrat-
ing this discussion with representative examples from
the literature.

4.1 Cross-Polarization

Cross-polarization is used almost ubiquitously in
NMR of spin-1/2 nuclei, principally as a means of
enhancing signal to noise (55, 56). However, it is also
a valuable spectral editing tool and can be used ef-
fectively to determine which spins are in close spatial
proximity. It is primarily in this context that it has
found use for quadrupolar nuclei.

The basic cross-polarization experiment is shown
in Fig. 4.1 (56) for two dipolar-coupled nuclei I and S.
It consists of an initial 90°x pulse applied, convention-
ally, to the I spin, creating transverse magnetization,
which is then spin-locked (retains a constant ampli-
tude of magnetization as a function of time) by a
contact pulse applied along the rotating frame y axis.
Simultaneously, a contact pulse is also applied to the
S spin nucleus to spin-lock emerging S spin magne-
tization. If the rf amplitudes of these contact pulses,

1I and 
1S, are chosen such that they match a char-
acteristic nutation frequency of the other spin (i.e., 
1I

must be set equal to a characteristic frequency in the
nutation spectrum of spin S and vice versa), magne-
tization will be transferred from the I spin to the S spin
where it can then be detected. Thus, for cross-polar-

ization between two spin-1/2 nuclei in a static sample,
in the absence of any interactions in the rotating frame
that are of similar magnitude or larger than the inter-
action with the rf fields, the two rf amplitudes are
simply related by 
1I� 
1S, the nutation frequency of
the I spin magnetization under rf irradiation being 
1I

and that for S being 
1S. This relationship between 
1I

and 
1S is known as a Hartmann-Hahn match condi-
tion (55). It can be shown that polarization transfer
from a more abundant, high-� I nucleus (often 1H)
will result in a signal enhancement of a less abundant,
low-� S nucleus (e.g., 13C). The theoretical maximum
gain over a conventional experiment (MS0) can be
shown to be (57)

MS�

MS0
�
�I

�S

1

1 � ε [4.1]

where ε is given by S(S 
 1)NS/I(I 
 1)NI, with NS

and NI the number of S and I spins, respectively. For
the case described above, where I is an abundant spin
and S much less abundant, this is frequently approx-
imated as �I/�S, predicting a considerable gain in
sensitivity. This transfer, however, will only take
place when a dipolar interaction connects the two
nuclei, resulting in a “spectral editing” where only the
S nuclei that are close in space to an I nucleus are
observed in the final S spin spectrum.

Figure 4.1 Pulse sequence for a cross-polarization exper-
iment between two dipolar-coupled nuclei I and S (56).
Magnetization is transferred when the Hartmann-Hahn
matching condition is met. See text for details.
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Although the application of MAS during cross-
polarization may be desired for the acquisition of
spin-1/2 high-resolution spectra, sample rotation will
introduce a time dependence into the dipolar interac-
tion that mediates the polarization transfer (58). Con-
sequently, optimum transfer is no longer obtained at
the Hartmann-Hahn match but at a modified condi-
tion, 
1I � 
1S � n
R, where 
R is the spinning
frequency and n is an integer, usually 1 or 2. There
may often be little intensity found at the 
1I � 
1S

match condition, particularly as the spinning rate is
increased.

4.1.1 Theory of Cross-Polarization for Quadrupolar
Spins: Static Case. Cross-polarization to or from a
quadrupolar nucleus is a more complex process, the
dynamics of which are still poorly understood (59–
61). In particular, signal enhancements are rarely ob-
served for many quadrupolar nuclei, although the
application of cross-polarization to quadrupolar sys-
tems still holds great potential as a spectral editing
tool for the elucidation of spatial relationships.

Although there is a unique Hartman-Hahn match-
ing condition for cross-polarization between spin-1/2
nuclei, no such simple condition exists when one (or
both) spins are quadrupolar. To determine the match-
ing conditions expected in this case it is necessary to
consider the rotating frame Hamiltonian for I and S
spins during the application of rf pulses. We begin by
considering the static case (with I � 1/2), with no
sample rotation. Here,

Ĥ1 � 
1IÎx [4.2]

ĤS � 
1SŜx � 
Q�Ŝz
2 � S�S � 1�/3� [4.3]

with


Q �
3e2qQ

4S�2S � 1��
�1/2�

� �3 cos2�� 1 � �Q sin2� cos 2$� [4.4]

where � and $ describe the orientation of the principal
axis frame of the S spin quadrupole tensor in the
laboratory frame. The quadrupolar interaction per-
turbs the eigenstates of 
1SSx with the result that there
are several S spin nutation rates, some or all of which
may be available to match in a cross-polarization
experiment. To calculate these values, first we must
determine a unitary transformation V that will diago-
nalize the S spin Hamiltonian such that (59, 62)

ĤS
D � VĤSV

	1 [4.5]

This can be determined either analytically or numer-
ically. In the eigenbasis of the spin-locking Hamilto-
nian, the energy levels of the S nucleus are given by
the diagonal elements of ĤS

D. The S spin nutation rates
may then be determined from the differences of these
elements


a,b � �ĤS
D�b,b � �ĤS

D�a,a [4.6]

resulting in S(2S 
 1) nutation rates.
However, matching of an S spin nutation rate does

not necessarily lead to magnetization transfer. For
cross-polarization to take place, there must also exist
an element in the dipolar Hamiltonian that connects
the I and S spin transitions (59). The heteronuclear
dipolar Hamiltonian is given by

ĤIS � 2
DÎzŜz [4.7]

becoming in the eigenbasis of the spin-locking Ham-
iltonian

ĤIS
D � 	2
DÎxVŜzV

	1 [4.8]

where 
D is the dipolar coupling frequency. This
Hamiltonian may be described in terms of fictitious
spin-1/2 operators (63), Ŝx

a,b and, for S � 3/2 (59),

ĤIS
D � 	2
DÎx�C1,2Ŝx

1,2 � C2,3Ŝx
2,3 � C3,4Ŝx

3,4

� C1,4Ŝx
1,4� [4.9]

where Ca,b are described as dipolar coefficients. The
existence of only four nonzero dipolar coefficients for
S� 3/2 (in contrast to six nutation rates) demonstrates
that cross-polarization does not result from matching
of every S spin nutation rate. In general, of the S(2S

1) nutation rates of a spin S nucleus only (S 
 1/2)2

are available to match in a cross-polarization experi-
ment, corresponding to 
a,b where b 	 a is an odd
integer. It is possible, therefore, to define a general
Hartmann-Hahn match condition 
1I � 
a,b, where

a,b is one of the available (S 
 1/2)2 nutation rates
(59) to determine which rotating frame coherences
have been created by the nutation match within the
spin-locking eigenbasis by

�̂�t� � V	1�̂D�t�V � V	1nŜz
a,b�t�V [4.10]

where n is a constant.
For many nuclei, the quadrupolar interaction is

large, resulting in 
Q � 
1S. For S � 3/2 it can be
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shown that in this limit, the dipolar coefficients C1,4

and C2,3 are zero. In this limiting case, cross-polar-
ization can only occur when 
1I is matched to 
1,2 or

3,4 given by


1,2 � 2
1S [4.11]


3,4 � 3
1S
3 /8
Q

2 [4.12]

The result is cross-polarization exclusively to rotating
frame single- and triple-quantum coherences (by
matching 
1,2 or 
3,4 respectively). The former con-
dition provides a practically useful method of single-
quantum cross-polarization. The latter, however, does
not appear to represent a feasible method for triple-
quantum cross-polarization as this nutation rate is
extremely low and may be difficult, if not impossible,
to match effectively for all 
Q in a powdered sample.
In contrast, outside of the limit 
Q � 
1S, matching of
any of the S spin nutation rates will result in cross-
polarization to single- and triple-quantum coherences
in the rotating frame. The relative proportions of the
coherences produced depend on the exact matching
conditions employed. In the limit of 
Q 	 
1S, cross-
polarization is analogous to the spin-1/2 case with a
single simple Hartmann-Hahn condition when 
1I �

1S.

The range of 
Q in a powdered sample (present as
a result of the dependence upon crystallite orientation;
see Eq. [4.4]) results in complex nutation behavior,
with a broad distribution of nutation frequencies ex-
pected. It is possible to measure this spread of nuta-
tion frequencies using a two-dimensional quadrupolar
nutation experiment (64, 65). For the nutation of
single-quantum coherence, this involves applying a
pulse for a nutation/evolution time t1 before acquiring
a signal in an acquisition time t2. For multiple-quan-
tum nutation, a second pulse is required before acqui-
sition to convert the multiple-quantum coherences
created by the first pulse into observable single-quan-
tum coherence (59). In either case, the two-dimen-
sional spectrum produced contains a conventional di-
mension, f2, including the static quadrupolar-
broadened lineshape, and an f1 dimension, including
information on the nutation frequencies of the ob-
served coherences. Figure 4.2 shows a series of sim-
ulated spin S� 3/2 (�Q� 0) single-quantum nutation
spectra (i.e., f1 projections) for powdered samples
where the effect of increasing CQ is considered with

1S constant. When CQ is small there is a single
dominant nutation rate with a frequency 
1S. As the
strength of the quadrupolar interaction increases, the
presence of more than one nutation rate is apparent,

resulting in a powder averaged spectrum spread over
a range of nutation frequencies. For large values of
CQ, there is once again a dominant nutation rate, with
a frequency 2 
1S (or more generally (S 
 1/2) 
1S),
although significant intensity is also observed for
lower nutation frequencies.

If we once again consider cross-polarization, the
orientational dependence of 
Q within a powdered
sample results in many crystallites outside the limit

Q � 
1S, even when the quadrupole coupling con-
stant is large, offering the possibility of substantial
cross-polarization directly to single- and multiple-
quantum coherences. The use of cross-polarization to

Figure 4.2 Simulated S � 3/ 2 (�Q � 0) single-quantum
nutation spectra (59, 65) (i.e., f1 projections from a two-
dimensional nutation spectrum) for powdered samples
where the effect of increasing CQ is considered, with 
1S/
2� � 100 kHz. When CQ is small there is a single
dominant nutation rate with a frequency 
1S. As the qua-
drupolar interaction increases, the presence of more than
one nutation rate is apparent, resulting in a powder-averaged
spectrum spread over a range of frequencies. For very large
values of CQ, there is once again a dominant nutation rate,
now with a frequency 2 
1S (or more generally (S 

1/ 2)
1S), although significant intensity is also observed at
lower frequencies.
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both types of coherence has been exploited in many of
the more complex two-dimensional experiments,
which are described later in this section.

4.1.2 Theory of Cross Polarization for Quadrupolar
Spins: Magic-Angle Spinning Case. Although cross-
polarization under magic-angle spinning is widely
used for spin-1/2 nuclei, when S is a quadrupolar
nucleus, the application of MAS, while increasing the
spectral resolution, has important and complex con-
sequences for the cross-polarization dynamics. Sam-
ple rotation introduces a time dependence into not
only the dipolar interaction, which mediates the po-
larization transfer (as previously described for I �
1/2), but also into the quadrupolar interaction. For the
limiting case where the quadrupolar interaction is
large, the nominal Hartmann-Hahn matching condi-
tion has no dependence on 
Q, and therefore it has
been proposed it would become


1I � �S � 1/ 2�
1S � n
R [4.13]

as a result of the time-dependent dipolar interaction
(66). However, even for systems where the quadru-
polar interaction is large, in a powder sample under-
going MAS, all crystallites will have 
Q � 
1S at
some point in the rotor period, considerably compli-
cating the cross-polarization dynamics.

The time dependence introduced into the quadru-
polar interaction has important consequences for
cross-polarization under MAS conditions. The eigen-
states and eigenvalues (and correspondingly the nuta-
tion rates of coherences given by differences between
appropriate eigenvalues) are determined by the mag-
nitude of the quadrupolar interaction (62). Under sam-
ple rotation, the quadrupolar interaction experienced
by each crystallite varies with time, resulting in a
change in the energies of the eigenstates of the con-
stituent nuclei. Figure 4.3 shows the variation with 
Q

of the eigenvalues of on-resonance S � 3/2 and 5/2
spin-locking Hamiltonians, i.e., the energies of the
eigenstates of the spins under conditions of rf irradi-
ation with 
1 	 CQ, the quadrupole coupling con-
stant. Thus, the time dependence of the quadrupolar
interaction results in time-dependent nutation rates
and complex cross-polarization matching conditions.

In addition to the factors mentioned previously, the
efficiency of cross-polarization also depends on the
extent to which spin-locking can be maintained. Al-
though spin-locking may be achieved easily for a spin
S � 1/2 nucleus, the spin-locking of a quadrupolar
nucleus is often nontrivial in the presence of MAS
(66, 67). Not only does sample rotation result in a
time-dependent modulation of the eigenstates of the

spin-locking Hamiltonian as described above, but the
exact nature of the eigenstates also changes (62). For
example, eigenstates that correspond to single-quan-
tum coherences in the rotating frame when 
Q � 0
correspond to rotating frame triple-quantum coher-
ences when 
Q � 0 for S � 3/2 and rotating frame
five-quantum coherences when 
Q � 0 for S � 5/2,
with avoided crossings when 
Q % 0, as shown in
Fig. 4.3. There are two limiting cases that describe
what happens to the populations of these eigenstates
as the sample rotates. If the zero crossing of 
Q (i.e.,
passage of the system through 
Q � 0) occurs adia-
batically (i.e., slowly) the original population distri-
bution across the eigenstates is maintained. This re-
sults in an interconversion of rotating frame single-
and triple- (S� 3/2) or single- and five-quantum (S�
5/2) coherences. This rotor-driven interconversion is
the basis of the RIACT phenomenon used to excite
and convert multiple-quantum coherences in MQ-
MAS (19, 68). Alternatively, if the zero crossing
occurs suddenly (i.e., rapidly), the populations of the
individual eigenstates are conserved. In this case,
rotating frame single-quantum coherences would re-
main as rotating frame single-quantum coherences
throughout the rotor period.

Figure 4.3 Eigenvalues and eigenstates of an on-reso-
nance (a) S � 3/ 2 and (b) S � 5/ 2 Hamiltonian, consisting
of a first-order quadrupolar term and a radiofrequency term,
as a function of 
Q/
1 (62 ). The eigenstates, when popu-
lated, correspond to rotating-frame central-transition (c�),
triple- (t�), and five quantum (q�) coherences. See text
for details.
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In both of these limiting cases, it is found that
spin-locking is maintained efficiently. Vega (66, 67)
proposed a parameter, �, as a practical definition of
whether the rotor-driven interconversion takes place
suddenly or adiabatically. Using 
Q � 3e2qQ/(4S(2S
	 1)� for single-quantum spin-locking

� �

1S

2

2
Q
R
[4.14]

If � � 1, the zero crossings occur adiabatically,
whereas if � 	 1, crossings are predicted to be sud-
den. In the intermediate regime, zero crossings will
convert population differences into a range of differ-
ent coherences and populations, some of which are
not able to be efficiently spin-locked. These will
dephase, and spin-locking efficiency will decrease
(69). In a powdered sample, a range of 
Q values are
present and a range of spin-locking behavior is ex-
pected. It may be that some crystallites in the sample
undergo fast passage under MAS, others adiabatic
passage, and still others are somewhere in between.
Thus, only a proportion of the spins in the sample can
ever be described as spin-locked, reducing the overall
spin-locking efficiency still further.

The combination of a range of possible nutation
rates, the orientation dependence of 
Q, the time
dependence introduced into the quadrupolar Hamilto-
nian and, correspondingly, the nutation rates by MAS
and the complex spin-locking behavior ensure that
cross-polarization of quadrupolar nuclei is nontrivial,
particularly under MAS. Moreover, when added to the
fact that many quadrupolar nuclei have high natural
abundances and reasonable gyromagnetic ratios, it is
not difficult to see why signal enhancements are rarely
obtained. Figure 4.4(a) shows 27Al (104.3 MHz) sin-
gle-quantum MAS and CP (1H(27Al)) MAS NMR
spectra of aluminum acetylacetonate. In comparison
with the conventional spectrum, the cross-polarized
spectra (recorded using two different match condi-
tions) have a much reduced intensity, and both show
substantial distortions from the ideal quadrupolar
broadened powder lineshape resulting from the orien-
tational dependence of the nutation rates and spin-
locking efficiencies. Similarly for triple-quantum
cross-polarization, the CP spectra (again recorded us-
ing two different match conditions) show a decrease
in intensity when compared with a triple-quantum
filtered spectrum, although the decrease in intensity is
less than that observed for the single-quantum, cross-
polarized spectra (70). As in the conventional case,
the spectra show distorted lineshapes and, signifi-
cantly, at the two different match conditions the am-
plitudes of the signals are of opposite sign.

4.1.3 Uses of Cross-Polarization. The complexity of
cross-polarization for quadrupolar nuclei as described
above often results in little or no signal enhancement,
particularly under MAS conditions. In some cases,
however, signal enhancements may be possible, and
may even enable the acquisition of spectra not possi-
ble in the absence of cross-polarization. For example,
cross-polarization (from 1H) has been employed to
acquire natural abundance (�0.037%) 17O NMR
spectra of static samples, as shown in Fig. 4.5 for
brucite (Mg(OH)2) (71). The reasonably large quadru-
polar interaction and use of a low rf field strength
result in a dominant nutation rate, which may be
matched for most crystallites simultaneously. The
lack of MAS ensures high spin-locking efficiency,
whereas the low natural abundance results in a large
gain in signal intensity. Similar enhancements have
been found in �-alumina using 27Al to 17O cross-
polarization, also in a static sample (72). Lipton and
colleagues (73) demonstrated the use of cross-polar-
ization (from 1H) to enhance the signal intensity of
dilute and insensitive nuclei, such as 67Zn and 25Mg,
in static samples. They used low temperatures to
enhance the Boltzmann population difference and
then employed cross-polarization, exploiting not only
the inherent gain from magnetization transfer but also
the decrease in the relaxation time of the experiment.
The use of a “flip back” pulse for 1H also enabled a
faster repetition of the experiment (74).

For spin-1/2 nuclei, it is well known that the effi-
ciency of magnetization transfer can be improved if a

Figure 4.4 (a) Conventional, (b, c) single-quantum cross
polarized (from 1H), (d) triple-quantum filtered, and (e, f)
triple-quantum cross-polarized (from 1H) 27Al (104.3 MHz)
MAS NMR spectra of aluminum acetylacetonate recorded
using different matching conditions (70 ).
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“ramped” cross-polarization experiment is used (75).
This involves a linear increase in the rf field strength
of one (or sometimes both) of the spin-locking pulses,
widening the match condition. The use of a ramped
cross-polarization pulse on the I (i.e., nonquadrupo-
lar) spin has been demonstrated to increase the sen-
sitivity for cross-polarization to quadrupolar nuclei
also (68, 76, 77). Alternatively, for cross-polarization
from a quadrupolar nucleus, Eden and colleagues (77)
have also recently demonstrated a sensitivity enhance-
ment in a sialon phase, using cross-polarization from
a quadrupolar nucleus (in this case 27Al) to a spin-1/2
nucleus (29Si) by the use of RAPT before the cross-
polarization step.

So what structural information is it possible to
obtain from cross-polarization experiments? The sig-
nal enhancement that the technique can offer in cer-
tain circumstances may simply allow the determina-
tion of NMR parameters, such as the quadrupolar and
chemical shift tensors for materials where this may
have been difficult otherwise (e.g., in natural samples
where synthetic isotopic enrichment is not possible).
The measurement of these values may provide struc-
tural information either by consideration of empirical
correlations or ab initio calculations as described in
section 3. On the simplest level, the detection of a
cross-polarization signal indicates a spatial proximity
(i.e., a significant nonzero dipolar coupling) between
two heteronuclei. For example, the demonstration of
cross-polarization from 23Na to all three types of 31P
nuclei (Q1, Q2, and Q3) in a sodium phosphate glass
by Prabakar and colleagues (78) indicates the associ-
ation of Na
 cations with the nonbridging oxygen of
the Q1 and Q2 species (as would be expected) and,
perhaps more unexpectedly, with the double-bonded
O of the Q3 phosphorous.

When more than one type of species is present,
cross-polarization may be used as a spectral editing
technique, differentiating species on the basis of their
spatial proximity to a heteronucleus. This can provide

useful structural information even in the absence of
any signal enhancement. For example, 1H to 17O
cross-polarization has been to used to identify the
Al–O–Al and Al–O–H oxygens in boehmite
(AlO(OH)) (79, 80). Two resonances are observed in
the conventional MAS spectrum, whereas only one
(Al–O–H) is present in the CP MAS spectrum, as
shown in Fig. 4.6 (79). Similarly, only one of the three
resonances in the 17O spectrum of talc is observed
when cross-polarization (from 1H) is employed, se-
lectively exciting the hydroxyl oxygen (80). This se-
lectivity may be exploited either for assignment of
complicated spectra, for example, or perhaps for the
observation of hydrated surfaces in a bulk material, as
demonstrated by Morris and Ellis (81) on aluminas.
Kirkpatrick (82) followed the hydration of albite by
27Al NMR, using cross-polarization to select the hy-
dration products from the starting materials.

The observation of cross-polarization signal indi-
cates spatial proximity, but the strong distance depen-
dence of the dipolar coupling should, in principle,
enable the quantitative determination of the I-S dis-
tance. For pairs of spin-1/2 nuclei, this is easily
achieved by performing a variable contact time ex-
periment. The signal intensity obtained from cross-
polarization varies as a function of the length of the
two contact pulses, the contact time. As this is incre-
mented, the cross-polarization signal builds up from
zero, increasing to a maximum before decaying. The
exact form of the signal is determined by the time
constants for the relaxation of the spin-locked mag-
netization during the contact pulses on both spins, T1&I

and T1&S, each of which may be determined sepa-
rately, and upon a cross-polarization time constant
TIS, which has a direct dependence on the dipolar
coupling between the I and S spins and so on the
internuclear distance (83). This distance, therefore,
can be determined from the variation of signal inten-
sity with contact time. However, once again, the
cross-polarization dynamics are considerably more
complex for quadrupolar nuclei, and a simple analysis
is often no longer valid. Variable contact time exper-
iments may still provide useful qualitative informa-
tion with the build up of signal intensity increasing at
faster rate when internuclear distances are smaller or
when strong dipolar couplings to a larger number of
heteronuclei are present (79, 80).

In certain circumstances, quantitative information
may be obtained from variable contact time experi-
ments. Mali and Kaucic (84) were able to determine
H–Al distances in aluminophosphate framework sys-
tems (AlPO) using 1H to 27Al cross-polarization ex-
periments with weak rf field strengths. In this limit,
efficient spin-locking even under MAS during the

Figure 4.5 Natural abundance (�0.037%) (a) spin echo
and (b) cross-polarized (from 1H) spin echo 17O (67.8 MHz)
NMR spectra of a static sample of brucite (Mg(OH)2),
recorded in 12 hours (71 ).
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contact pulses is ensured and selectivity of individual
I-S pairs is obtained using a variable resonance offset.
Also, with only a few assumptions, the cross-polar-
ization dynamics in this regime may be described in
terms of fictitious spin-1/2 operators, and a simplified
analysis of variable contact time experiments is there-
fore possible (62, 85, 86). Variable contact time ex-
periments have also been used to great effect by Fyfe
and colleagues (87, 88) to assign 27Al and 29Si reso-
nances in the aluminophosphates VPI-5 and AlPO-8
and 27Al and 29Si resonances in zeolite frameworks.

4.1.4 High-Resolution Experiments. In many cases,
the spectral resolution achieved merely by MAS is not
sufficient to enable accurate determination of site-
specific structural information. The high-resolution
methods described previously must therefore be em-
ployed to improve resolution and then combined in
some way with the spectral editing power of cross-
polarization.

Perhaps the simplest approach to high-resolution
cross-polarization experiments is through the use of
DOR. Here, a conventional cross-polarization pulse
sequence can be employed while spinning around two
angles simultaneously (89). As with cross-polariza-
tion under MAS the rotor-driven modulation of the
eigenstates in DOR does decrease the efficiency of
cross-polarization and complicate the dynamics, al-
though the spinning frequencies employed are often
limited to a few kilohertz by the technical complexity
of DOR, as described in section 2.5.

Alternatively, cross-polarization can be combined
with DAS in a two-dimensional experiment (90). As
DAS may be performed with a continuous range of
possible angle pairs (see section 2.4), it is possible to
choose a pair where the first angle, �1, is 0°. Excellent
cross-polarization efficiency is obtained at a spinning
angle of 0° as there is no rotor-driven modulation of
the spin-locking eigenstates. To fully refocus the qua-
drupolar evolution under �1 of 0°, the second angle,
�2, must be 63.4° (with k � 5).

Perhaps the most commonly used approach is the
combination of MQMAS with cross-polarization. As
this experiment relies on the use of multiple-quantum
coherences to refocus the quadrupolar broadening in
the t1 period, the combination of the two techniques
may be performed in a number of ways. The initial
method proposed (termed CP-MQMAS) is shown in
Fig. 4.7(a) (91). It involves cross-polarization from I
to the quadrupolar S spin single-quantum central-
transition coherences. These are then converted (by
the use of a central-transition selective 90° pulse) into
a population difference across the Zeeman mS��1/2
eigenstates from which multiple-quantum coherence
is then generated for the following MQMAS experi-
ment. This ensures that multiple-quantum coherences
are generated only for spins that have a dipolar cou-
pling to I (i.e., an editing of the spectrum occurs). The
MQMAS experiment that follows was originally de-
scribed as a z-filtered experiment (91), but could be
replaced by the MQMAS variation of choice. If cross-
polarization is performed in the limit 
Q � 
1I with
the use of low S spin rf field strengths to improve
spin-locking during the contact time, the efficiency of
the cross-polarization step may be fairly high. How-
ever, the large number of coherence transfer steps
involved in the total experiment will decrease the
overall efficiency. Furthermore, a conventional MQ-
MAS experiment excites triple-quantum coherences
by acting on a population difference across the triple-
quantum energy levels, whereas in this approach the
population difference is across mS � �1/2, the cen-
tral-transition levels, a process which will be ineffi-
cient unless a high rf field strength is used, or perhaps
a RIACT (19) excitation is employed.

Alternatively, it has been proposed to reduce the
number of coherence transfer steps required in the
experiment by converting the single-quantum coher-
ences created by cross-polarization directly to multi-
ple-quantum coherences for MQMAS, as shown in
Fig. 4.7(b), in a manner analogous to two-pulse exci-
tation of multiple-quantum coherences (92). If both
the dotted and solid coherence pathways in Fig. 4.7(b)
are selected, pure-phase lineshapes are not observed
and there are additional distortions present. These

Figure 4.6 (a) Conventional and (b) cross-polarized (from
1H) 17O (54.2 MHz) MAS NMR spectra of boehmite
(AlO(OH)), identifying the Al–O–Al and Al–O–H oxygen
species. Spinning sidebands are marked with an asterisk
(79, 80 ).

Concepts in Magnetic Resonance Part A (Bridging Education and Research) DOI 10.1002/cmr.a

208 ASHBROOK AND DUER



Figure 4.7 Pulse sequences and coherence transfer pathway diagrams for various experiments that
combine cross-polarization and MQMAS. (a) Single-quantum cross-polarized amplitude-modulated
z-filter of Fernandez et al. (91 ), (b) single-quantum cross-polarized amplitude-modulated z-filter of
Ashbrook et al. (92 ) with direct single- to triple-quantum transfer, (c) phase-modulated “reverse
split-t1” variant of (b) (92 ) (shown for I � 3/ 2), and (d) triple-quantum cross-polarized amplitude-
modulated z-filter of Ashbrook et al. (70 ). See text for further details.

Concepts in Magnetic Resonance Part A (Bridging Education and Research) DOI 10.1002/cmr.a



Figure 4.7 (Continued)
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distortions result from triple-quantum coherences be-
ing created directly by cross-polarization and the fail-
ure of the phase cycle to reject these. Modification of
the phase cycle to select only the solid coherence
pathways removes the possibility of this direct triple-
quantum cross-polarization and pure-phase spectra re-
sult. Alternatively, a phase-modulated MQMAS ex-
periment may be employed (as shown in Fig. 4.7(c))
with the selection of only a single coherence transfer
pathway and the use of a whole echo to obtain pure-
phase lineshapes (92). This experiment is easily mod-
ified to enable straightforward acquisition of the iso-
tropic spectrum (in a “reverse split-t1” approach). This
three-pulse sequence offers a simple approach to
cross-polarized high-resolution spectra with few co-
herence transfer steps.

A different approach, proposed by Ashbrook and
colleagues (70), exploits the potential for cross-polar-
ization directly to the multiple-quantum coherences of
a quadrupolar nucleus, which are then used directly in
an MQMAS experiment, as shown in Fig. 4.7(d).
Phase cycling may be used to cross-polarize to either
p � �3 coherences (as shown in Fig. 4.7(d)) in an
amplitude-modulated (z-filtered) experiment, or to se-
lect p�
3 coherences only, as in a phase-modulated
split-t1 experiment. This results in an experiment with
few coherence transfer steps. Cross-polarization con-
ditions are chosen to maximize transfer to triple-
quantum coherences (59, 70, 76), or indeed to allow
a RIACT-like mechanism to take place (68). Experi-
ments involving higher-order coherences are also pos-
sible in a similar approach.

In all cases, whether through DOR, DAS, or MQ-
MAS, the acquisition of a high-resolution cross-po-
larized spectrum then allows site-specific structural
information to be obtained. This is seen in Fig. 4.8, a
five-quantum cross-polarized MQMAS spectrum,
where a 1H-27Al dipolar coupling is observed between
all three tetrahedrally coordinated Al species in
AlMePO-�, a novel microporous material, informa-
tion which is unavailable from the conventional MAS
spectrum (80). Once resolution has been achieved,
more information can be obtained, from variable con-
tact time experiments for example. These methods
have been exploited to study many materials, in par-
ticular 1H/27Al, 19F/27Al, and 31P/27Al NMR of alu-
minophosphate materials (80, 91, 92), and 1H/23Na
and 19F/23Na cross-polarization of inorganic solids
(60, 76, 80).

4.2 SEDOR, REDOR, and TEDOR

The family of multiple resonance experiments that
includes spin echo double-resonance (SEDOR), rota-

tional echo double-resonance (REDOR), and trans-
ferred echo double-resonance (TEDOR) exploit the
dipolar coupling between two nuclei, I and S, to
obtain structural information (93, 94, 95). These re-
lated methods are, as their names suggest, based on a
form of echo experiment in which the heteronuclear
dipolar coupling would normally be refocused, but
this is prevented by the application of rf pulses to the
dipolar-coupled partner. As with cross-polarization,
this type of experiment is commonly used for the
study of spin-1/2 nuclei, but becomes more complex
when quadrupolar nuclei are involved. For simplicity,
the use of these techniques is briefly outlined for the
spin-1/2 case before their applications to quadrupolar
systems are discussed.

The simplest approach of this type is spin echo
double-resonance or SEDOR (93). Although easy to
implement, the low resolution of this technique, even
for spin-1/2 nuclei, results in its infrequent use. None-
theless, it provides the simplest, and perhaps most
useful, explanation of this genre of experiment. The
experiment, performed on a static sample, involves
the application of a spin echo (90°-�-180°-�) sequence
to one of the dipolar-coupled spins, I for example, as
shown in Fig. 4.9(a), which, if applied in isolation,
would refocus the heteronuclear dipolar interaction
and the chemical shift anisotropy. If, however, a 180°

Figure 4.8 A five-quantum cross-polarized MQMAS
spectrum, where a 1H–27Al dipolar coupling is observed
between all three tetrahedrally coordinated Al species in
AlMePO-�, a novel microporous material (80 ).
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pulse is also applied to a dipolar-coupled partner, S, at
the same time as that applied to I, proper refocusing of
the heteronuclear dipolar interaction is prevented and,
consequently, the echo intensity at time t � 2� is
diminished. The amount of intensity lost is a function
of the echo time � and the strength of the I–S dipolar
coupling. Any loss of intensity provides qualitative
structural information (i.e., on the spatial proximity of
I and S ). To obtain quantitative information, a “SE-
DOR curve” can be measured, following echo inten-
sity, usually as a function of echo time �. A reference
experiment, without any S spin irradiation, is also
acquired to take into account T2 relaxation effects
during �. The difference in intensity of signals be-
tween the reference I spin spectrum and the SEDOR
I spin spectrum, the so-called “SEDOR fraction,” has
a form that depends only on the I–S dipolar coupling,
allowing the I–S distance to be determined.

The lack of resolution available from SEDOR led
to the development of the related rotational echo
double-resonance or REDOR experiment (94). In
principle, REDOR involves the use of a SEDOR-like
echo experiment under MAS conditions, increasing
spectral resolution and sensitivity. There are a few
possible types of REDOR experiments, but a typical
pulse sequence is shown in Fig. 4.9(b). As in SEDOR,
a spin echo is applied on the I spin, whereas now a
series of rotor-synchronized 180° pulses are applied
on the S spin. These prevent refocusing of the hetero-
nuclear dipolar interaction (which would normally be
achieved under MAS by the rotational echoes in ad-
dition to that achieved by the spin echo) and so again
lead to dephasing of the I spin magnetization. Two
pulses are applied per rotor period (usually at �R/2 and
�R) to ensure the sign of the dipolar coupling is the
same at the start of each rotor period. As in SEDOR,
two experiments are recorded, with and without the
180° pulses, and the REDOR difference signal inten-
sity determined. A plot of this against echo time �
yields a curve which depends only upon the dipolar
coupling and so the I–S distance may be extracted.
The practical problems that may be caused by imper-
fect 180° pulses may be minimized by varying the
phases of these pulses on the dephasing spin, using for
example the XY-4 “cycle” or related supercycles
(96).

REDOR is ideal for the measurement of dipolar
couplings between a hundred and a few thousand
hertz. For larger dipolar couplings, dephasing is rapid
and the signal often disappears after echo times of
only a few rotor periods, whereas for smaller cou-
plings the dephasing is often too small to be signifi-
cant in comparison with intensity variations due to
noise. Quantitative distance information is only accu-

rately obtained when an isolated I–S spin pair is
present (often necessitating selective isotopic enrich-
ment of materials). The interpretation of results is
much more complex when multi-spin systems, such
as I–S2 and I–S3, are present, with the observed
dephasing dependent on the orientation of all internu-
clear vectors, and also influenced by S–S homonuclear
dipolar couplings. There have been a few approaches
in the literature to solving this problem, including
�-REDOR and FS-REDOR (97, 98). The first of these
involves the use of a so-called � pulse in place of the
I spin 180° (or �) pulse in Fig. 4.9(b). If � is chosen
to be small, the likelihood of all S spins in the mul-
tispin systems inverting is also small, essentially cre-
ating a series of isolated I–S spin pairs. The I spin
signal is then the result of dephasing by a sum of n I–S
dipolar interactions, with the additional advantage
that the dependence on relative orientation of these
interactions is eliminated. The use of only a small flip
angle pulse may lead to a loss of sensitivity. The
second approach, frequency-selective or (FS) RE-
DOR, involves an I spin frequency-selective spin
echo generated by the application of a pair of selective
180° pulses applied simultaneously to I and S spins in
the center of the REDOR dephasing period. Selectiv-
ity is achieved through the use of Gaussian-shaped
pulses with varying resonance offset, allowing indi-
vidual dipolar couplings to then be probed separately.

Finally, the transferred echo double resonance (or
TEDOR) experiment involves transferring magnetiza-
tion between two heteronuclear spins (95). It consists
of two sequential REDOR sequences, one on I one on
S, with a transfer of magnetization between the two
spins through the application of a simultaneous 90°
pulses (Fig. 4.10). Signal loss on the I spin is no
longer measured, but instead the gain in S spin signal
intensity is observed. Quantitative information is once
again obtained from a variation of the S spin signal as
a function of the dephasing time, now either of the I
or S spins. TEDOR is less efficient than REDOR
(owing to the transfer step) but has the advantage of
being easily converted in a two-dimensional correla-
tion experiment (as will be described later).

4.2.1 REDOR and TEDOR for Quadrupolar Nuclei.
It is generally accepted that experiments such as RE-
DOR and TEDOR are much more difficult to perform
and analyze in a quantitative manner when one or
both of the I and/or S spins is quadrupolar. These
methods rely on an ability to accurately invert the
spins through the use of 180° (�) pulses. For quadru-
polar nuclei, this is often difficult, if not impossible,
owing to the range of nutation rates present and the
magnitude of the quadrupolar broadening. It can be
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Figure 4.9 (a) SEDOR pulse sequence for measuring the dipolar coupling between two hetero-
nuclear spins I and S in static samples (93). (b) A typical REDOR pulse sequence for measuring the
dipolar coupling between two heteronuclear spins I and S in samples spinning at the magic angle
(94). (c) 1H–17O REDOR experiment on zeolite HY identifying the Brønsted acid site (103).
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seen, therefore, that for the best results in REDOR
experiments where only one of the spins involved is
quadrupolar, the quadrupolar spin should be chosen as
the I spin (the observed spin), and the long train of
dephasing 180° pulses applied to the S � 1/2 nucleus.
This will also yield the additional advantage that the
repetition rate of the experiment will depend on the
quadrupolar (I ) spin T1 relaxation time, which can
often be significantly faster than for spin-1/2 nuclei.
The problem of accurate spin inversion is exacerbated
in TEDOR as dephasing pulses are applied to both I
and S spins. For qualitative TEDOR measurements,
the choice of the nucleus on which to begin the
experiment is usually governed by the relative T1

values. To extract distance information, it is prefera-
ble to vary the REDOR section in which dephasing
pulses are applied to the spin-1/2 system. For the case
where both I and S are quadrupolar, care must be
taken with both REDOR and TEDOR measurements,
and any information obtained is likely to be qualita-
tive only.

Nonetheless, REDOR and TEDOR experiments
have been used to great effect in many types of
quadrupolar systems, providing qualitative and some-
times quantitative structural information on spatial
proximities. There has been much interest in the use
of 2H REDOR experiments, primarily owing to the
selectivity and specificity that isotopic labeling can
offer. The quadrupolar interaction for 2H is often
small (50–500 kHz) even for nonmotionally averaged
species. However, as 2H is a I � 1 nucleus, the MAS
spectrum usually consists of a broad envelope of

spinning sidebands. For finite rf field strengths, the
efficiency of a 2H 180° pulse is often less than ideal,
with only a fraction of spins making the desired
transitions (99). To overcome this, �-REDOR-type
experiments, using a smaller pulse flip angle, have
been proposed and have been demonstrated to outper-
form REDOR experiments when the 2H quadrupolar
coupling is fairly large (100). In both cases, however,
the dipolar dephasing can be difficult to describe
analytically and quantitative information is best ob-
tained by comparison with numerical simulations. Al-
ternatively, it has been demonstrated that the use of a
composite 180° pulse for 2H can significantly improve
the inversion efficiency. For example, the use of the
composite 90°-180°-90° inversion sequence has en-
abled measurement of 2H-15N distances in amino ac-
ids (101). The PM5 (90°y-90°x-90°y-90°x-90°y) com-
posite inversion pulse was used to detect weak 13C-2H
couplings in REDOR experiments on alanine and to
determine the torsion angle in ethylmalonic acid by
measuring the dipolar dephasing curves for two dif-
ferent 13C species (101).

Useful structural information may also be obtained
from REDOR and TEDOR experiments on quadru-
polar nuclei with half-integer spin. The presence of
dephasing (REDOR) or of signal (TEDOR) indicates
spatial proximity and qualitative conclusions are eas-
ily drawn. These experiments have been used to great
effect by Fyfe and colleagues (102) for the study of
the aluminophosphate VPI-5 and ALPO-8 frame-
works. Both 27Al and 31P dephasing experiments are
possible in these systems, although analysis is com-
plicated by the presence of I-S4 multispin systems
(arising from the tetrahedral network). For the case
where dephasing pulses are applied to 31P, both 27Al
sites (tetrahedrally and octahedrally coordinated) ap-
pear close to 31P, but the REDOR difference curves
show few oscillations, as expected from a multispin
system. For the case of dephasing pulses applied to
27Al, the situation is more complex. Although each
31P resonance may be considered individually (owing
to resolution in the MAS spectrum), the large quadru-
polar coupling of 27Al results in a 180° pulse, which
is selective for the central transition only. In this case,
only a fraction of the Al nuclei are inverted. Although
this can provide a convenient route to achieving iso-
lated I-S pairs, as in �-REDOR, it can be difficult to
determine the effective size of the spin system and so
quantitative analysis is further complicated. However,
qualitative structural information obtained by RE-
DOR and TEDOR in this work, and also in the study
of other systems, has proved vital for the spectral
assignment of these framework structures. Recently,
1H–17O REDOR has enabled the detection of the

Figure 4.10 TEDOR pulse sequence, transferring magne-
tization between two dipolar-coupled heteronuclear spins I
and S under MAS (95). A two-dimensional correlation
experiment may be acquired through the insertion of a t1

period in place of the initial � duration (109 ).
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Brønsted acid site (Si–(OH)–Al) in the zeolite HY,
observed only as a shoulder on a broad resonance in
the conventional MAS spectrum, as shown in Fig.
4.9(c) (103).

An alternative approach to obtaining quantitative
distance information from REDOR and TEDOR has
been demonstrated by Strojek and colleagues (104).
They exploit the fact that although REDOR dephasing
curves in multispin systems differ from those of the
simple two-spin case, the initial rate of dephasing
(i.e., that at small echo times) is the same, affected
only by a scaling factor derived from the magnitude of
the quadrupolar interaction and not by any additional
geometrical constraints. Any further effects, including
spinning rate or rf amplitude, can be taken into ac-
count by comparison with numerical simulations of
this initial part of the REDOR curve. This type of
analysis was used to differentiate the different Qn 31P
moieties in glassy sodium phosphates and to demon-
strate an increase in 23Na-31P dipolar coupling with an
increase in charge of the phosphate moiety. Although
many assumptions are made and this method does
require a priori knowledge of the I spin quadrupolar
couplings, it may provide useful information for com-
plex systems such as glasses.

The use of frequency-selective (FS) REDOR for
I–Sn systems where I is a quadrupolar nucleus has
also been successfully demonstrated for 27Al observe
31P dephase REDOR for VPI-5 (105). As in the
spin-1/2 case, a Gaussian (frequency selective) pulse
is applied to the 31P nuclei, in the center of the train
of dephasing pulses. By varying the frequency of this
pulse, dipolar interactions with each 31P may be mea-
sured separately for 27Al species, which are resolved
in the MAS spectrum. The results achieved are in
excellent agreement (to within �1%) with those ob-
tained by X-ray diffraction.

Finally, for REDOR (or FS-REDOR) involving
quadrupolar nuclei, significant distortions of the qua-
drupolar lineshapes are observed as a function of the
echo delay � in Fig. 4.9(b). These do not affect the
intensity of the REDOR signal (and hence the accu-
racy of the distance measurements). However, these
distorted lineshapes do offer information on the rela-
tive orientation of the dipolar and quadrupolar ten-
sors. This has been used to provide information on the
relative orientation of the 17O quadrupolar and 17O/
31P dipolar tensors for the nonbridging oxygens in a
phosphate glass (106).

4.2.2 High-Resolution REDOR/TEDOR Experi-
ments. Once again, although REDOR can provide
either qualitative or quantitative distance information,
the lack of resolution in MAS NMR spectra of qua-

drupolar nuclei may hinder the extraction of this in-
formation. As with cross-polarization, it is possible to
combine REDOR with methods to increase the spec-
tral resolution. In particular, the combination of RE-
DOR and MQMAS has proved popular, with different
variations of the experiment proposed. The initial
approach (now termed MQ-t2-REDOR) (107) in-
volves the application of a REDOR dephasing se-
quence after a (z-filtered) MQMAS experiment. The
phase cycling of the 90° pulse after the selection of
population states in the z-filter is altered to select p �

1 rather than p � 	1 coherences as in conventional
MQMAS. A spin echo is then performed while
dephasing pulses are applied to the dipolar-coupled
spin. The increase in resolution afforded by MQMAS
can then allow the site-specific observation of RE-
DOR signal (and indeed measurement of dipolar cou-
plings and bond lengths in favorable circumstances)
for resonances that may be overlapped in the conven-
tional MAS spectrum. This was demonstrated using
19F dephasing of the 27Al MQMAS spectrum for a
fluorinated aluminium phosphate, although a spin pair
approximation was assumed when calculating bond
lengths (108). Note that for any quantitative informa-
tion, a series of two-dimensional experiments (along
with the corresponding reference two-dimensional
spectra with no dephasing pulses applied) is required,
resulting in a long total experiment time.

Alternatively, it is possible to use a REDOR-like
dephasing in the t1 (or triple-quantum) dimension of
the MQMAS experiment, in a method termed MQ-t1-
REDOR (108). Here, an initial pulse creates triple-
quantum coherences, which are allowed to evolve for
a time t1. A REDOR dephasing train of pulses is
applied to the heteronuclear dipolar partner, before an
I spin 180° pulse inverts the triple-quantum coher-
ences. The second dephasing train is then applied,
after which the triple-quantum coherences are con-
verted via a population state using a z-filter, to ob-
servable single-quantum magnetization. The use of
REDOR in the triple-quantum evolution period has
the advantage that the dipolar coupling is enhanced by
a factor of 3, allowing the observation (and measure-
ment) of couplings that may be too small to accurately
measure in a single-quantum technique. However, the
inversion of triple-quantum coherences (a six-quan-
tum step) is particularly inefficient, reducing the sig-
nal intensity by a factor of �5. This reduction may
still allow the acquisition of spectra in systems where
sensitivity is not a problem, but may limit the use of
MQ-t1-REDOR elsewhere (109).

The combination of MQMAS and TEDOR is also
possible (in an analogous manner to that of MQMAS
and cross-polarization) (109). A TEDOR experiment
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is performed transferring magnetization from an ini-
tial spin to the quadrupolar spin. The single-quantum
coherences created are then converted to triple-quan-
tum coherences before a (z-filtered) MQMAS exper-
iment is carried out. In this way, the high-resolution
spectrum produced contains signal only from those
species that possess a significant dipolar coupling to
the initial spin.

A related approach that may offer qualitative in-
formation is the use of dipolar dephasing (110). This
involves the application of a train of S spin dephasing
pulses, as in REDOR, to dephase any evolving I spin
signal which has a contribution in its evolution fre-
quency from dipolar coupling. In contrast to REDOR,
dipolar connectivity is demonstrated by the significant
broadening or the absence of a resonance. Though
useful for qualitative measurements, the lack of res-
olution resulting from the broadening of resonances
may make any additional interpretation difficult. Di-
polar dephasing has also been combined with MQ-
MAS (DD-MQMAS) (111), with the train of S spin
dephasing pulses applied during the triple-quantum t1
evolution period of a conventional z-filtered MQMAS
experiment, and used to study fluorinated alumino-
phosphate framework materials (111).

4.3 REAPDOR and TRAPDOR

Although SEDOR, REDOR, and TEDOR have suc-
cessfully been applied to systems where one or other
of the dipolar-coupled nuclei is quadrupolar, the spin
dynamics associated with the experiment become
much more complicated than those for the simple two
spin-1/2 case, and the experiment itself may become
somewhat inefficient. In contrast, the rotational echo
adiabatic passage double-resonance (REAPDOR)
(112) and transfer of population in double-resonance
(TRAPDOR) (113) experiments are designed specif-
ically to study dipolar interactions involving quadru-
polar nuclei. These sequences (shown in Fig. 4.11) are
similar to REDOR in their philosophy, preventing the
refocusing of the dipolar interaction under MAS, but
where REDOR achieves this using trains of 180°
pulses REAPDOR and TRAPDOR both use adiabatic
pulses on the quadrupolar spin.

TRAPDOR (see Fig. 4.11(a)) is perhaps the sim-
plest of the two to implement, comprising of a spin
echo on an observe spin I, which is usually, although
not necessarily, spin-1/2 (114). During either or both
of the echo time periods, �, a dipolar-coupled quadru-
polar S spin partner is continuously irradiated. This
irradiation causes a rotor-driven modulation of the
quadrupolar eigenstates (as described previously for
cross-polarization and spin locking) altering, there-

fore, the dipolar coupling of these states to the I spin,
as this coupling depends on the spin state of both
spins (6 ). This prevents refocusing of the dipolar
interaction and leads to a dephasing of the I spin
spectrum. As in REDOR, a reference experiment
(with no S spin irradiation) is required to take into
account any effects of T2 relaxation. The “TRAPDOR
difference” curve, the difference in intensities of sig-
nals between the reference experiment and that where
the S spin is irradiated, can once again be plotted as a
function of echo time � to obtain a “TRAPDOR
curve,” dependent on the dipolar coupling. There is a
significant phase change between the TRAPDOR and
reference signals. This is due to a phase accumulation
from the TRAPDOR effect itself, and also to a Bloch-
Siegert shift resulting from long irradiation periods
(113, 114).

The amount of TRAPDOR dephasing depends cru-
cially on the adiabaticity parameter, �, described pre-
viously. If � is small, no dephasing occurs, whereas
the maximum dephasing is obtained when � � 1. In
a powdered sample, this adiabatic condition will not
hold for all crystallites simultaneously, and some may
not participate in the dephasing at all. Furthermore,
unlike REDOR, the transfer does not occur concom-
itantly in the rotor period for each spin, but depends
significantly on the crystallite orientation. The key
problem in the quantitative interpretation of TRAP-
DOR is the determination of the fraction of crystal-
lites, which need to be considered, and the calculation
of the timings of their adiabatic passages (115). This
has resulted in the use of TRAPDOR often in a more
qualitative sense, particularly if multispin systems are
involved, where an analytical approach is impossible
and even numerical analysis difficult. However, in
contrast to REDOR, where only dipolar couplings to
the mS � 1/2 levels are considered, in TRAPDOR
dipolar couplings to all quadrupolar spin states are
used, resulting in a much larger dephasing effect.

Although TRAPDOR often provides only semi-
quantitative distance information, it has been used to
great effect in various chemical problems. For exam-
ple, 1H/27Al and 1H/23Na TRAPDOR have been used
to distinguish different water environments within
zeolite frameworks (115) and to determine the struc-
tural position of these water molecules based upon
their TRAPDOR dephasing. Similarly, 31P/27Al
TRAPDOR has been used to distinguish the bulk
alumina from Al species close to 31P in phosphorous
impregnated �-Al2O3 (116). An interesting applica-
tion of TRAPDOR experiments has been the measure-
ment of large quadrupolar couplings. The TRAPDOR
effect only occurs when the irradiation is applied at a
frequency within the first-order quadrupolar line
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width. Variation of the irradiation frequency until no
TRAPDOR effect is observed can, therefore, define
the extent of the line and the magnitude of the qua-
drupolar coupling. This effect has been used to deter-

mine large 14N (115) and 27Al (117) quadrupolar
couplings that are difficult if not impossible to ob-
serve directly. TRAPDOR (1H–17O) has also been
employed in this way the study of the Brønsted acid
site in zeolite HY (in combination with REDOR, as
described earlier) (103). On reaction with acetone,
known to interact with the zeolite framework via the
Brønsted site, a significant decrease in the CQ (from
6.6 to 5 MHz) was observed by TRAPDOR, as shown
in Fig. 4.11(c), ascribed to a lengthening of the O–H
bond length from 0.97 to 1.02 Å.

REAPDOR (or rotational echo adiabatic passage
double resonance) (see Fig. 4.11(b)) is similar to
TRAPDOR in using an adiabatic pulse on the qua-
drupolar S spin, but is also much more similar to
REDOR with a train of pulses applied to the observe
spin I, which again is usually spin-1/2 (112, 118).
Figure 4.11(b) shows that the experiment begins with
a 90° pulse on the I spin, which is followed by a
rotor-synchronized train of 180° pulses, separated by
�R/2, or half a rotor period. The pulse in the center of
the train is omitted, resulting in a dephasing of the I
spin signal in the first half of the experiment (due to
both dipolar and chemical shift anisotropy interac-
tions) and a refocusing in the second half of the
experiment. The introduction of an adiabatic S spin
pulse in the center of the dephasing train, applied for
length � where 0 � � � �R, changes the spin state of
the quadrupolar nucleus through a modulation of the
S spin eigenstates, changing the dipolar coupling to I
and preventing complete refocusing of the dipolar
interaction. As in REDOR, the difference in signal
intensities compared with a reference experiment is
determined and plotted, usually, against echo duration
� to obtain a REAPDOR curve, which then depends
on the dipolar coupling. When compared with TRAP-
DOR, REAPDOR has the advantage of a much
smaller period of S spin irradiation, reducing the
strain on the probe and, in addition, results in a much
smaller phase difference of the REAPDOR signal
from the reference signal (113, 119). It is, however, a
more demanding I spin experiment than TRAPDOR.
As with TRAPDOR, dipolar interactions to all qua-
drupolar spin states are considered and the amount of
dephasing is considerably greater than that obtained
by REDOR.

The analysis of a REAPDOR dephasing curve is
more complex than that for spin-1/2 REDOR as the
dipolar evolution depends on many parameters, and
full density matrix calculations need to be performed
to for accurate distance information to be extracted
(119). This has been performed for many systems,
including 23Na/29Si (120, 121) and 1H/27Al in zeolites
(122) and 29Si/11B (123) in ceramic materials. It can

Figure 4.11 (A) TRAPDOR experiment for measuring
the dipolar coupling between a quadrupolar spin S and
(usually) a spin-1/2 I under MAS (113). The long S spin
pulse produces a rotor-driven modulation of the quadrupolar
eigenstates, reintroducing the I–S dipolar coupling. (b)
REAPDOR experiment for measuring the dipolar coupling
between a quadrupolar spin S and a spin-1/2 I under MAS
(112 ). (c) Plot of 1H–27Al TRAPDOR fraction as a function
of offset for zeolite HY, demonstrating the change in qua-
drupolar coupling constant on the interaction of acetone
with the Brønsted acid site (103).
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be shown, however, that in certain limits it is possible
to describe a “universal” curve, depending principally
on the dipolar coupling and with minimal dependence
on the MAS rate, the rf field strength, the quadrupolar
asymmetry, or the relative orientations of the quadru-
pole and dipole tensors. The main requirement for this
simple analysis is that the adiabaticity parameter, �
(section 4.1.2) is large. This technique has been
proven to be particularly effective for I � 1/2, S � 1
systems such as 2H/13C and 14N/13C (120) and has
also been demonstrated for I � 1/2, S � 5/2 pairs,
such as 13C/17O (124). These analyses, as in REDOR,
rely on the presence of isolated spin pairs, with the
quantitative analysis of multispin systems a computa-
tionally more challenging problem.

4.4 Two-Dimensional Correlation
Experiments

Heteronuclear correlation spectroscopy has been
widely used in solid-state NMR to provide informa-
tion on the spatial proximity of different nuclei in
complex spin systems (125). When more than one
distinct I and/or S spin species is present, a two-
dimensional correlation experiment enables the detec-
tion of dipolar couplings between specific distinct I–S
pairs. Typically, the experiment consists of a 90°
pulse to create transverse I spin magnetization, which
evolves for a time t1 before it is transferred to spin S,
usually via cross-polarization. The S spin FID is then
detected in t2. Two-dimensional Fourier transforma-
tion yields a two-dimensional spectrum, with the ap-
pearance of cross peaks between individual I and S
resonances from spins which are dipolar coupled. It is
also possible to achieve magnetization transfer
through a TEDOR-like mechanism through the intro-
duction of a t1 period in the TEDOR experiment
shown previously in Fig. 4.10.

It has been demonstrated that these two-dimen-
sional heteronuclear experiments, generally termed
HETCOR experiments, are also feasible when either I
or S is a half-integer quadrupolar nucleus, using either
cross-polarization (126) or TEDOR (127) transfer. In
both cases, the spectra are able to provide information
unavailable by one-dimensional methods owing to the
increase in resolution obtained from the presence of a
second spectral dimension. For example, 27Al to 31P
cross-polarization transfer was used in a HETCOR
experiment to confirm that all three 31P resonances
exhibit a dipolar coupling to tetrahedrally and octa-
hedrally coordinated Al species in the microporous
material VPI-5 (127).

For quadrupolar nuclei, the problems of obtaining
optimum sensitivity in cross-polarization or TEDOR

transfer once again may limit the quantitative infor-
mation available, as may the time-consuming acqui-
sition of a series of two-dimensional experiments. In
general, therefore, it is usual to begin a HETCOR
experiment with pulses on the quadrupolar nucleus,
enabling a faster repetition rate owing to the (usually)
faster quadrupolar T1 relaxation. Moreover, tech-
niques for increasing sensitivity can also be em-
ployed. In particular, the use of RAPT prior to the
excitation of transverse magnetization on a quadrupo-
lar S spin has been used to great effect in 27Al/29Si
HETCOR experiments (77).

Although resolution in HETCOR experiments
compared to one-dimensional spectra has been in-
creased through the use of a second dimension, the
presence of second-order quadrupolar broadening in
the spectrum of the quadrupolar nucleus may limit the
information available. The combination of a high-
resolution technique, such as DAS or MQMAS, with
HETCOR is the obvious choice to alleviate this prob-
lem. Jarvie and colleagues (128) have demonstrated a
23Na/31P high-resolution HETCOR spectrum of so-
dium trimetaphosphate, utilizing the resolution
achieved in DAS. A DAS experiment is first per-
formed on the quadrupolar spin, using the 79.19°/
37.38° angle pair. A further rotor angle change to 0°
for optimum cross-polarization follows before finally
acquisition of a 31P FID under MAS (at 54.736°).
Though this experiment gives high resolution in both
dimensions, it requires three changes of rotor axis and
so is not particularly useful for species systems lim-
ited by efficient T1 relaxation.

An alternative approach introduced by Wang and
colleagues (129) used MQMAS to achieve a high
resolution spectrum, again in a 23Na/31P high-resolu-
tion HETCOR spectrum of sodium trimetaphosphate.
This was achieved using the pulse sequence shown in
Fig. 4.12(a), where triple-quantum 23Na coherences
are excited (for a time t1) and converted to single-
quantum coherences of the same sign, which evolve
for a time kt1, before transfer, via cross-polarization,
to 31P. The use of a split-t1 period enables the qua-
drupolar broadening to be refocused before t2 produc-
ing a high-resolution 23Na spectrum, as shown in Fig.
4.12(b). In principle, the experiment could be applied
in reverse, i.e., from 31P to 23Na, but this approach
does have a few disadvantages. First, a three-dimen-
sional experiment is then required to obtain a corre-
lation spectrum that is high-resolution in both dimen-
sions. Second, the experiment no longer exploits the
short 23Na T1, further increasing the total experiment
time.

Correlations involving z-filtered MQMAS experi-
ments have also been proposed, where conventional
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cross-polarization transfer occurs after the selection of
population states (130) or, alternatively, after a kt1
single-quantum evolution period (131, 132). Although
a z-filter is perhaps the easiest MQMAS experiment to
perform, it is often not suited to use in a HETCOR
experiment, as pointed out by Fernandez and col-
leagues (133). The presence of echo and antiecho
pathways (i.e., p � �3 coherences in t1) results in
severe distortions in the HETCOR spectrum and the
presence of “ghost” peaks that do not result from true
magnetization transfer. The use of a phase-modulated
experiment, with correlation of triple- and single-
quantum coherences of the same or opposite sign as
determined by the sign of the MQMAS ratio, how-
ever, alleviates these problems (134), as does the
original amplitude-modulated experiment of Wang
and colleagues, owing to its split-t1 nature (129).

The high-resolution TEDOR experiment of Amou-
reux and colleagues (109) described previously can be
easily adapted to provide a two-dimensional correla-
tion spectrum through the insertion of a t1 evolution
period before magnetization transfer.

4.5 Other Techniques

In addition to the more commonly used techniques
described so far, many different experiments have
been proposed to exploit the information that the
dipolar coupling may offer. Although it would be
impossible to detail all of these, some of the more
promising approaches are described in this section.

Lupulescu and colleagues (135) have used a RE-
DOR-like series of pulses within the triple-quantum
evolution period of a MQMAS experiment to reintro-
duce the dipolar interaction between the quadrupole
and a proximate spin-1/2 nucleus. This allows the
creation (and selection by phase cycling) of a hetero-
nuclear multiple-quantum (either two- or four-quan-
tum) coherence, comprising of triple-quantum coher-
ences on the quadrupole and single-quantum
coherence on the spin-1/2 nucleus, which evolves in a
time t1. This leads to so-called rotor-encoded spinning
sideband patterns (136) in the indirect dimension ( f1)
of the resulting two-dimensional spectrum, which de-
pend on recoupling time, the quadrupolar and dipolar
coupling, and the relative orientation of the quadru-
polar and dipolar tensors. The experiment has been
demonstrated on dibasic sodium phosphate with het-
eronuclear multiple-quantum 23Na-1H coherences
generated. Sideband patterns simulated for an I–S2

(Na-H2) spin system agree well with the experimental
data for the Na(2) species and were sensitive to the
angle between the two internuclear I–S vectors, dem-
onstrated to deviate 10° from linearity. The sideband

pattern for the Na(1) species could only be described
properly when the 23Na chemical shift anisotropy was
also included in the simulations.

An alternative approach has been used by Levitt
and colleagues (137) to recouple the heteronuclear
dipolar interaction between a quadrupole and a spin-
1/2 nucleus, specifically 17O and 1H, which is other-
wise removed by MAS. This recoupling is achieved
by the application of a symmetry-based recoupling
sequence (138), which in this case can be described
by R181

7, enabling recoupling of the heteronuclear
dipolar interaction but decoupling of the homonuclear

Figure 4.12 (a) Pulse sequence and coherence transfer
pathway diagram for an MQMAS-based heternouclear cor-
relation (HETCOR) experiment, shown for the correlation
of 23Na and 31P. The use of a split-t1 MQMAS sequence
enables the acquisition and correlation of high-resolution
23Na NMR spectra (25 ). (b) 23Na–31P two-dimensional
multiple-quantum HETCOR spectrum of sodium trimeta-
phosphate (129 ).
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dipolar coupling and the isotropic interactions. This
experiment, termed PRESTO (or phase-shifted recou-
pling engenders a straightforward transfer of order),
has been successfully applied to L-valine.HCl, in-
creasing the sensitivity of the spectrum (by a factor of
2) and to Mg(OH)2 (brucite). It is possible to obtain
information on the dipolar coupling and hence the I-S
internuclear distance by observing signal intensity as
a function of recoupling time. A two-dimensional
spectrum can also be obtained by Fourier transform-
ing this series of spectra, providing a correlation of
quadrupolar and dipolar interactions. The shape of the
cross-peak obtained is sensitive to the relative orien-
tation of the quadrupolar and dipolar tensors, which
may be extracted if the magnitude of these have been
determined previously.

A similar correlation is obtained using the sepa-
rated local field experiment described by van Eck and
Smith (139). This was used to ascertain the orienta-
tion of quadrupole and dipole tensors of hydroxyl
groups by recording a series of cross-polarized spectra
as a function of the contact time and applying a
subsequent two-dimensional Fourier transformation.
This provides a spectrum correlating the quadrupole
and dipole tensors, with cross-peak shapes sensitive to
their relative orientation. As with PRESTO, this can
be determined if the magnitude of both interactions
can be measured independently. Unlike PRESTO,
however, this experiment was applied to static sam-
ples (of brucite and Mg(OH)x(OCH3)2	x) (139). The
application of Lee-Goldburg decoupling in the t1 di-
mension was shown to improve the resolution by
removing homonuclear dipolar interactions.

Finally, an interesting experiment has been devel-
oped that uses 14N and allows the determination of the
orientation of the 14N quadrupole coupling tensor
with respect to 14N-13C vectors (140). This is
achieved by observing the effect of dipolar coupling
between 14N and 13C on the evolution of 13C double-
quantum coherence.

5. STRUCTURAL INFORMATION FROM
HOMONUCLEAR DIPOLAR COUPLING

The difficulties measuring or even using dipolar cou-
plings between heteronuclei, where one nucleus is a
quadrupolar nucleus, detailed in section 4, become
magnified when dealing with a homonuclear quadru-
polar spin pair. The majority of techniques available
for spin-1/2 nuclei will not give meaningful results for
a homonuclear quadrupolar spin pair. As in the het-
eronuclear case, the quadrupole coupling generally far
exceeds the dipolar coupling, which results in a major

challenge when designing experiments to observe the
much smaller dipole coupling. In addition, unlike the
situation for a heteronuclear spin pair where only one
nucleus is quadrupolar, there is now no convenient
spin-1/2 nucleus for direct observation on, and the
situation might appear hopeless. This is far from be-
ing the case, however, and a number of methods have
been developed that successfully exploit the homo-
nuclear dipolar coupling in quadrupolar spin systems.
Only recently has this work extended in any general
sense to quantitative measurement of dipolar cou-
plings, for reasons that will become clear. Correlation
experiments affording qualitative structural informa-
tion are, however, highly achievable. This section
summarizes what is currently possible. Details are
given of how homonuclear dipolar recoupling under
magic-angle spinning is achieved in each case, as this
is generally the most challenging part of any such
experiment.

5.1 Two-Dimensional Correlation
Experiments

Correlation experiments on homonuclear spin systems
allow qualitative assessment of which spins are close
in space, just as for the analogous heteronuclear cor-
relation experiments. Typically, they are two-dimen-
sional experiments in which transverse magnetization
is first created in the homonuclear spin system of
interest and allowed to evolve for a time t1 under its
characteristic frequency, which for quadrupolar spins
usually (but not always) is a sum of chemical shift and
quadrupole coupling terms. The transverse magneti-
zation is then transferred by some means between
spins that have a significant dipolar coupling—how
significant is determined by the details of the experi-
ment, so that transverse magnetization that originated
on one spin in the homonuclear spin system ends up
on another nearby spin. The resulting transferred
transverse magnetization then evolves in t2, while an
FID is recorded. Recording such experiments for a
series of incremental t1 time ends up with a two-
dimensional dataset, which, after processing, displays
in the projections in f1 and f2, spectra corresponding to
the interactions present in the time periods t1 and t2
respectively. Cross-peaks between signals in f1 and f2
occur in the two-dimensional spectrum where the
spins giving rise to those signals are close enough in
space to have a significant dipolar coupling between
them.

Under magic-angle spinning, the dipolar coupling
between spins is, of course, averaged to zero, making
the magnetization transfer involved in such a correla-
tion spectrum challenging. For spin-1/2 systems,
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many methods exist for recoupling the dipolar inter-
action under magic-angle spinning (i.e., preventing
the averaging to zero of the interaction). For quadru-
polar nuclei suffering a large quadrupole coupling
interaction, most of these methods will not work at all
or will be highly inefficient. Thus one of the first
challenges in producing homonuclear correlation
spectra for quadrupolar nuclei is to recouple the di-
polar coupling under the magic-angle spinning, which
will almost certainly be required for resolution in the
experiment.

This brings us to the second challenge: resolution.
As section 2 showed, achieving high-resolution spec-
tra for quadrupolar nuclei can be done, but it is not
trivial. Resolution to some degree will usually be
required in correlation spectra if they are to be inter-
preted to give useful structural information.

There have been a variety of ingenious approaches
to both these challenges and more continue to be
developed. Those developed to date are described in
the remainder of this section. It begins with the use of
rotational resonance, widely used for spin-1/2 sys-
tems, and then continues with various multiple-quan-
tum approaches, which again, mirror to some extent
an approach prevalent in spin-1/2 spectroscopy. Fi-
nally, there are a series of methods based on the
MQMAS experiment which confer the much-needed
resolution on the experiment and also, as will be
explored, yield other useful structural information.

5.1.1 Rotational Resonance Methods for Correla-
tion Spectroscopy. Rotational resonance has been
used effectively for spin-1/2 nuclei as a means to
provide quantitative structural information. In es-
sence, it relies on the fact that the dipolar coupling
between nuclei, which is normally averaged to zero
by magic-angle spinning, does not average to zero
when the spinning rate is a specific multiple of the
isotropic chemical shift difference between the two
dipolar-coupled spins. When the chemical shift an-
isotropy of both spins is negligible in comparison with
the spinning rate, the so-called rotational resonance
condition is

m
R � �
iso m � �1, �2 [5.1]

where �
iso is the difference in isotropic chemical
shift between the spins.

The beauty of the rotational resonance effect is that
it can be used to select a specific spin pair to study the
dipolar coupling between, simply by adjusting the
spinning rate, thereby adjusting which spin pairs
come into rotational resonance by virtue of their
chemical shift difference. For this reason as much as

any other, the rotational resonance experiment has
been used to great effect to measure quantitative in-
ternuclear distances in many compounds. The form of
experiment used varies, but all generally employ a
mixing time during which the rotational resonance
effect is allowed to operate. Under rotational reso-
nance, spin polarization is transferred between the
two dipolar-coupled spins that meet the rotational
resonance condition. The polarization transfer is an
oscillatory process, in the absence of relaxation ef-
fects, with the oscillation frequency directly depen-
dent on the dipolar coupling constant. Thus by arrang-
ing the experiment to observe the polarization transfer
as a function of time and suitable simulations, the
dipolar coupling constant for the spin pair may be
extracted.

Rotational resonance has been applied to half-in-
teger quadrupolar nuclei for the purposes of forming
a two-dimensional correlation experiment in which
those nuclei that are close in space show a cross-peak
between their respective signals. Rotational resonance
has not, as yet, been used to measure quantitative
internuclear distances between half-integer quadrupo-
lar spins with any appreciable size of quadrupole
coupling constant. The reasons for this will become
clear as we consider a simple theoretical analysis of
the rotational resonance effect for half-integer qua-
drupolar nuclei.

Theoretical Analysis of the Rotational Reso-
nance Effect for Half-Integer Quadrupolar Nuclei.
The complete Hamiltonian for a homonuclear pair IS
of half-integer quadrupolar nuclei is (for simplicity,
neglecting the effects of chemical shift anisotropy)
(141)

Ĥ � Ĥiso,I � Ĥiso,S � ĤQ,I
�1� � ĤQ,S

�1� � ĤQ,I
�2� � ĤQ,S

�2� � ĤIS

[5.2]

where Ĥiso,I describes the isotropic chemical shift,
ĤQ,I

(1) , the first-order quadrupole coupling contribu-
tion, and ĤQ,I

(2) , the second-order quadrupole coupling
contribution for spin I in each case, with similar terms
for spin S. The term of greatest importance to this
discussion is the last one—namely, ĤIS, which is the
secular part of the dipolar coupling between spins I
and S:

ĤIS � 2
D�t�� ÎzŜz �
1

4
� Î
Ŝ	 � Î	Ŝ
�� [5.3]

where 
D(t) is the dipolar coupling frequency, time
dependent due to the magic-angle spinning of the
sample.
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Rotational resonance is induced by the so-called
“flip-flop” term, the last term, of Eq. [5.3], linking
Zeeman levels of the form

�mI, mS� 7 �mI � 1, mS � 1�

The corresponding matrix element of ĤIS is

HIS�mI, mS; t� � cmImS

D�t�

� cmImS �
m�	2


2


D
�m�exp�im
Rt� [5.4]

where

cmImS
�

1

2
!mImS� Î
Ŝ	 � Î	Ŝ
�mI � 1, mS � 1"

[5.5]

and where in Eq. [5.4] we have expressed the (peri-
odic) time dependence of the dipolar coupling fre-
quency in terms of its Fourier components. To see the
effect of dipolar coupling most easily, we need to
form a first-order average Hamiltonian in a frame in
which the other terms in the total Hamiltonian (Eq.
[5.2]) that do not commute with the dipolar coupling
Hamiltonian, ĤIS, are removed. In such a circum-
stance, the so-formed first-order average Hamiltonian
is a good approximation of the true, untruncated av-
erage Hamiltonian (see section 5.2 and ref. (6 ) for
more details on average Hamiltonians). Thus we need
to express the matrix element above in Eq. [5.4] in a
frame where the isotropic chemical shift, and first-
and second-order quadrupole coupling contributions
to the (mImS ) 7 (mI 
 1, mS 	 1) transition fre-
quency are zero. This is accomplished by the follow-
ing transformation:1

H̃IS�mI, mS; t�

� cmImS �
m�	2


2


D
�m�exp�im
Rt� � exp�i[(
iso,I � 
iso,S)t


�
0

t

(
Q,I
(1) (�, �, �; t�) � 
Q,S

(1) (�, �, �; t�))dt�


�
0

t

(
Q,I
(2) (�, �, �; t�) � 
Q,S

(2) (�, �, �; t�))dt�]

[5.6]

where (
Q,I
(1) (�, �, �; t�) 	 
Q,S

(1) (�, �, �; t�)) is the
first-order quadrupolar contribution under MAS to the
(mImS )7 (mI 
 1, mS 	 1) transition frequency, and
(
Q,I

(2) (�, �, �; t�) 	 
Q,S
(2) (�, �, �; t�)) is the

corresponding second-order quadrupolar contribution.
It is worth noting (as is clear from an examination of
Eqs. [1.11] and [1.12] in section 1.2 and Eqs. [2.1]
and [2.2] in section 2.1) that both quadrupolar contri-
butions depend on molecular orientation. The signif-
icance of this for the rotational resonance effect be-
comes clear later.

Defining

�
iso � 
iso,I � 
iso,S [5.7]

�
Q
�1���, �, �; t�� � 
Q,I

�1� ��, �, �; t��

	
Q,S
�1� ��, �, �; t�� [5.8]

and

�
Q
�2���, �, �; t�� � 
Q,I

�2� ��, �, �; t��

� 
Q,S
�2� ��, �, �; t�� [5.9]

we can rewrite Eq. [5.6] more succinctly as

H̃IS�mI, mS; t�

� cmImS �
m�	2


2


D
�m�exp�im
Rt� � exp�i[�
isot

� �
0

t

�
Q
(1)(�, �, �; t�)dt�� �

0

t

�
Q
(2)(�, �, �; t�)dt�]�

[5.10]

It is useful at this point to express the periodic func-
tions (i '0

t �
Q
(1)(�, �, �; t�)dt�) and exp(i '0

t

�
Q
(2)(�, �, �; t�)dt�) in terms of their Fourier

components:

1The only nonzero term in the matrix element of the dipolar
coupling Hamiltonian HIS arises from the Î_Ŝ
 component. Under
a rotation of the I spin operator about z at the I spin transition
frequency (i.e., frequency of the mI 7 mI 
 1 transition) and a
rotation of the S spin operator about z at the S spin transition
frequency (i.e., frequency of the mS 7 mS 	 1 transition), this
operator is transformed to Î	exp(
i 'o

t 
mI
(t�)dt�)Ŝ
exp(	i 'o

t


mS
(t�)dt�) � Î	Ŝ
exp(
i 'o

t 
mI
(t�) 	 
mS

(t�)dt�) after time
t where 
mI

(t�) is the I spin transition frequency. Hence, matrix
elements of this operator are modified by the factor exp(
i 'o

t


mI
(t�) 	 
mS

(t�)dt�).
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exp�i �
0

t

�
Q
(1)(�, �, �; t�)dt��

� �
k�	�


�

AmImS

�k� ��, �, ��exp�ik
Rt� [5.11]

The term arising from the second-order quadrupole
contribution is best expressed as

exp�i �
0

t

�
Q
(2)(�,�,�;t�)dt�� � exp�i�
Q,mImS

�2� ��,�,��t�

�
q�	�


�

BmImS

�q� ��, �, ��exp�iq
Rt� [5.12]

where �
Q,mI mS

(2) (�, �, �) expresses the rotational
average under MAS of the second-order quadrupolar
frequency shift of the (mImS ) 7 (mI 
 1, mS 	 1)
transition. It is easily seen from Eqs. [1.12] and [2.2]
in sections 1.2 and 2.1, respectively, that this rota-
tional average is nonzero (there is an isotropic com-
ponent, Eq. [1.12]); the fourth-rank terms of Eq.
[1.12] expresses the molecular orientation depen-
dence of the second-order quadrupolar contribution to
the transition frequency that do not average to zero
under MAS, but to some finite value that depends on
the Euler angles describing molecular orientation (�,
�, �), as described in section 2.1.

We are now in a position to determine the matrix
element arising from the first-order average Hamilto-
nian formed from the transformed dipolar Hamilto-
nian of Eq. [5.10]. The matrix element we require is
H� IS(mI, mS), which from the definition of the first-
order average Hamiltonian (see, e.g., section 5.1.2 or
reference (6 ) for a discussion of average Hamiltoni-
ans) is simply

H� IS�mI, mS� �
1

�R
�
0

�R

H̃IS�mI, mS; t�dt [5.13]

Substituting from Eq. [5.6] for H̃IS(mI, mS; t), and
using the Fourier expansions of the first- and second-
order quadrupolar coupling contributions to the
(mImS )7 (mI
 1, mS	 1) transition frequency from
Eqs. [5.11] and [5.12], we have the required matrix
element:

H� IS�mI, mS��
1

�R
cmImS �

m�	2


2


D
�m� �

k�	�


� �
q�	�


�

AmImS

�k� ��, �, ��

BmImS

�k� ��, �, ���
0

�R

exp�i��m � k � q�
R � �
iso

� �
Q,mImS

�2� ��, �, ���t�dt [5.14]

The integral in Eq. [5.14] is zero unless the argument
of the exponential function is zero. In other words, the
net dipolar coupling contribution over one rotor pe-
riod to the (mImS ) 7 (mI 
 1, mS 	 1) transition,
represented by Eq. [5.4], is nil unless this condition is
satisfied. This is the source of the rotational resonance
effect, for when the condition, the rotational reso-
nance condition, is satisfied, the matrix element of Eq.
[5.14] is nonzero and equal to

H� IS�mI, mS�� cmImS �
m�	2


2


D
�m� �

k�	�


� �
q�	�


�

AmImS

�k� ��, �, ��

BmImS

�k� ��, �, �� [5.15]

This nonzero matrix element (Eq. [5.15]) represents
the transition moment for the (mImS ) 7 (mI 
 1, mS

	 1) transition (i.e., the rate of spin polarization
transfer between spins I and S ). As can be seen from
Eq. [5.15], this rate depends not only on the dipolar
coupling through 
D

(m) (as for the spin-1/2 case) but
also on the first- and second-order quadrupolar cou-
pling through AmI mS

(k) (�, �, �) and BmI mS

(k) (�, �, �)
respectively.

It is partly for this reason that the rotational reso-
nance effect has not been used to determine quantita-
tive internuclear distances for half-integer quadrupo-
lar spin pairs; the dependence on the quadrupole
coupling is too great and masks the comparatively
small dipolar effect. Nevertheless, as outlined previ-
ously, the rotational resonance effect can be used to
perform spatial correlation experiments.

We can identify two regimes in which we can
define the rotational resonance condition:

(i) CQ 	 
R for one or both spins. When the
spinning rate is much greater than the quadrupole
coupling constant, the only Fourier component of the
first-order quadrupole coupling component of the
(mImS )7 (mI 
 1, mS 	 1) transition frequency that
has a significant nonzero amplitude is the k � 0
component (and likewise for the second-order quad-
rupole coupling, q � 0 is the only significant compo-
nent, but the second-order quadrupole coupling will in

Concepts in Magnetic Resonance Part A (Bridging Education and Research) DOI 10.1002/cmr.a

QUADRUPOLAR NUCLEI IN SOLID STATE NMR 223



any case be small in this regime), i.e., only the cen-
terband of any transitions with a first-order quadru-
pole coupling component appears in the spectrum.
Thus for H� IS(mI, mS) to be nonzero, we have (ne-
glecting the second-order quadrupole coupling contri-
bution in this regime) as the rotational resonance
condition

m
R � �
iso � 0 [5.16]

or

m
R � �
iso where m ��1, �2 only [5.17]

as for the spin-1/2 case.
(ii) CQ � 
R for one or both spins. When the

quadrupole coupling constant is much larger than the
spinning rate, there will be significant components of
the first-order quadrupole coupling contribution to the
(mImS ) 7 (mI 
 1, mS 	 1) transition frequency for
many values of k � 0; that is, many sidebands appear
in the spectrum because of the first-order quadrupole
coupling component of the transition frequency. Even
for those transitions for which there is no first-order
quadrupole coupling contribution, such as central
transitions (	1/2,
1/2)7 (
1/2,	1/2), if the quad-
rupole coupling is large compared with the spinning
rate, then the second-order quadrupolar contribution
to this transition frequency will have significant Fou-
rier components with q � 0. The condition for
H� IS(mI, mS) to be nonzero now; that is, the appropri-
ate rotational resonance condition is

�m � k � q�
R � �
iso � �
Q,mImS

�2� ��, �, �� � 0

where m ��1, �2 and

k, q � 0, �1, �2, �3, · · ·

or

n
R � �
iso � �
Q,mImS

�2� ��, �, �� where

n � 0, �1, �2, �3, · · · [5.18]

There are several points to notice here. First, there are
many rotational resonance conditions, most notably
one for n� 0, which has no spinning rate dependence.
Second, each rotational resonance condition depends
on the isotropic chemical shift difference between I
and S as expected from the spin-1/2 case and also on
the rotational average of the second-order quadrupole
contribution to the transition frequency, which is de-
pendent on molecular orientation and hence varies
over a powder sample.

This highlights the other reason that rotational res-
onance is not used to make quantitative internuclear
distance measurements; for a constant spinning rate,
the rotational resonance condition is only met by a
fraction of the crystallites. The width of the rotational
resonance condition is determined by the dipolar cou-
pling, as for spin-1/2 nuclei, but in general, this will
be insufficient to cover the entire frequency range of
the (mImS )7 (mI 
 1, mS 	 1) transition, especially
when the quadrupole coupling constant for one or
more of the spins is large (compared with the dipolar
coupling).

For spinning rates and quadrupole coupling con-
stants between these limiting cases, the rotational
resonance conditions will be as for the CQ � 
R case
but with progressively weaker spin polarization trans-
fer rates for the CQ �� 
R rotational resonance
conditions, as the k, q � 0 Fourier components of the
quadrupole coupling contributions to the (mImS ) 7
(mI 
 1, mS 	 1) transition frequency decrease in
amplitude.

Nijman and colleagues (141) have performed an
elegant and detailed analysis of the rotational reso-
nance phenomenon for half-integer quadrupolar nu-
clei using a Floquet formalism. Using this analysis,
they have shown that the most significant transitions
involved in the rotational resonance process are as
follows:

For

CQ��
R, � � 1/ 2, �1/2�7 ��1/2, � 1/2�
CQ �� 
R, all transitions contribute
CQ,I �� 
R and
CQ,S �� 
R, ((1/2, �1/2) 7 (�1/2, (1/2) domi-
nates but (mI, 	1/ 2) 7 (mI 	 1, 
1/ 2) also
contributes.

Experimental Implementation of Correlation
Experiments Using the Rotational Resonance Ef-
fect. Nijman and colleagues (141) provided a nice
demonstration of a 2D correlation experiment using
the 27Al (I � 5/2) resonances of yttrium aluminium
garnet (YAG) with the pulse sequence shown in Fig.
5.1 and a swept spinning frequency during the mixing
time in which the rotational resonance condition was
required. Sweeping the spinning rate ensures that
most, if not all, crystallites in the powder sample
come into a rotational resonance condition at some
time during the mixing period. Their results from
experiments using a mixing time of 1.15 s while
sweeping the spinning rate from 4.5 kHz to 8 kHz in
a linear fashion showed projections in the two dimen-
sions of the two-dimensional spectrum (Fig. 5.2),
which agreed well with the expected second-order
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quadrupole powder patterns arising from the central
transitions of the two 27Al sites in YAG (CQ,I � 600
kHz and CQ,S � 6 MHz). The cross-peak in the
two-dimensional spectrum shows that these two 27Al
sites are close in space, with a dipolar coupling be-
tween them sufficiently large enough to allow signif-
icant magnetization transfer between the spins during
the particular rotational resonance mixing time used
in the experiment.

Other Effects Arising from Rotational Reso-
nance. Kwak and colleagues (142) have observed an
interesting effect in simple one-dimensional spin echo
spectra that may be ascribed to the effects of rota-
tional resonance. They point out that for CQ � 
R for
one or both nuclei, the rotational resonance conditions
are n � 0, �1, �2, �3, . . . as described above.
They also show that these rotational resonance con-
ditions are extremely sensitive to missetting of the
magic angle (in a way similar to that experienced by
STMAS experiments described in section 2.3). If the
sample is rotated away from the magic angle, then the
first-order quadrupole coupling contribution to the
(mImS )7 (mI
 1, mS	 1) transition frequency does
not average to zero, as assumed in the previous anal-
ysis (Eq. [5.11]). Rather, it averages to some finite
value �
Q,mI

mS
(1) (�, �, �) P2(cos �R), where �R is the

sample spinning angle. Working through the previous
theoretical analysis with this addition to Eq. [5.11] for
the decomposition of the first-order quadrupole cou-
pling contribution to the (mImS )7 (mI 
 1, mS 	 1)

transition frequency, we obtain a new rotational res-
onance condition for the sample spinning at a general
angle �R:

n
R � �
iso � �
Q,mImS

�1� ��, �, ��P2�cos �R�

� �
Q,mImS

�2� ��, �, �, �R� [5.19]

The second-order quadrupole coupling contribution to
the (mImS ) 7 (mI 
 1, mS 	 1) transition frequency
in the above equation will also be modified according
to the orientation of the sample rotation axis, as indi-
cated by the inclusion of the �R in the parameter list
for �
Q,mI mS

(2) (�, �, �). The point, however, is that
the first-order quadrupole coupling is so large that
even for a small mismatch of the magic angle, the
term �
Q,mI mS

(1) (�, �, �) P2(cos �R) can be large and
make a significant change to the rotational resonance
condition, even for the ((1/2, �1/2)7 (�1/2, (1/2)
transition, which of course has no first-order contri-
bution.

Furthermore, rotational resonance involving inner
satellite transitions may affect the ((1/2, �1/2) 7
(�1/2, (1/2) transition, as it perturbs the populations
of levels involved in the central transitions. From the
analysis of Kwak and colleagues (142), it is clear that
rotational resonance effects can manifest themselves
in many experiments, including MQMAS, often with-
out the experimenter’s intention!

Figure 5.1 Pulse sequence used to generate two-dimen-
sional homonuclear correlation spectra for half-integer qua-
drupolar nuclei via a mixing period that employs rotational
resonance conditions (141 ). The sample spinning frequency
is swept during the mixing time, �m, where the rotational
resonance condition is required, ensuring that most, if not
all, crystallites in the powder sample come into a rotational
resonance condition at some time during this period.

Figure 5.2 Two-dimensional 27Al homonuclear correla-
tion spectrum of yttrium aluminum garnet (YAG) using the
rotational resonance pulse sequence shown in Fig. 5.1
(141 ).
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5.1.2 Double-Quantum (DQ) Methods for Correla-
tion Spectroscopy. For spin-1/2 nuclei, double-quan-
tum (DQ) spectroscopy, where a homonuclear dou-
ble-quantum coherence is excited between a pair of
dipolar-coupled nuclei (Fig. 5.3(a)), is a popular
method of demonstrating spatial proximity of the two
nuclei. Such coherence can only be excited with any
significant amplitude if the dipolar coupling between
the spins is significant (i.e., they are close in space).
The experiments are generally conducted under MAS
with the dipolar coupling between the spins being
recoupled by various rf pulse sequences and other
methods (6 ), including, of course, the rotational res-
onance discussed in the previous section. The same
principle can be applied to quadrupolar nuclei, with
the double quantum coherence in this case being that
between the central transitions of dipolar-coupled
spins (see Fig. 5.3(b)). The question remains, how-
ever, how to recouple the dipolar coupling under the
MAS, which is needed for spectral resolution. The
pulse sequences applied to spin-1/2 nuclei will not
work for a multitude of reasons, the most important
being that the quadrupole coupling is generally strong
compared with any rf field amplitude. Thus, the spin
system will evolve under the quadrupole coupling as
we attempt to perturb it by the rf pulse sequence and,
moreover, will evolve faster due to the quadrupole
coupling than our pulse sequence. The result is not so
much recoupling as a rather large mess, with coher-
ence appearing in every part of the density matrix-
.Fortunately, there are methods, akin to some used for
spin-1/2 nuclei, that are appropriate. The most com-
monly used takes advantage of a rotary resonance
condition and is described below.

Theory of Double-Quantum Excitation between
Dipolar-Coupled Half-Integer Quadrupolar Spins
The double-quantum excitation takes place under
spin-lock conditions (143, 144), that is

(i) 0.1 � �
1/
R� � 0.3

where 
1 is the amplitude of the rf irradiation applied
to the homonuclear spin system and

(ii) 
1 � the anisotropic chemical shift and quad-
rupole terms affecting the central-transition frequency
of either spin.

Under these conditions, we can reasonably assume
that the rf field only affects the central transition of the
quadrupolar spins (providing it is applied close to
resonance) for both spins. We shall assume for this
analysis that we are dealing with a homonuclear spin-
3/2 pair, with the Zeeman levels of each spin labeled

1, 2, 3, and 4, as in Fig. 5.3(b). Thus the central
transition involves coherences between levels 2 and 3
for each spin. For simplicity of notation, we consider
only those terms in the Hamiltonian affecting the spin
system that pertain to the 2–3 subspace of the com-
plete Zeeman basis. Moreover, when we consider the
dipolar coupling terms, we shall restrict ourselves to
consideration of those terms that couple the 2–3 sub-
space of each spin. This is not to say that the other
terms of either the dipolar coupling operator or the
complete Hamiltonian for the system are irrelevant.
Unfortunately, this is far from the case. As we shall
see later, such terms do operate on the system, causing
evolution in ways that we do not desire, in addition to
the way we shall derive. These unwanted terms serve
to reduce the efficiency of the double-quantum exci-
tation and also yield some unwanted double-quantum
terms that are difficult to remove. However, we ignore
these difficulties for the present and return to them
later, once we have discussed the principle of how to
excite the double-quantum coherence that we do
want.

The Hamiltonian affecting the 2–3 subspace is

Figure 5.3 Schematic energy level diagrams showing (a)
the formation of DQ coherence from a dipolar-coupled pair
of spin-1/2 nuclei and (b) the formation of the equivalent
DQ coherence for a pair of spin-3/2 nuclei. Here, the DQ
coherence involves the two central transitions (2–3) of the
nuclei.
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Ĥ � Ĥrf � ĤIS � Ĥ) [5.20]

Ĥrf � 2
1� Îx
2–3 � Ŝx

2–3�

ĤIS � 2
D�t�� Îz
2–3Ŝz

2–3 � 2 Îx
2–3Ŝx

2–3 � 2 Îy
2–3Ŝy

2–3�

Ĥ) � �)I,CS
2–3 � )I,Q

2–3��, ���Îz
2–3

� �)S,CS
2–3 � )S,Q

2–3��, ���Ŝz
2–3 [5.21]

Under the conditions of spin-locking defined above,
this is a reasonable approximation for the total Ham-
iltonian for the system; its flaw is that there are other
quadrupole terms that under MAS conditions are still
relevant.

The *̂�
2–3 operators (* � I, S ) are fictitious spin-

1/2 operators, which are essentially akin to the usual
Cartesian spin operators I� and S�, but which act (in
this case) only within the 2–3 subspace (86). The
terms ()I,CS

2–3 
 )I,Q
2–3(�, �)) and ()S,CS

2–3 
 )S,Q
2–3(�,

�)) represent the net chemical shift and quadrupole
terms affecting the central-transition frequency, re-
ferred to above in the definition of the spin-lock
conditions. The )I,CS

2–3 is the isotropic chemical shift
for spin I and similarly for spin S (any chemical
shiftanisotropy is assumed to be averaged to zero by
magic-angle spinning). The )I,Q

2–3(�, �) term repre-
sents the residual (under MAS) second-order quadru-
polar coupling affecting the central 2–3 transition for
spin I and similarly for spin S. This coupling is of
course molecular orientation dependent, as identified
here by the dependence of the term on the Euler
angles �, �.

If we ignore, for the moment, the dipolar coupling
(represented by ĤIS, and time dependent due to
MAS), then we see that within the 2–3 subspace, we
have a term of magnitude 2
1 acting on spin I along
x due to the rf field and also acting on spin I, a term

of magnitude ()I,CS
2–3 
 )I,Q

2–3(�, �)) along z. The
equivalent S spin terms are present also. The situation
is summarized in Fig. 5.4. Thus, the net term acting on
spin I is the vectorial sum of the x and z fields, shown
in Fig. 5.4 as the effective interaction term with am-
plitude 
I,eff

2–3 and direction labeled Z, and similarly for
spin S.

To assess the effect of the Hamiltonian of Eq.
[5.20] on the IS spin system, it is useful to form an
average Hamiltonian. The average Hamiltonian at a
point in time tp is defined as

H� �tp� � H� �0� � H� �1� � H� �2� � · · · [5.22]

where

H� �0� �
1

tp
�Ĥ1t1 � Ĥ2t2 � · · · � Ĥntn�

H� �1� � 	
i

2tp
��Ĥ2t2, Ĥ1t1�� �Ĥ3t3, Ĥ1t1�� �Ĥ2t2, Ĥ3t3�� · · ·�

H� �2� � 	
1

6tp
��Ĥ3t3, �Ĥ2t2, Ĥ1t1��� ��Ĥ3t3, Ĥ2t2�, Ĥ1t1��

1

2
�Ĥ2t2, �Ĥ2t2, Ĥ1t1���

1

2
��Ĥ2t2, Ĥ1t1�, Ĥ1t1�� · · ·�

[5.23]

Figure 5.4 Representation of the fields acting on the 2–3
subspace of the I spin in the dipolar-coupled IS spin pair of
spin-3/2 nuclei referred to in text. There is a “field” along z
due to the combined effects of isotropic chemical shift and
second-order quadrupole coupling acting on the I spin cen-
tral transition (2–3) and a field along x due to the rf. The net
effective field, the vectorial sum of these along x and z, is
also shown.
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and so on, where the Hamiltonians Ĥ1, Ĥ2, . . . , Ĥn

operate piecewise for periods t1, t2, . . ., tn respec-
tively, such that t1 
 t2 
 . . ..
 tn � tp. If the full
summation series, Eq. [5.22], for the average Hamil-
tonian is used, this gives the same effect on the spin
system at the point tp as the full Hamiltonian. The use
of the average Hamiltonian approach, however, is to
avoid having to use the complete summation series,
and to approximate the series with, preferably, just the
first term in Eqs. [5.22] and [5.23]. Obviously, this is
only a good approximation if the Hamiltonians acting
during tp largely commute with one another (the high-
er-order terms of Eq. [5.23] all involve commutators
between the Hamiltonians acting at different time
periods). This can often be arranged by transforming
the frame of reference in which the Hamiltonian is
defined. In particular, we transform to a rotating frame
of reference that mimics the evolution of the density
operator for the spin system has under the (noncom-
muting) terms of the Hamiltonian, such that in the
new frame there is no evolution due to these terms;
that is, these terms of the Hamiltonian are transformed
away (zeroed) in the new frame of reference.

In the case of the Hamiltonian of Eqs. [5.21] and
[5.22], the Ix

2–3 and Iz
2–3 terms do not commute, and

likewise for the corresponding terms for spin S.
We can remove the effects of both these terms
for spins I and S by transforming to a new frame
of reference that for spin I rotates at a rate 
I,eff

2–3 �
+�)I,CS

2–3 
 )I,Q
2–3��, ���2 
 �2
1�

2, that is, the effec-
tive interaction strength acting on the 2–3 subspace
of spin I, as defined in Fig. 5.4, and rotates about
the effective interaction axis (Z ), as defined in Fig.
5.4 also. This rotation is that which the Ĥrf and Ĥ)
terms of the Hamiltonian in Eq. [5.21] would effect
on the I spin part of the density operator describing
the spin system. The effects of the equivalent S spin
terms are removed by an analogous rotation involv-
ing the S spin operators. Thus, in our new frames of
reference for the I and S spin operators, the effects
of the Ĥrf and Ĥ) terms are removed, and we only
have to consider the frame-transformed dipolar
coupling term ĤIS in the formation of our required
average Hamiltonian.

To recap, the dipolar coupling term in the original
frame of reference (the usual rotating frame of refer-
ence in which all NMR experiments are conducted) is

ĤIS � 2
D�t�� Îz
2–3Ŝz

2–3 � 2 Îx
2–3Ŝx

2–3 � 2 Îy
2–3Ŝy

2–3�

[5.24]

where 
D (t) is given by a Fourier expansion (6 ):


D�t� � �
m�	2


2

exp�im
Rt�
D
�m� [5.25]

and the 
D
(m) are constants derived from the dipolar

coupling constant for the IS spin system. Their exact
form is not important in this analysis, and as they are
given elsewhere (6 ), we do not muddy the waters any
further by deriving them again here. We now need to
transform the dipolar operator of Eq. [5.24] into the
new rotating tilted frame defined above for spins I and
S and in Fig. 5.4. Rotation about the Z axis at rate

I,eff

2–3 for spin I operators ((
I,eff
2–3 is defined above) and


S,eff
2–3 for spin S operators introduces an extra time

dependence for the dipolar coupling operator of
exp(i
I,eff

2–3t) exp(i
S,eff
2–3 t). (6, 143). The frame trans-

formation (which we do not need to perform in detail
here) yields a number of terms, amongst them a
double-quantum term (143):

ĤDQ�t� � exp�i
I,eff
2–3 t�exp�i
S,eff

2–3 t�
D�t�F��I, �S�

� �Î

2–3Ŝ


2–3 � Î	
2–3Ŝ	

2–3� [5.26]

where

F��I, �S� � 1 � 2 cos �Icos �S � 2 sin �Isin �S

[5.27]

and the raising and lowering operators are defined in
the usual way:

*̂�
2–3 � *̂x

2–3 � i*̂y
2–3 [5.28]

When we form the first-order average double-quan-
tum Hamiltonian pertaining to the system using Eq.
[5.23], i.e.,

H� �0� �
1

tp
�Ĥ1t1 � Ĥ2t2 � · · · � Ĥntn�

�
1

�R
�
0

�R

ĤDQ�t�dt [5.29]

In this case, it is the time dependence of the double-
quantum term which matters, as in general, it causes
the integral of Eq. [5.29] to be zero, and thus no
double-quantum term survives. The double-quantum
term only survives averaging over a rotor period, that
is survives being averaged to zero by the MAS, if the
time dependence of some part of the ĤDQ(t) double-
quantum operator is zero.
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Expanding the 
D(t) term of Eq. [5.26], we see the
full-time dependence of the double-quantum operator
becomes:

ĤDQ�t�

� �
m�	2


2

exp�i
I,eff
2–3 t�exp�i
S,eff

2–3 t�exp�im
Rt�
IS
m F��I, �S

� �Î

2–3Ŝ


2–3 � Î	
2–3Ŝ	

2–3� [5.30]

Clearly, the time dependence of Eq. [5.30] vanishes
when


I,eff
2–3 � 
S,eff

2–3 � m
R [5.31]

This is a rotary resonance condition; under this con-
dition, the double-quantum operator arising from the
dipolar coupling between spins I and S is not averaged
to zero by MAS.

To summarize, we can excite double-quantum co-
herences between the central transitions of two dipo-
lar-coupled half-integer quadrupolar spins if we (i)
have an rf irradiation such that the spin-lock condi-
tions defined previously apply and (ii) ensure that the
sum of the effective nutation frequencies for the cen-
tral transitions of the two dipolar-coupled spins is
equal to 
R or 2
R.

Experimental Implementation of Double-Quan-
tum Correlation Experiments. The knowledge
derived above on how to excite double-quantum co-
herence under MAS conditions is used in the double-
quantum–single-quantum (DQ–SQ) correlation ex-
periment shown in Fig. 5.5. It has also been used to
derive single-quantum–single-quantum (SQ–SQ) cor-
relation spectra, via a double-quantum mixing period
(144).

There are potential problems with such experi-
ments:

(i) It is impossible to satisfy the rotary resonance
condition of Eq. [5.31] for all crystallites in the sam-
ple, as the condition necessarily depends on crystallite
orientation within the sample rotor as defined by the
Euler angles �, �. This restriction can be somewhat
alleviated by the use of rf amplitude modulation (so
that 
1 varies throughout the excitation). Tangential
amplitude modulation shapes have been found effec-
tive (143).

(ii) It may be impossible to satisfy the spin-lock
conditions defined above, while irradiating both spins
close to resonance and ensuring that 
1 is greater than
the isotropic chemical shift and second-order quadru-

polar coupling effects acting on the central transition
of both spins (so that the complete central-transition
powder pattern of each spin is uniformly irradiated).

If either or both of these situations arise, they result
in additional terms in the average Hamiltonian, some
of which may be large. One particularly problematic
term is another double-quantum term, but one that
arises solely from the quadrupole coupling and con-
nects Zeeman levels on the same spin, which differ by
2 in their magnetic quantum number (i.e., creates
double-quantum coherence on a single spin). This
term increases with the magnitude of 
1, and as it
depends on the first-order quadrupole coupling, which
is generally of MHz in size, this may be a large term,
and for even moderate rf field strengths may dominate
over the required double-quantum term connecting
the central transitions of dipolar-coupled spins.

The effect of this term in a single-quantum/single-
quantum correlation spectrum is to produce diagonal
autocorrelation peaks, regardless of the spatial corre-
lation of spins, and in a double-quantum/single-quan-
tum correlation spectrum to produce vast numbers of
spinning sidebands in the f1 dimension of the two-
dimensional spectrum, corresponding to the various
double-quantum transitions possible on a single spin
in the system (i.e., 
3/2 3 	1/2 and 
1/2 3 	3/2
for a spin-3/2). Though these sidebands are not in
themselves a problem, they may obscure genuine cor-
relation peaks in the spectrum, and in adverse circum-
stances, may have a net intensity that is considerably
greater than that of the desired correlation peaks.

There is no obvious way to avoid this situation;
one is caught between the proverbial rock and hard
place, requiring large rf amplitude to ensure that 
1 is
larger than the chemical shift and second-order quad-
rupole terms associated with the central transitions of
both spins, and also to ensure both spins are irradiated
as close as possible to on-resonance, while at the same
time requiring 
1 to be as small as possible to ensure
that 0.1 � (
1/
R) � 0.3.

Another method, based on the same rotary reso-
nance principle, has been proposed for the excitation
of the requisite double-quantum coherence (145,
146). The method includes a way of discriminating
between the desired two-spin double-quantum coher-
ence and the unwanted single-spin double-quantum
coherence, namely by applying a 180° pulse after the
excitation of the double-quantum coherence, which is
selective for the central transition for both spins. Such
a pulse has almost no effect on the single-spin double-
quantum coherence but inverts the sign of the two-
spin double-quantum coherence. Thus the two com-
ponents may be separated by phase cycling. The fact
remains, however, that if such techniques are needed,
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Figure 5.5 (a) Pulse sequence and coherence transfer pathway diagram for a phase-modulated
double-quantum experiment to correlate half-integer quadrupolar nuclei (144). The double-quantum
excitation pulse is a low-amplitude rf pulse, such that a rotary resonance condition is satisfied. See
text for details. (b) A two-dimensional DQ–SQ 23Na correlation spectrum for Na2ZrO3 obtained
using the pulse sequence in (a) for a sample spinning at 10 kHz (144).

Concepts in Magnetic Resonance Part A (Bridging Education and Research) DOI 10.1002/cmr.a



it necessarily means that the excitation efficiency of
the desired coherence is compromised, as the excita-
tion sequence is producing undesired coherences with
a greater amplitude than the desired ones (144).

5.1.3 4I-Quantum Methods for Correlation Spec-
troscopy. Exciting a 4I-quantum coherence repre-
sents an alternative to exciting double-quantum co-
herence for a spin-I pair. Such a coherence can only
arise via the agency of dipolar coupling (or J cou-
pling) between the two spins (Fig. 5.6), unlike the
case of double-quantum coherence, which can arise
on a single spin for I � 1⁄2.

Six-quantum (6Q) coherence has been used in a
6Q-SQ correlation experiment to identify which 23Na
spins are close in space in sodium zirconate
(Na2ZrO3) (147). The pulse sequence used is shown
in Fig. 5.7(a), and the corresponding 6Q-SQ correla-
tion spectrum is shown in Fig. 5.7(b). The drawback
of such an experiment, however, is that the excitation
efficiency of the 4I-quantum coherence is low, and so
many transients need to be averaged to obtain spectra
suitable for analysis. The 6Q coherence for a spin-3/2
pair, for instance, effectively consists of a triple-
quantum transition on both spins, produced coher-
ently via the mutual dipolar coupling between the
spins. As we have seen in section 5.1.2, the required
dipolar coupling between two quadrupolar spins is not
averaged by MAS, providing the irradiating rf ampli-
tude is low and spin-lock conditions are achieved. The
excitation of triple-quantum coherence on a quadru-
polar spin, in contrast, generally requires as large an rf
amplitude as can be achieved by the NMR spectrom-
eter, provided the quadrupolar coupling is large. Thus,
there is no happy solution for the production of 6Q
coherence.

It is, however, worth noting that the 6Q experiment
(147) may also be used to determine relative quadru-

pole tensor orientations. The 6Q lineshapes that arise
from the experiment in the f1 dimension of the 2D
spectrum depend strongly on the relative orientation
of the quadrupole coupling tensors. Recording the 6Q
lineshape as a function of the length of time for which
the 6Q coherence is excited allows the relative orien-
tation of the two quadrupole coupling tensors to be
determined by simulation of the lineshapes, as shown
in Fig. 5.8.

Finally, the concept of the 6Q experiment has been
neatly combined with a double-quantum experiment
by Mali and Kaucic (148) to give a high-resolution,
two-dimensional correlation spectrum with impres-
sive sensitivity. The form of the experiment is shown
in Fig. 5.9(a) for spin I � 3/2 nuclei. In essence, the
t1 period of the experiment consists of a double-
quantum MQMAS experiment: double-quantum co-
herences in the first 7/16 t1 part are transferred into 6Q
coherences for the remaining 9/16 t1, with the result
that for the coherence remaining at the end of t1, all
evolution due to the fourth-rank terms of the second-
order quadrupole coupling is refocused and all evo-
lution due to second-rank terms is refocused by the
magic-angle spinning (with the proviso that the MAS
rate is large enough; if it is not, spinning sidebands
remain in the corresponding f1 dimension of the re-
sulting 2D spectrum). Thus the coherence at the end
of t1 has only net evolution due to isotopic chemical
shift and isotropic second-order quadrupolar terms,
and only coherence arising from dipolar-coupled spin
pairs is present (as this is the only way that 6Q
coherence in the last part of t1 can be formed). Hence,
the f1 dimension of the spectrum has a projection that
is a high-resolution 2Q/6Q correlated spectrum. The
f2 dimension consists of the central-transition (single-
quantum) powder lineshapes for the dipolar-coupled
spins, or in the case of the spectrum in Fig. 5.9(b), of
a series of sidebands arising from those powder pat-
terns, as in this case, the t2 FID was recorded using a
CPMG pulse sequence (149) to improve the signal to
noise. The sequence may also optionally use a RAPT
sequence prior to the rest of the sequence, to enhance
sensitivity (16, 150).

5.1.4 MQMAS-Based Methods for Correlation
Spectroscopy. As discussed in section 3, the principal
values and the orientation of the quadrupole coupling
tensor’s principal axis frame contains valuable infor-
mation about molecular structure. Several useful tech-
niques now exist to measure the relative orientation of
homonuclear quadrupole coupling tensors for this
purpose, via two-dimensional homonuclear correla-
tion experiments. As ever, the challenge in these
experiments is to recouple the dipolar coupling be-

Figure 5.6 The formation of 6Q coherence for a pair of
spin-3/2 nuclei. The coherence involves the correlation of
the triple-quantum coherences for each spin.
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Figure 5.7 (a) Pulse sequence and coherence transfer pathway diagram for a six-quantum
experiment to correlate half-integer quadrupolar nuclei (147). (b) A 23Na 6Q–SQ correlation
spectrum for sodium zirconate recorded using the pulse sequence in (a) (147). There are three 23Na
sites in this material, whose simulated central transition powder lineshapes are shown above the 2D
spectrum. The correlations peaks A and E correspond to correlations between Na(1) and Na(3); B
and D to correlations between Na(2) and Na(3), and C to autocorrelations between Na(1) spins.
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tween the quadrupolar spins under study. Different
approaches are taken in the different experiments, as
described below, and some are likely to have more
general utility than others. A further advantage of
these types of experiment is that in addition to spatial
correlation information, they yield quantitative infor-
mation on the relative orientation of the correlated
quadrupole coupling tensors.

All the methods are based on the MQMAS exper-
iment described in section 2.2. A typical experiment is
shown in Fig. 5.10(a) (151, 152). The experiment
proceeds as per a normal MQMAS experiment, ex-
cept that between the multiple-quantum evolution in

t1 and the single-quantum detection in t2, there is a
mixing period, �m, where the coherence is stored as
longitudinal magnetization (associated with popula-
tions of the central transition levels of the quadrupolar
nuclei under study). In a compound where there are
1H available, exchange of the longitudinal magneti-
zation may take place most efficiently via the agency
of spin diffusion through the 1H dipolar-coupled net-

Figure 5.8 (Left) The 23Na 6Q lineshapes arising in the f1

dimension of a two-dimensional 23Na 6Q–SQ correlation
spectrum for Na2SO4 obtained using the pulse sequence in
Fig. 5.7(a) for different 6Q excitation times, as indicated in
the figure. The 6Q lineshape depends on the relative orien-
tation of the quadrupole coupling tensors of the two 23Na
spins involved in the 6Q coherence. From the crystal struc-
ture of Na2SO4, the tensors should be related by the Euler
angles (0°, 23.4°, 0°) and the simulations of the 6Q line-
shapes, shown on the right, assuming this geometrical rela-
tionship.

Figure 5.9 Pulse sequence and coherence transfer path-
way diagram for a 6Q–2Q correlation experiment which
correlates half-integer quadrupolar nuclei and allows a high-
resolution spectral dimension and is shown here for I � 3/ 2
(148). (b) A 23Na 6Q–2Q spectrum for Na2SO4 obtained
using the pulse sequence in (a) (143). The spectrum is
recorded with the aid of CPMG in t2, and thus the f2

projection consists of a series of sidebands arising from the
23Na central transition powder pattern, rather than the pow-
der pattern itself.
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work, if no 1H decoupling is performed. Where 1H
spins are present, this is an efficient way of driving the
transfer of magnetization between the quadrupolar

spins, even under MAS. In the absence of 1H, this
magnetisation transfer in the experiment could pro-
ceed via the homonuclear dipolar coupling between

Figure 5.10 (a) Pulse sequence and coherence transfer pathway diagram for an MQMAS-based
exchange experiment (151, 152 ). (b) 23Na MAS NMR spectra of Na2MoO4 � 2H2O recorded using
the pulse sequence in (a); (i) triple-quantum MAS spectrum showing the two distinct Na sites, (ii)
similar spectrum recorded using �m of 200 ms showing cross-peaks between the two Na species, (iii)
left: expansion of the low-field cross-peak in (ii) and right: corresponding simulation of the
cross-peak assuming the relative orientation of the two quadrupole coupling tensors is given by � �
90°, � � 24°, and � � 15° (151, 152 ).

Concepts in Magnetic Resonance Part A (Bridging Education and Research) DOI 10.1002/cmr.a

234 ASHBROOK AND DUER



the two quadrupolar spins. Figure 5.10(b) shows the
form of the cross-correlation peaks obtained by this
experiment (23Na NMR of Na2MoO4.2H2O) along
with a simulation that allows the relative orientation
of the two 23Na quadrupolar tensors to be determined.
Obviously, such an experiment could be performed by
exciting single-quantum coherence initially and let-
ting that evolve in t1 rather than the multiple-quantum
coherence used in the experiment of Fig. 5.10. The
advantage of using multiple-quantum coherence is
one of resolution; the signals in an N-quantum spec-
trum are separated by N times the chemical shift
differences that are present in the single-quantum
spectrum (in addition to the quadrupolar isotropic
shift, which is also magnified in a multiple-quantum
spectrum).

Eden and colleagues (153) proposed a similar ex-
periment (using in this particular case direct dipolar
coupling between the quadrupolar spins rather than
via a 1H network) but extended the approach to three
dimensions to obtain an isotropic spectral dimension
with the cross-correlation peaks appearing in two-
dimensional slices correlated with the isotropic peaks
in f �1. The form of the experiment is shown in Fig.
5.11(a) (153). Initial multiple-quantum evolution for a
time t1 is followed by a single-quantum refocusing
period kt1, during which evolution under fourth-rank
terms of the second-order quadrupole Hamiltonian is
refocused. There then follows a period of evolution,
t2, of central-transition single-quantum coherence un-
der the second-order quadrupole coupling before a
mixing period where the magnetization is stored along
the axis of the applied field. During the mixing period,
there is exchange of magnetization between the qua-
drupolar spins by virtue of the residual dipolar cou-
pling (arising from a second-order dipole-quadrupole
cross-term in the average Hamiltonian) that is not
removed under MAS (154) and MAS-driven recou-
pling through modulation of the first-order quadrupole
coupling as described in section 5.1.1 in the discus-
sion of rotational resonance (155). Finally, the single-
quantum spectrum pertaining to the central transition
is acquired in t3. The experiment results in a three-
dimensional spectrum with a high-resolution f1 di-
mension in which signals are correlated with cross-
correlation patterns arising from correlation between
the central-transition powder patterns of dipolar-cou-
pled nuclei, as shown in Fig. 5.11(b).

Figure 5.12(a) shows the pulse sequence used in
two further MQMAS-based methods for correlating
half-integer quadrupolar nuclei that use different
methods for recoupling the dipolar coupling between
the quadrupolar spins (156, 157). In each case, dipolar
recoupling is achieved simply by spinning the sample

at some angle other than the magic angle with respect
to the applied field so that the dipolar coupling is not
averaged to zero as it would be under magic-angle
spinning.

In the MQP4MAS experiment, the sample is spun
continuously at 70.1° to the applied field (156, 157).
Spinning at this angle averages to zero the fourth-rank
terms in the second-order quadrupole coupling aver-
age Hamiltonian (Eq. [1.5]), while leaving the sec-
ond-rank ones and the dipolar coupling (and chemical
shift anisotropy) to be averaged to some finite, non-
zero value. Thus, in the MQP4MAS experiment for
dipolar-coupled spin-3/2, initial triple-quantum coher-
ence is excited and this is then transferred at the end
of t1 to zero-quantum longitudinal magnetization for a
period �m, during which magnetization exchange
takes place between spins via the agency of the (non-
zero) dipolar coupling between them. Finally, a selec-
tive 90° pulse (selective for the central transitions of
the spins under study) yields 	1-quantum coherence
for observation. After a period k�t1 of evolution of the
	1Q coherence, the evolution (of the triple-quantum
coherence) under the second-rank terms of the sec-
ond-order quadrupole coupling that takes place in the
t1 period of the experiment is refocused.

After appropriate processing of the time domain
data, one achieves a high-resolution projection in the
effective f �1 dimension exactly as in a conventional
MQMAS experiment (see section 2.2), except for the
effects of any chemical shift anisotropy (CSA). CSA
and dipolar couplings are not averaged to zero by
spinning at 70.1°, of course, and so their effects
remain in both dimensions of the spectrum, which can
cause a problem in resolving signals for some sam-
ples.

The f2 dimension will contain powder patterns
corresponding to the central-transition powder pattern
due to the second-rank terms of the second-order
quadrupole coupling and chemical shift anisotropy of
the nuclei under study. The two-dimensional plane
will show cross-peaks between resonances for which
exchange of magnetization occurred via dipolar cou-
pling during the mixing period �m. Figure 5.12(b)
shows the application of this method to 23Na in
Na2SO3, which has three inequivalent 23Na sites. The
MQP4MAS spectrum (156, 157) shows distinctive
correlations between two of the 23Na sites, even for
short mixing times of �m � 10 �s, showing that the
residual dipolar coupling at the spinning angle of
70.1° is sufficient to introduce exchange between
spins.

In the MQOMAS method (157), the same pulse
sequence is used as for MQP4MAS (see Fig. 5.12(a)),
but the sample is rotated at the magic angle during all
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periods except for the mixing period, �m, during
which rotation at 45° is used, so that the dipolar
coupling is not averaged to zero by the sample spin-

ning. The result is a spectrum that is similar to an
MQP4MAS spectrum but without the unwanted ef-
fects of chemical shift anisotropy (and of course a

Figure 5.11 (a) Pulse sequence and coherence transfer pathway diagram for a three-dimensional
MQMAS-based exchange experiment (153) The use of a split-t1 period enables the anisotropic broad-
ening to refocus before t2 and an isotropic spectral dimension to be obtained. (b) High-resolution 3D
exchange spectrum of Na2SO3, illustrating the 2D exchange slices at the indicated frequencies (153).
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different quadrupolar lineshape in the anisotropic di-
mension as the second- not the fourth-rank terms are
now removed by sample rotation). This experiment,
though technically more demanding due to the angle
switching, provides a general way to recouple dipolar
coupling for quadrupolar nuclei, which should be
applicable to the vast majority of samples. It is, of
course, directly related to the exchange experiment
demonstrated in Fig. 5.10 (152, 153), but enables a

more efficient magnetization transfer during the mix-
ing time.

The same work (157) compares the MQP4MAS
and MQOMAS methods with a DAS exchange exper-
iment (a DAS experiment as in section 2.4 and Fig.
2.4, with a mixing period �m included in the delay �
before the spinning angle is switched). The DAS
exchange experiment has limited resolution, as the
DAS experiment itself does, due to dipolar broaden-
ings in both dimensions.

5.2 Measuring Homonuclear Dipolar
Couplings between Quadrupolar Nuclei

As discussed in the introduction to this section, there
is no generally useful way to measure homonuclear
dipolar couplings between quadrupolar nuclei with
large quadrupolar couplings, although some tech-
niques have appeared in the literature, which have
proved efficacious, at least in some cases.

In MQMAS spectra, the high-resolution, multiple-
quantum/single-quantum f �1 dimension often contains
spinning sidebands, and these have a significant con-
tribution from dipolar coupling effects where present
(158). The effect of dipolar coupling during the mul-
tiple-quantum evolution is multiplied by N, the order
of the multiple-quantum coherence (159), ensuring
that even small dipolar couplings have a significant
effect. The sideband pattern in the f �1 dimension may
then be simulated and the dipolar coupling informa-
tion retrieved. This method should be generally ap-
plicable, providing that chemical shift anisotropy is
negligible and that the multiple-quantum excitation
and transfer back to single-quantum coherence are
dealt with carefully. The molecular orientation depen-
dence of both processes means that rotor-encoded
spinning sidebands will also appear in the f �1 dimen-
sion of the spectrum (160). These will be convoluted
with the sidebands arising from dipolar coupling and
so will tend to extend the effect of the dipolar spin-
ning sidebands. The effect of rotor-encoding is easily
taken into account in the simulation of the sidebands,
but nevertheless, it is prudent to ensure that such
sidebands do not dominate the sideband spectrum.
The easiest way to achieve this is to keep both exci-
tation and transfer pulse sequences as short as possi-
ble. If chemical shift anisotropy is not negligible, then
the sideband pattern in f1 will also contain a contri-
bution from that interaction, making it significantly
more difficult to uniquely extract the dipolar coupling
information. Figure 5.13 shows an example where this
approach has been used for the dipolar coupling be-
tween 23Na spins in Na2SO4.

Figure 5.12 (a) Pulse sequence and coherence transfer
pathway diagram for the MQP4MAS and MQOMAS ex-
change experiments (156, 157). In MQP4MAS, the sample
is rotated at an angle of 70.1° throughout the experiment,
while in MQOMAS, the sample is rotated at the magic angle
at all times except during �m, when the sample is rotated at
45°, ensuring the dipolar coupling is not removed. (b)
MQP4MAS NMR exchange spectrum of Na2SO3, demon-
strating the presence of cross-peaks between some of the Na
resonances that are able to be resolved (156, 157).
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More recently, a three-dimensional experiment has
been developed to measure dipolar couplings between
quadrupolar nuclei more directly (161). This approach
is promising, the only drawback being its 3D nature
and somewhat long experimental time. The form of
the experiment is shown in Fig. 5.14(a). It is based on
a typical MQMAS experiment, with the addition of a
variable time period (t2 in Fig. 5.14(a)) between the
triple-quantum coherence evolution and the subse-
quent observation of single-quantum coherence (in t3
in Fig. 5.14(a)), during which homonuclear dipolar
coupling is recoupled. The dipolar recoupling is sim-
ply achieved in this case using the equivalent of the
spin-1/2 HORROR condition (162). The HORROR
condition for spin-1/2 nuclei is a rotary resonance
condition, described in detail in (162), under which
homonuclear dipolar coupling is recoupled under rf
irradiation when 
1� 0.5 
R, that is, the nutation rate

of the spin-1/2 magnetization under rf irradiation (
rf)
equal to half the sample spinning rate. For a spin-3/2
nucleus, for rf irradiation applied to the central tran-
sition such that 
1 	 
Q, where 
Q is the quadrupole
splitting defined in Eq. [4.4], the nutation frequency
of the central-transition magnetization under the rf
irradiation is 2 
1 as shown in detail in (6 ) and
references therein. Thus the equivalent HORROR
condition for dipolar recoupling involving the central
transitions of spin-3/2 nuclei is 
1 � 0.25 
R,2 and
this is applied in the experiment of (161). In this
experiment, the dipolar recoupling is applied to lon-
gitudinal magnetization associated with the central
transition. This has the advantage that such magneti-

2This result can also be derived from the analysis in section 5.1.2
for the recoupling of dipolar coupling for the purposes of generat-
ing double-quantum coherence between spins. In this analysis, for
the present purposes, all terms in Îz and Ŝz

and ( Îz 
 Ŝz) can be
ignored as they have no effect on a density operator, which is
proportional to (Îz
 Ŝz) and so the only effective field acting is that
due to the rf irradiation along x, described by Eq. [5.20] (Ĥrf �
2
1( Îx

2–3 
 Ŝx
2–3)). Thus the rotary resonance condition of Eq.

[5.31] (
I,eff
2–3 
 
S,eff

2–3 � m
R; m � �1, �2) simply becomes 4
1

� m
R.. The condition 
1 � 0.5
R also recouples chemical shift,
heteronuclear dipolar coupling, and second-order quadrupole cou-
pling terms and so is not so useful.

Figure 5.13 The spinning sideband pattern in the f1 iso-
tropic dimension of a 23Na MQMAS spectrum of Na2SO4

that principally arises from dipolar coupling between the
23Na spins. The simulation of the sideband pattern accord-
ing to the known dipolar coupling in this compound (deter-
mined from its crystal structure) is shown below.

Figure 5.14 (a) Pulse sequence and coherence transfer
pathway diagram used in the three-dimensional exchange
experiment of Pines et al. (161 ). Recoupling is promoted in
�m through the use of a HORROR coupling condition,
where a radiofrequency field strength of 0.25 
R is applied.
(b) A two-dimensional slice extracted from such an exper-
iment for 23Na in Na2HPO4. this slice shows powder pat-
terns due to dipolar coupling in the f2 dimension, correlated
with a high-resolution dimension f1 (161 ).
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zation suffers no evolution under quadrupole cou-
pling, heteronuclear dipolar coupling, or chemical
shifts, as these interactions impart only rotations
about z and so have no effect on magnetization stored
along z. Only the recoupled homonuclear dipolar cou-
pling imparts non-z rotations and so has a net effect on
the stored longitudinal magnetization. Figure 5.14(b)
shows an example of the use of this method for 23Na
in Na2HPO4 (161).

5.3 Spin Counting

In spin-1/2 NMR spectroscopy, the number of spins in
a cluster may be counted by examining (a) what
orders of multiple-quantum coherence may be excited
within the cluster, with order 2N (where N is the
number of spins in the cluster) being the maximum
possible and (b) the amplitude of each coherence
order excited as a function of the length of multiple-
quantum excitation. Such methods have been used in
static and spinning samples and provide a useful
structural tool (see ref. [6] and references therein for
a more complete discussion of the spin-1/2 case).
Such a tool would be invaluable for quadrupolar nu-
clei also. Unfortunately, however, the strong quadru-
pole coupling found in many systems renders this
impossible (163). For systems with small quadrupole
couplings, notably 7Li, conventional spin-1/2 methods
may be used with some success (163, 164).

6. STRUCTURAL INFORMATION FROM
SCALAR (J) COUPLING

The scalar coupling, or J coupling, which provides so
much useful information in liquid-state NMR, is often
overlooked in solid-state NMR as it is much smaller
in magnitude (�10–50 Hz) than the anisotropic
broadening resulting from dipolar, CSA, and quadru-
polar interactions. However, this through-bond cou-
pling can provide insight on the local bonding net-
work, topology, and connectivity, and aid spectral
assignment. Experiments involving coherence trans-
fer through the J coupling are highly selective and,
unlike those based on the through space dipolar inter-
action, usually display little orientational dependence
and a low sensitivity to molecular motion, often en-
abling a simple interpretation. In the simplest case, the
presence of a J coupling to a remote spin S can be
directly observed by a multiplet splitting (of 2S 
 1
lines) in the I spin spectrum, from which the J cou-
pling can be extracted directly. This indicates a direct
link of I and S through a number of chemical bonds,
usually only between one and three, unlike the dipolar

coupling, which indicates only spatial proximity. For
example, a two-bond J coupling of 64 Hz between
29Si and 93Nb observed in the 29Si MAS spectrum of
Rb4(NbO)2(Si8O21), results in a 10-line multiplet
structure (165). In many cases, the direct observation
of a J coupling in the spectrum of a quadrupolar
nucleus is difficult if significant second-order quadru-
polar broadening is present. The removal of this
broadening with MQMAS (or an alternative high-
resolution approach) may be able to resolve a J cou-
pling, as demonstrated by Wu and colleagues (166)
where a 85-Hz 11B-31P J coupling was observed in the
isotropic spectrum of (PhO)3P-BH3. The magnitude
of a J coupling usually decreases with the number of
chemical bonds connecting the two nuclei, but is also
dependent to some extent on other geometrical fac-
tors, such as bond angles and exact relationships (e.g.,
cis or trans) to other functional groups.

Many of the experiments used in solution-state
NMR designed to either measure a J coupling or
simply demonstrate a through-bond connection have
been successfully applied to solid-state NMR of spin-
1/2 nuclei, including homonuclear methods such as
COSY and INADEQUATE (167), and heteronuclear
methods such as INEPT, DEPT, J-resolved spectros-
copy, J-HSQC, and J-HMQC (168–170). These ap-
proaches often result in spectral simplification and
increased resolution, allowing assignment and the ex-
traction of site-specific structural information. Despite
the presence of larger anisotropic interactions, which
often render the actual multiplet splitting resulting
from the scalar coupling unresolvable, experiments
that use this coupling to mediate coherence transfer
are still possible.

The use of experiments exploiting the J coupling to
or from a quadrupolar nucleus are much less common,
and perhaps offer an area of untapped potential. How-
ever, Fyfe and colleagues (171) have demonstrated
that coherence transfer from a quadrupolar nucleus
with noninteger spin to a spin-1/2 nucleus is possible
by INEPT (insensitive nuclei enhanced by polariza-
tion transfer) (172) refocused INEPT (173) and DEPT
(distortionless enhancement by polarization transfer)
(174) transfers. The standard one-dimensional INEPT
experiment is shown in Fig. 6.1(a), with coherence
transfer occurring through the J coupling with the
final 90° pulses converting 2IxSz to 2IzSy. (The refo-
cused INEPT experiment employs an additional echo
before acquisition, allowing the S spin antiphase vec-
tors to come back into alignment, converting 2IzSy

into 	Sx.) Fyfe and colleagues (171) used these tech-
niques for detection of 27Al/29Si and 23Na/29Si J cou-
plings in microcline and albite, respectively.
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The use of INEPT to extract structural information
was also demonstrated by Kao and Grey (175 ), who
studied a trimethyphosphine bound to a Lewis acid
site in dehydroxylated HY zeolite, investigating the
presence of host-guest interactions within these mi-
croporous materials. A full investigation of 27Al-31P
INEPT transfer was undertaken also by Kao and Grey
(176) on a (CH3)3P-AlCl3 complex, once again within
a zeolite, now NaX. For short pulse durations (� and
2�), the 31P spectrum showed only coupling to the
27Al central transition (mI � �1/2) levels. As the
pulse duration increased, J coupling to the mI � �3/2
and �5/2 levels was also observed. However, if the
INEPT pulses were applied in a rotor-synchronized
manner, the full multiplet structure was observed for
all pulse durations. INEPT transfer was chosen from
27Al to 31P on the basis of the relative relaxation
times.

An alternative approach, that of J-resolved spec-
troscopy, for the measurement of J couplings was
used by Massiot and colleagues (177). A simple 27Al
spin echo pulse sequence is adapted with an additional
31P 180° pulse applied simultaneously with that for
27Al. This pulse modulates the obtained signal, M(�),
by the Al–O–P scalar coupling such that

M��� � �
n

cos�2�Jn��exp�	2� /T�2� [6.1]

where Jn is the scalar coupling and T�2 the relaxation
time corresponding to the nonrefocusable line width.
Incrementation of � and subsequent Fourier transfor-
mation leads to a so-called J-resolved spectrum in the
indirect dimension, which can be modeled to extract
the various J couplings. The presence of two distinct
J couplings in the Al–(OP)4 tetrahedron of AlPO4

berlinite (of 26 and 19.4 Hz, respectively) has been
demonstrated using this method (177). Although sim-
ple to perform, this technique is limited to cases
where T�2 is ample to provide sufficient coherence
lifetimes.

The Al–O–P coupling was further used to generate
a heteronuclear J-HMQC correlation experiment
(177). This derives directly from the J-resolved ex-
periment, splitting the 31P 180° pulse into two 90°
pulses placed symmetrically around the 27Al 180°
pulse and separated by an incremented t1/2 evolution
period, as shown in Fig. 6.2(a). Phase cycling selects
double-quantum coherences that evolve under the 31P
chemical shift in t1. This experiment uses the isotropic
part of the J coupling that is independent of crystallite
orientation, yielding undistorted quadrupolar line-
shapes, which are correlated with the 31P lineshapes
connected through chemical bonding, as shown in

Fig. 6.2(b), a two-dimensional J-HMQC (27Al/31P)
spectrum of AlPO4 berlinite, demonstrating through-
bond connectivity of Al and P. The through-bond
correlation of Al and P resonances in hydrated VPI-5
was also studied using this technique (177). Although
connectivity of all three Al species to all three 31P
resonances was observed, the intensity of the cross-
peaks show clear differences, reflecting the different
magnitude of the J couplings. Recently, a modified
J-HMQC experiment has been performed using the J
coupling between two quadrupolar nuclei for the first
time (178). This work used the J coupling between
27Al and 17O in crystalline CaAl2O7 (grossite) with
30% 17O enrichment and a glass, CaAl2O4, also with
30% 17O enrichment.

The simple one-dimensional INEPT sequence de-
scribed above may also be converted into a two-
dimensional correlation experiment, through the in-
crementation of the initial � delay as a t1 period.
Subsequent two-dimensional Fourier transformation
results in a two-dimensional spectrum where cross-
peaks appear between I and S spin resonances, which
are connected through chemical bonds. Such a spec-
trum is shown in Fig. 6.1(b), a two-dimensional 27Al/
31P INEPT spectrum of AlPO4-14. As has been the
case for many methods described thus far, the second-
order quadrupolar broadening present in the spectrum
of the quadrupolar spin may often hinder the obser-
vation of cross peaks or the measurement of a J
coupling. Wiench and Pruski (179) have introduced a
series of experiments that combine two-dimensional
heteronuclear correlation through the J coupling with
the high resolution offered by MQMAS. These in-
volve a initial triple-quantum (p � 
3) excitation on
a quadrupolar I spin and subsequent conversion to
single-quantum (p � 	1) coherence, in this case
through the use of a composite FAM-type pulse. This
coherence is then used in a correlation experiment,
using either INEPT (172), INEPTR (173), INEPT

(180), or DEPT (174) transfers. The refocused INEPT
(INEPTR) experiment produces multiplets that are in
phase, as opposed to the antiphase multiplets of IN-
EPT. Further refinement using INEPT
 reduces
phase and multiplet anomalies, although a longer ex-
periment (i.e., more T�2 dependant) results. This is also
the problem with the DEPT sequence, where time
periods are significantly longer. Excellent resolution
and sensitivity were shown for 27Al-31P INEPTR
transfer in AlPO4-14 (with an isopropylamine tem-
plate) (179), where correlation of Al1 and Al3 to P1,
P3, and P4; Al2 to P1, P2, and P4; and Al4 to P2, P3,
and P4 is observed. The increase in resolution over
the conventional INEPT experiment significantly
eases the spectral assignment. However, incomplete
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Figure 6.2 (a) Pulse sequence and coherence transfer path-
way diagram for a J-HMQC experiment (177). Phase cycling
selects double-quantum coherences that evolve under the 31P
chemical shift in t1, producing a two-dimensional correlation
spectrum. (b) J-HMQC (27Al/31P) of AlPO4 berlinite, demon-
strating through-bond connectivity of Al and P.

Figure 6.1 (a) Pulse sequence for a one-dimensional IN-
EPT (172 ) experiment where magnetization is transferred
from I to S via a through-bond scalar or J coupling. Incre-
mentation of the initial � duration enables the acquisition of
a two-dimensional correlation spectrum. An additional echo
may also be employed before acquisition on the S spin (a
refocused INEPT experiment) (173). (b) Two-dimensional
27Al/31P INEPT and MQ-INEPT spectra of AlPO4-14 (with an
isopropylamine template) (179). Note the increase in resolution
in the 27Al dimension when the MQ experiment is used.
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refocusing of the second-order quadrupolar interac-
tion may affect the relative cross-peak intensities.

The presence of one or more I-S heteronuclear J
couplings may also affect measurements of the I-S
dipolar coupling through experiments such as RE-
DOR. Trebosc and colleagues (105) have shown that
a frequency-selective REDOR experiment on a SIn

multispin system is affected by JIS scalar couplings.
These J couplings can, however, be determined (by
least-squares fitting) from this experiment, and spatial
and through-bond information obtained simulta-
neously.

7. SUMMARY

Solid-state NMR provides an element-specific nonde-
structive probe for the examination of the local struc-
tural environment in crystalline and amorphous ma-
terials. It has the potential to provide detailed
structural information, qualitative and quantitative in
nature, through the many interactions (chemical
shielding and dipolar, quadrupolar, and scalar cou-
plings) that affect NMR spectra. Although much of
this potential is currently being exploited for nuclei
with spin I � 1/2, with structural information on
complex materials such as peptides and proteins al-
most routine, the more complex spin dynamics asso-
ciated with quadrupolar spins, coupled with the pres-
ence of large anisotropic broadenings, have resulted
in many fewer studies, despite the fact that over 75%
of NMR-active nuclei possess spin I � 1/2, including
many chemically, industrially, and geologically rele-
vant species. The recent advances in high-resolution
NMR, particularly for half-integer spins, have enabled
a fresh perspective on the use of such nuclei for
structural studies and a resurgence of interest and
work in the literature. In many ways, structural studies
using quadrupolar spins still trail behind those used
routinely in spin-1/2 NMR, with often only qualitative
information available and the highly desirable quan-
titative measurements still difficult or impossible. The
potential information and benefits of obtaining this
quality of information from quadrupolar nuclei still
drives much research.

Finally, a thought on where this area is, or perhaps
should be, headed in future. Although a vast amount
of information is present in a solid-state NMR spec-
trum, high resolution (and with good sensitivity) is
usually required for accurate measurements. Continu-
ing research in this area, improving the sensitivity and
ease of acquisition of high-resolution spectra is there-
fore of great importance, particularly when such spec-
tra are not the ultimate aim but only a single small part

of a much more complicated experiment. Improve-
ments to old experiments and new techniques are still
being introduced, and perhaps when the determination
of structural information is more widely considered as
the goal, new and different approaches may be found.
In many cases, current methods provide only qualita-
tive results and, as is often the case for quadrupolar
nuclei, more theoretical work is required to under-
stand more deeply the nature of the coherence trans-
fers occurring and whether they may be better con-
trolled or directed. Although out of the scope of this
current work, there is also much to be gained from the
consideration of molecular motion. NMR is particu-
larly sensitive to the presence of motion or dynamics
within a system on a range of timescales through
exchange experiments (s), lineshape perturbations
(ms-�s) to relaxation times (ns). Not only can infor-
mation on rates or activation energies be extracted,
but often the symmetry or orientation relationships of
various nuclei or moieties can also be determined.
Lastly, the growing use of ab initio calculations to aid
with spectral assignment, study the dependence of
NMR parameters upon structural features, and to as-
sist with the study of complex disordered or amor-
phous materials potential also offers for future devel-
opment and expansion.
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MONOLAYER COMPRESSION 963 

L VDT. In Fig. 3, a sensitivity of 10 d/ cm/in. of chart 
paper was used. The zero-point drift over a period of 5 hr 
was negligible. After each run, the monolayer was swept 
off the trough. In each case the barrier regained its initial 
position to within 0.1 d/cm. 

By adjusting the recorder x-axis span, a one-to-one 
correspondence between the position of the barrier and 
the projection of the recorder pen on the x axis was ac­
complished with an error of approximately 0.5 mm of 
travel of the barrier on the trough. This will usually corre­
spond to an error in area/molecule of approximately 0.05 
to 0.1 N/molecule, depending upon the amount of sur­
fa cant spread on the surface. 

In actual use, our instrument is enclosed in a thermostat 
designed after that described by Harkins.2 We are able to 
control closely the temperature (over a wide range) and 
the atmosphere of the inner chamber housing the film 
balance. \Ve are able to control airborne contamination 

THE REVIEW OF SCIENTIFIC INSTRUMENTS 

and we are easily able to keep the inner chamber saturated 
with respect to the substrate liquid. 

We should point out that the LVDT can be adapted to 
a null-detection apparatus such as that described by 
Anderson and EveW by using the output from the LVDT 
secondary as an error signal in a servo system. As the core 
passes through the null position, the output signal from 
the LVDT changes phase by 180°. A system designed 
with this principle in mind could offer an elegant way of 
following the change in surface area as a function of time 
at constant pressure. The possibilities of this system have 
not been explored. 
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Splitting in High Resolution PMR Spectra 
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The double resonance technique aims at removing the effect of spin-spin coupling by the application of a strong 
rf field at the resonance frequency of the disturbing nucleus in addition to the weak rf field used for observation 
of the NMR spectrum. A method is described whereby the weak rf field is obtained by a small audio frequency 
modulation of the magnetic field strength. This method is applicable to chemically nonequivalent groups of hydro­
gen nuclei to simplify the interpretation of high resolution proton magnetic resonance spectra. Two examples are 
given. 

T HE interpretation of high resolution proton mag­
netic resonance spectra is often made difficult by 

the appearance of complex multiplet patterns due to in­
direct spin-spin couplings in the molecule. In cases where 
the chemical shift is large compared to the spin coupling 
constant, the spin-spin splitting can be effectively removed 
by the application of a second rf field strong enough to 
scramble the spin states of the disturbing nuclei. This 
double resonance method was originally ·proposed and 
theoretically investigated by Bloch l while a simplified 
theory and experimental verification for the case in which 
the interacting nuclei have different gyromagnetic ratios 
were given by Bloom and Shoolery.2 The method 
has recently been applied in numerous casesB to eliminate 

1 F. Bloch, Phys. Rev. 102, 104 (1956), see Sec. 7. 
2 A. L. Bloom and J. N. Shoolery, Phys. Rev. 97, 1261 (1955). 
3 J. A. Pople, W. G. Schneider, and H. J. Bernstein, High-Resolution 

Nuclear Magnetic Resonance (McGraw-Hill Book Company, In:., 
New York, 1959). 

the effects of BU, Nl4, A127, and PB! nuclei on the proton 
spectrum. The application to chemically nonequivalent 
hydrogen groups should be of considerable assistance in 
the interpretation of complex high resolution proton mag­
netic resonance spectra, yet the only examples of such 
application appear to be those reported by Anderson.4 

This may be caused by the fact that the electronic com­
ponents used by Anderson are not normally available in 
most high resolution spectrometer installations. It is the 
purpose of this paper to show how proton spin decoupling 
can be achieved by relatively simple means. 

The method is based on the audio modulation technique4 

which is commonly employed in high resolution PMR to 
produce sidebands for calibration purposes. In order to 
collapse the spin multiplets the rf amplitude of the trans­
mitter is adjusted to a sufficiently high value so that the 
zero-order v-mode spectrum, which in the following will 

4 W. A. Anderson, Phys. Rev. 102, 151 (1956). 
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964 REINHOLD KAISER 

dc 

TABLE r. Relative signal intensity and mode for 
audio modulation technique. 

Low 
sideband 

Center 
band 

J 0
2v 

High 
sideband 

{

in phase 
f component 

a quadrature 
o 

component -J,(JO-J2)u +2JoJ,u -J,(Jo-h)u 
It, v=slow-passage no-saturation solution of Bloch's 

equations for It- or v-mode display, respectively 
J o, J" J 2 =Bessel functions of the first kind of argument -yh/f!., 

(h=audio modulation field amplitude, f!.= audio 
modulation angular frequency) 

be referred to as "center band," is saturated and no 
longer shows any fine structure due to spin-spin couplings. 
The disappearance of the fine structure indicates that 
Bloom and Shoolery's condition for the scrambling of spin 
states, viz., 

(1) 

(-y=gyromagnetic ratio, H,=rotating magnetic rf field, 
J = spin-spin coupling constant in cycles/sec), is being 
met. After this adjustment has been made, a very small 
audio modulation signal is applied to the sweep coils, and 
the resulting first-order sidebands are observed with a 
phase-sensitive detector which is locked to the audio fre­
quency. The reference voltage to the detector should be 
in phase with the audio modulation field, because in this 
case the detector will suppress the center band signal and 
will give v-mode signals for the first sidebands, one of 
which will be inverted. Table I, which is derived from the 
theory given by Anderson4 for the audio modulation tech­
nique, shows the modes and strengths of the various 
signals that can be observed with small audio modulation 
when the rf receiver is adjusted for v-mode display. To 
avoid saturating the sideband signals the modulation 
index -yh/n must be very small to satisfy the condition 

(2) 

where T l , T2=longitudinal and transverse relaxation 
times, respectively. Because of condition (1), this me-

'iii II A. F. SIDEBAND _0-
dfl':,. At.. D.C. CENTERBAND 

-H 

A.F. SIDEBAND . Ii, II 

FIG. 1. Schematic composition of acetaldehyde 
proton double resonance spectrum. 

quality essentially reduces to 

(2a) 

If Q is chosen to satisfy the double resonance condition 

(3) 

where o=chemical shift in ppm between the two groups 
of nonequivalent hydrogen atoms whose spins are to be 
decoupled, and w=27r"f with f=radio frequency of the 
spectrometer, then either of the two interacting groups 
can be observed in one sideband while the other one is 
being irradiated by the strong center band rf field. 

This situation is explained in Fig. 1 which, for simplicity, 
has been drawn for the acetaldehyde spectrum. The acet­
aldehyde spectrum consists of two groups of lines: a 
quadruplet at low field due to the aldehyde hydrogen 

(b) 

(c) 

FIG. 2. (a) Proton double resonance spectrum of acetaldehyde 
(w=2 ... X56.4 Mc, f!.=2 ... X427 cps, H,,,-,lO milligauss). Sweep 
speeded up between groups of lines. (b) Proton resonance spectrum 
of pyridine at 56.4 Mc. (c) Proton double resonance spectrum of 
pyridine (w=2 ... X56.4 Mc, f!.=2 ... X88 cps, H,"-'3.8 milligauss). 
Sweep speeded up between groups of lines. 

being split by indirect spin-spin interaction with the 
three methyl hydrogens, and a doublet at high field due 
to the equivalent methyl hydrogens being split by spin 
coupling with the aldehyde hydrogen. These two groups 
of resonances, as they would normally be recorded by the 
spectrometer in v-mode operation with weak rf field, are 
indicated by the vertical bars in the second line of Fig. 1 
marked "dc center band." When the rf amplitude of the 
transmitter is increased to satisfy Eq. (1) (and, if neces­
sary, the receiver gain is temporarily reduced to avoid 
overloading), this center band spectrum takes the ap­
pearance that is indicated in Fig. 1 by the curved "hoods." 
After the value of Hl needed to saturate sufficiently the 
center band has thus been determined, Q and h can be 
adjusted according to Eqs. (2) and (3), and the two side­
band spectra indicated in the first and third lines of Fig. 1 
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DOUBLE RESONANCE TECHNIQUE 965 

can be observed in the output of the phase-sensitive de­
tector. Equation (3) ensures that they are displaced to 
either side of the center band spectrum by an amount 
equal to the chemical shift o. The center band spectrum 
will be suppressed by the phase detector and the sideband 
spectra will be in v-mode display, provided the reference 
voltage to the phase-sensitive detector has been adjusted 
to be in phase with the audio modulation field. A slow 
sweep of H (or w) through the region of the spectra will 
then result in an output from the phase-sensitive detector 
of the form indicated in the bottom line of Fig. 1. 

The double resonance spectrum of acetaldehyde re­
produced in Fig. 2(a) shows how the spin-spin splitting 
is removed in the two central components. This and the 
following spectra were taken using the high resolution 
components of a Varian V 4302 spectrometer operating 
at 56.4 Mc and modified by the addition of a phase­
sensitive detector with phase shifter, and an attenuator, as 
shown in the block diagram in Fig. 3. These two addi­
tional components are readily available commercially." 
The selective amplifier6 shown dashed in Fig. 3 is not 

FIG. 3. Block diagram of double resonance spectrometer. 

required when working with strong signals, but is recom­
mended for weak samples to prevent overloading the 
phase-sensitive detector by noise and other unwanted 
signals. It should be tuned to the audio frequency. It is 
important that the output from the rf receiver is taken from 
a point ahead of any response limiting network that would 
attenuate the audio frequency signal carrying the sideband 
information. 

6 We use Industrial Test Equipment Company "Phazor" model 
200 A phase meter with added recorder output, and Hewlett-Packard 
model 350 B attenuator. 

6 A Heathkit model HD-1 harmonic distortion meter can easily be 
modified to serve this purpose. 

As a further example the method was applied to the 
pyridine spectrum shown in Fig. 2 (b). This spectrum was 
analyzed by Schneider, Bernstein, and Pople7 with the 
aid of the spectra of partially deuterated pyridines. The 
spectrum is of the AB 2X 2 type, the hydrogen in position 
4 giving the A part, the equivalent hydrogens in positions 
3 and 5 giving the B part, and those in positions 2 and 6 
giving the X part at the low field end of the spectrum. 
The theoretical analysis shows that there are 110 lines 
altogether, of which 42 are due to combination transitions 
involving changes in spin of two or more nuclei. The in­
tensities of these combination lines are too weak to be 
observed, but the analysis of the remaining 68 lines is 
still a formidable task. Figure 2(c) shows the double 
resonance spectrum of pyridine with the audio frequency 
adjusted to remove the B-X spin coupling. The lines 
marked B* constitute the B spectrum with the X hydro­
gens being irradiated. These lines are easily recognized as 
the B part of an AB2 system. The lines marked X* con­
stitute the X spectrum with the B hydrogens being irradi­
ated. They form a partially resolved doublet from which 
the J AX coupling constant can be read off directly. A similar 
spectrum can be taken with the audio frequency adjusted 
to remove the A-X spin coupling. The data reported by 
Schneider, Bernstein, and Pople7 are consistent with an 
analysis of these double resonance spectra. 

After this work had been completed the author became 
aware8 of a double resonance technique developed by 
Itoh and Sat09 which differs from the one described here 
by the fact that the sidebands are observed by their dc 
component (first instead of second line in Table I). This 
method has the advantage of added simplicity in that a 
phase-sensitive detector is not required, but the resonance 
line under investigation (and its neighborhood) appears 
superimposed on the broadened peak from which it is 
being decoupled, because the center band is not suppressed. 
Audio phase detection ensures a stable baseline unaffected 
by broadened center band lines or changes in probe 
balance due to the mechanical vibration of the spinning 
sample, etc., and this becomes important when the area 
under a v-mode line is to be determined. 

7 W. G. Schneider, H. J. Bernstein, and J. A. Pople, Can. J. Chern. 
35, 65, 1060, 1487 (1957) and Ann. N. Y. Acad. Sci. 70, 806 (1958). 

8 The author is indebted to the referee for bringing the work of 
Itoh and Sato to his attention. 

9 J. Itoh and S. Sato, J. Phys. Soc. Japan 14, 851 (1959). 
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1. I n t r o d u c t i o n  

High-resolution nuclear magnetic resonance (NMR) has found extensive application and has become the 
chief method for studying the spatial and electronic structure, isomerism, and transformations of complex organic 
and inorganic liquids or soluble compounds. In addition to this structural information, relaxation phenomena in 
NMR spectra give much information, unobtainable by other methods, on the molecular motion, association, and 
microstructure of solutions. All these characteristics of the substance being studied are reflected in the NMR spec- 
tra in the form of the chemical  shift 5, the spin-spin coupling constant I, and the relaxation parameters (relaxa- 
tion times). The analysis of NMR spectra involves the determination of some or all of these quantities in order 
subsequently to interpret the data obtained and relate them to the spatial and electronic structure of the molecule, 
and sometimes also to processes of relaxation and molecular motion. In structural clnemistry the first stage of this 
analysis plays the most important role, and the theoretical interpretation of the data is often only qualitative, 

Tallin Cybernetics Institute, Academy of Sciences of the Estonian SSR. Translated from Zhurnal Strukturnoi 
Khimii, Vol. 8, No. 4, pp. 717-780, July-August 1967. Original article submitted February 17, 1967. 
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particularly in the case of such complex compounds as alkaloids, steroids, antibiotics, etc. Even the determination 

of all the constants ~ and I, however, is usually a very complex task. Chemical shifts, and more particularly spin- 

spin coupling constants and their signs, in most cases cannot be determined from ordinary NMR spectra. Nuclear 
magnetic double (and sometimes triple) resonance (NMDR) opens up completely new possibilities in this field, and 
these methods are being used on an increasing scale for the solution of problems of structural analysis and molecu- 
lar physics. 

NMR acquired considerable importance for chemistry after the discovery of chemical coupling 6 [63, 25] and scalar 
spin-spin coupling [64, 24-26] in polyatomic organic molecules. At the present time, approximateIy 1000 papers are pub- 
lished annually in this field of science. A large number of monographs [2-9, 12] have been devoted to the application of 
high-resolution NMR spectrometry in chemistry. Among works devoted to physical principIes[ 1-3, 11-19] and experimen- 
tal technique [t0, t l ,  18], Abraham's monograph [1] is particularly fundamental. The analysis of the complex spectra of 
organic compounds by NMR methods has been examined indetail  in a number of monographs [2-4, 9, 18, 61] and in a review 
[g 2]. The first workin the field of NMDR is examined in reviews by Baldeschwieler and Randall [22] and Hoffman and For- 
sen [16] and also briefly in [23, 350] and in monographs by Abraham [1], Emsley, Feeney, and Sutcliffe [3], and Corio [18]. 

The present review examines the theory of the application and the experimental technique of double reso- 
nance between nuclear spins in the high-resolution NMR spectroscopy of liquids. Double nucleus-nucleus magnetic 
resonance in solids, electron-nucleus double resonance, which is also used chiefly for the study of solids, and double 
resonance in gas spectroscopy at superhigh frequencies are not dealt with in this review, 

Let us examine the influence of two or several coherent high-frequency (hf) fields on the spin systems of the 
molecules of a liquid specimen. The specimen is placed in a strong magnetic field H0, directed along the +z axis, 
and the hf-field acts in the xy plane. The measuring hf-field H l is almost always very weak, so that the amplitude 
of its single rotating component YH1 is much less than the width of the spectral line at its half-height I7[HI <2/T2 '  
and does not lead to saturation of the spectral lines studied, for which it is necessary that yIHI2TIT2 * < 1. The other 
hf-field (or fields) may have any amplitude within a range of almost 80 dB (differing by a factor of 10,000). The 
nature of the observed effects depends to a marked extent on the intensity of the perturbing hf-field H~, We shall 
subsequently assume that the gyromagnetic ratio 9, is positive, The magnetic nuclei being studied are designated 
using Pople's system [2], where ABC denotes a system of three magnetically nonequivalent strongly coupled spins. 
The letter X denotes a spin with a high relative chemical shift 3AX' and also the spin irradiated with a strong per- 
turbing hf-field Hz. Where necessary, the nucleus being irradiated is placed in braces and the decoupling of the 
spins of hydrogen nuclei from the nuclei of carbon C ls by the strong radiation of the latter is denoted H 1- {C 31} . 
The spin-spin coupling constants J are expressed in Hz, and the relative chemical shifts 6 are expressed in Hz or 
in parts per million in the negative direction from the chemical shift of tetramethyisilane (TMS). 

2. E f f e c t s  P r o d u c e d  by  a P e r t u r b i n g  h f - F i e l d  H 2 in NMR S p e c t r a  

2.1 Action of a Strong Perturbing hf-Field. If an individual spectral line is exposed to the influence of a 
strong hf-field H 2 under conditions when )'2H22TIT2* >> 1, the line is saturated and the absorption signal can no 
longer be measured by means of the field H2. The line disappears, but in spite of the saturation and the equaliza- 
tion of the populations of the corresponding energy levels [1, 13, I7], the interaction of the nuclear spins in the hf- 
field does not stop. This is manifested in the preservation of the dispersion signal and in the fact that, as a result 
of the coherence of the motion of the nuclear spins, two new narrow absorption lines can be detected close to the 
saturated spectral line in studies using a weak measuring hf-field H 1 [37,88, 58, 85] (Fig. 1). If the angular fre- 
quency w2 = 2~rf2 of the perturbing M-field is tuned exactly in resonance, so that w~ = w0 = YH0, and the double 
resonance spectrum is recorded by scanning the measuring frequency wl, the displacement of these two new lines 
will be equal to the double amplitude 2~,H z (red/see) of the strong hf-field [37, 88], If the frequencies are mea-  
sured in Hz, the amplitude ~'H2/%r is also expressed in Hz. This phenomenon can be explained by examining the 
motion of the perturbed nuclear spins in a system of coordinates rotating with frequency -w2 in which their mo-  
tion involves rotation around the direction of the effective magnetic field YHef = ~ 4(yH0-w~)~ + (),H~)~, The 
high-frequency field )'H~ in these coordinates is also stationary, like )'H0 in laboratory coordinates, but is orient- 
ated in the xy plane. By examining the motion in laboratory coordinates, we obtain under these conditions for the 
nuclear spins two resonance frequencies r ~ * 4(~'H0-r 2 + (~'H2) ~, This phenomenon makes it possible to 
measure accurately the intensity of the perturbing high-frequency [10, 5a, 58]. From this it also follows that with 
increase in the amplitude of the hf-field, the direction of the magnetization vector of the perturbed spins ap- 
proaches the xy plane. Since the Hamiltonian for a system of two weakly coupled spins AX can be written in the 
form 
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! 

l 

Fig. 1, Double resonance for a single spin of l /2  [53], 

~ o  = - -  % I z  (h) - -  o x l z  (X) + 2:~JAxIz (A) Iz IX), (1) 

it may be assumed that if the strong perturbing field H, acts only on the X nuclei and does not act on the A nuclei, 
the magnetizations of the two nuclei have different directions and the directions of the quantization (or, classically, 
the directions of the precession axes) of the spin vectors I(A) and I(x) form a right angle, as a result of which the 
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Hx Hx' H~ H~ 
T "1 

b 

C 

i 

l, 
Fig. 2. Decoupling of the protons in cis, c is- l ,4 ,V- 
cyclononatriene, a) Single resonance spectrum, b) 
perturbation of nuclei X, X';  c) perturbation of nu- 
clei B; and d) perturbation of nuclei A [273]. 

scalar product in the Hamiltonian (1) is equal to zero, and 
the spin-spin coupling and the related doublet splitting of 
the signal for nucleus A disappears [11, 71]. The same re- 
sult is obtained when this phenomenon is considered in 
rotating coordinates, where the Hamiltonian (1) acquires 

the form 

�9 Yd0 R -~- - -  (co A - -  m2) I z (A) 

- -  y H 2 I x  (X) - -  (co x - -  co~) I z  IX) 

q- 2 a J A x [  z (A) [ z (X): (2) 

[the term 7Hzlx(X) takes account of the influence, on the 
spin of nucleus X, of the strong hf-field H z, directed along 
the x axis]. If  the field H 2 is tuned exactly in resonance 
with nucleus X, but does not influence nucleus A, so that 

w 2= w x and IWA-W21>>yH 2but ~H 2 >>12rrIAXl, the 
last two terms in (2) are small and can be neglected. 
Iz(A ) and Ix(X ) now preeess independently, and, unlike 
the case described by the Hamiltonian (1), can acquire 
all possible values m = I, I - 1  . . . .  - I  + 1, - I  without 
mutual influence. The decoupling of the nuclear spins by 
the perturbing field leads to merging of the multiplet (in 
this case a doublet) of nucleus A to give one narrow line 
(collapse of the multiplet). The decoupling of nuclear 
spins [27-29, 58] has found very wide application in nu- 
clear resonance. The partial or complete collapse of 
multiplets makes it possible to reveal the relationship 
between the individual multiplets in complex spectra, to 
find the chemical  shifts for nuclei which are not observed 
directly (XJ  29, As 75, Si ~9) or nuclei whose multiplets are 
overlapped by other strong lines in the spectrum, to de-  
termine the relative signs of spin-spin coupling constants, 
and finally to simplify the spectra. The spectrum of 
cis,cis,cis-cyclononatriene at -40~ is given in Fig. 2 
[273]. From the spectra simplified by double resonance, 
it is immediately clear that at -40~ the compound being 
studied has the structure of a regular crown (and not a 
saddle), and the absolute values of all the chemical  shifts 
5 and some of the spin-spin coupling constants I can be 
determined by simple measurement without analysis of 
the complex spectrum (Fig. 2a). By taking into account 
the dependence of I on the dihedral angle, it is possible 
to assign the multiplet at 2.26 ppm to proton B and the 
multiplet at 3.95 ppm to proton A. The usual values for 
the chemical  shifts of these protons indicate that there is 
no annular current in this molecule.  It is much more 
difficult to obtain all this information from the ordinary 
NMR spectrum. 

The above analysis of the decoupling of nuclear 
spins has shown that the Iz(A ) energy levels under the 
conditions of double resonance are independent of the X 
nucleus, so that all the intervals between the levels and 
the frequencies of these transitions will be equal, leading 
to merging of the multiplet (collapse). 
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Fig. 3. Diagram of the proton spectrum of t r i e thyhhal l ium [82, 314]. 
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Fig. 4. Diagram of the interactions of the I(X) 
spin with magnet ic  fields in rotating coordi -  
nates [29]. 

Let us examine the phenomenon of collapse in a sys- 
tem where the values of the spin-spin coupling constants 

differ considerably,  e .g . ,  in t r ie thyl thal l ium [82, 314]. 

Thal l ium produces very marked splittings in the spectrum of 
the ethyl groups, and comple te  decoupling of the methyl  
protons from the methylene protons is impossible,  as can be 

c lear ly  seen from Fig. 3. Instead of the single tr iplet  which 
is usually observed in hydrocarbons and alcohols,  the methyl  

group in this spectrum is represented by two triplets,  which 
correspond to different spin states of the thal l ium nucleus 
(+I/z or a ;  - I / z  or B). I f  the t r iple t  b '  corresponds to the 

state a of this spin, strong perturbation of  the tr iplet  b '  by 
the f ield }'H z > 21r ]JHHI leads to decoupling of the methyl  
and methylene  protons only in those molecules  in which 

Iz(T1 ) = a ,  whereas )'Hz has prac t ica l ly  no influence on other 
molecules.  If now J(T1CHs) and J(T1CH2) have ident ica l  
signs, we find that of the two quadruplets and a ' ,  quadruplet 

a '  will correspond to the state a of the thal l ium spin, where-  
as i f  the signs are opposed, quadruplet a will  correspond to 
this state. Correspondingly, collapse is produced in quad-  
ruplet a '  or a. Experiment has shown [82] that the collapse 
of quadruplet a corresponds to the perturbation of the tr iplet  

b ' ,  and that the perturbation of t r iplet  b leads to the merging of quadruplet a ' .  From this it follows that the state 
a of the thal l ium spin corresponds to different spin states of the protons of the methyl  and methylene  groups and 
that the relat ive signs of these spin-spin coupling constants are opposed. This experiment  by itself does not make 
it possible to determine the absolute signs, but since I(CH) is positive in al l  compounds [47], it is possible by suc- 

cessive comparison to determine the absolute signs of a l l  spin-spin coupling constants encountered in organic c o m -  
pounds. This procedure is also appl icable  in those cases where the coupling constants are not very large,  and the 

only important requirement is that the spectrum should show more or less c lear ly  defined individual  muhip le t s  for 
those nuclei  for which it is necessary to determine the relat ive signs of the spin-spin coupling with another third 
nucleus. Unlike the case of complete  decoupling of the spins under the conditions of total  double resonance, in 
this case the perturbing field acts se lect ively  and we are dealing with select ive double resonance. 

If the perturbing field acting on a system of two nuclear spins AX is weaker than in the preceding cases, we 
do not have comple te  orthogonality of I(A) and I(X), and the last term in the Hamil tonian (2) cannot be taken as 
equal to zero. At the same t ime ,  because of the presence of the term -~H2tx(X),  the usual select ion rules 
Am A = 1 and Am X = 0 are inoperat ive,  since [Iz,  I x] ~ 0, and it is possible to have transitions of the spin of nu- 
cleus X with simultaneous transitions of the spin A being studied, so that Am x = 0.1 . . . .  2I(X) [37, 65]. The spec-  
trum of nucleus A is more compl ica ted  than the ordinary spectrum, and the number of spectral lines is increased. 
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Fig. 5. Spectra of the flourine nucleus in aqueous Na2PO3F 
solution at various ampli tudes of the perturbing hf- f ie ld  in 
an experiment  of the type F I9 -{  p31} [29]. 

Each spectral l ine in the mul t ip le t  of spin A is split into a submultiplet  [65], whose outer components move apart 

and become weaker with increase in ),H 2. If a perturbing f ie ld with ampl i tude  2 / T 2 '  << )'H 2 < 27r IIAX 1 at a 
frequency ~ ~ 7xH0 acts only on nucleus X and the signal from spin A is studied by means of a weak hf-f ie ld  H 1 
close to its resonance frequency w l ~ 7AH0, the I(X) spin rotating coordinates is quantized along the direction of 

the effect ive f ield,  which now depends on the magnet ic  influence -21rJAXmA of nucleus A ; at the same t ime the 
quantization direction for nucleus A is, as before, the z axis [1, 29]. It is c lear  from Fig. 4 that the frequency of 
precession of nucleus X under the influence of the effect ive field is equal to 

yxH~f = [(7xHo - -  2 M x x r n A  - -  co2) 2 § (yxH~)2]*/~. (a) 

In spite of the fact that the quantizat ion axes of the two nuclei  are different,  their  energy depends on the 
magnet ic  quantum number m A of nucleus A. If the spins of both nuclei  A and X are equal to 1/2 ,  we have in the 
system Ax four energy levels with energies 
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Fig. 6. Tickling in a two-spin system AB. 
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E ~-~ -[- J-/2yxHo -4- t/2yxHer+, 

E = - -  i / 2 7 A g o  -4- i / 2 ~ x H r  - 
( 4 )  

and between all these levels transitions are possible 
with the selection rule Am A = I. In place of the 

doublet with splitting 21rlAX in angular frequency 

units, which is formed if 7H2 = 0, the spectrum of 

nucleus A now shows four lines at frequencies 

0)i = 'VAHo'+- (t/2~x//ef4) i (t/2~xHef_). 

In the case of exact resonance of the perturbing 

field, when w z = 7xH0, Hef + = Hef _, the double re-  
sonance spectrum will show only three lines at 

frequencies 

~o~ ~ 7xHo and <ot = 7AHo ___ ~xHcf. (5) 

' ~ "  With increase in the amplitude yHi, the fields 
V " Her + and Hef - increase, but as a result of the decrease 

in the angle between them the probability of s imul-  
Fig. 7. Splitting of a line of type A = 0 in 2-bromo-5 - 

taneous transition of the spins of both nuclei  A and X 
iodothiophene [92]. Magnitude of the splitting 0.74 line 

and the intensities of the corresponding satellites de-  
width _< 0.17 Hz. crease [1, 29]. When the condition "yH z >> 27r [IAX [ 

is satisfied, the doublet of spin A merges to form a 

single line. The spectra of F 19 nuclei in aqueous NazPO3F solution, recorded for various amplitudes of the resonance 

perturbing field, are given in Fig. 5 [29]. From analogous curves recorded at constant intensity of the frequency o)z 
relative to w X, it follows that the influence of the perturbing field is maximal  when it is accurately tuned. 
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Fig. 8. Upper section: t ickling in the proton spectrum of styrenimine; 

lower section: tickling in the proton spectrum of styrene sulfide. The 

constant of the geminal  spin-spin coupling is negative in styrene sul- 

fide and positive in styrenimine [387]. 

2.2. Action of a Weak Perturbing hf-Field. The perturbing hf-fieid is considered to be weak if its amplitude 
7H~ is of the same order as the width of the perturbed spectra1 lines, and it infIuences only one line of the spectrum 

2 / r~*  ~ V ~  ~ l  (a' - -  a ) [ ,  I (a' - -  ~ ) - -  (W - -  b) l. 

Thus a weak field H 2 influences the state of the spin system only with exact tuning on any line of the spectrum. 
The influence of this weak field is purely local in character and its action never leads to a decrease in the number 
of spectral lines. On the contrary, this field, in addition to saturation of the lines, may lead to splitting of the 
lines, if the lines are sufficiently narrow, so that 2/Tz* << [ ( a ' - a )  - ( b ' - b )  [. In the examinat ion of the action of 

a weak hf-field in a rotating system of coordinates (see Fig. 4), the only change is in the condition for exact tun-  

ing, in place of w~ = 7XH0 we have % = 7xH0-21rIAXmA, so that from (3) we obtain 7XHef+ = 7xHz. The energy 
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Fig. 9. Diagrams of the energy Ievels of systems ABC con- 
sisting of three nuclei with spin t/z y > 0, but with H 0 orient - 
ated along the negative direction of the z axis 

I;ABI < l]acI < I;BCI [154]. a) All the signs of theeon-  
stants I the same, b) sign of JAB opposed, c) sign of IAC 
opposed, d) sign of/BC opposed. 

levels of nucleus A are split, in accordance with (4), by amounts * 1/z YxH~ and +l/227rJAX respectively [291], and 
the spectral lines are split by yxH2. Since a nuclear spin can influence the energy levels of another spin only if 
there is spin-spin coupling between them and the quantization of spin X along the direction of the effective field 
influences directly only the energy levels of this spin, the only lines which are split in the spectrum of nucleus A 
are those which have a common energy level with spin X. Figures 6 and 7 illustrate extremely arbitrarily the split- 
ting of the spectral lines of the doublet of nucleus A, if YA, YX > 0 and IAX > 0, from the Hamiltonian (1) [ 77]. 
With increase in the intensity of the perturbing field, the field will also act on another line of the doublet of nu- 
cleus X, as a result of which the central lines of the A doublet increase and approach one another, whereas the out- 
er lines move further apart and decrease. Similar splitting of the lines is also observed in the spectra of more c o m -  
plex spin systems, and Fig. 8 gives in particular a picture of the splitting in spectra of the type AKM. It can be 
seen from the figure that the local perturbation of only one spectral line of the multiplet (tickling), like the selec- 
tive decoupling of nuclear spins described above (see Fig. 3), can be used to determine the relative signs of spin- 
spin coupling constants. Arguments analogous to those used to explain Fig. 3 lead to the conclusion that in styreni- 
mine (upper part of Fig. 8) the signs of the geminal and vieinal coupling constants are the same, whereas in styrene 
sulfide (lower part of Fig. 8) they are opposed [367]. If  the relative signs of J are known, we can readily construct 
diagrams showing the positions of the energy levels and the transitions between them, which are necessary for an 
accurate iterational analysis of the complex spectra [86, 96 ,261 ,313] .  Diagrams giving the positions of the en-  
ergy levels for different relative signs of the coupling constants are given in Fig. 9. Tickling provides the chief 
method for the construction of the diagrams [78] and for the interpretation of the complex spectra of closely coupled 
spins. In degenerate systems, splitting into a larger number of components is observed [65, 78]. 

Tickling is always accompanied by a change in the intensities of the spectral lines. Comparison of the popu- 
lations of the energy levels of the perturbed line leads to a decrease in this difference for the line A = 0 and to an 
increase in this difference for the line A = 2 (Fig. 10). This nuclear Overhauser effect is observed in al! experi- 
ments on nuclear magnetic double resonance, so long as )'X2H22T1H2 * > 1. The first estimates of the importance of 
this effect [29] were apparently inaccurate. 
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Fig. 10. Diagram of energy levels in an experiment on transition selec-  
tive irradiation. 

Fig. 11. Electrical analog of a two-spin system. 

The intensity of a spectral line ( p ~ r )  in the NMR spectrum is proportional to the difference in the popula- 
tions (Op-a r )  for these levels 

L~o = vA-,r/,l<p I z+ ( A ) l r > l z ( ~ o  - ~,) .  (7) 

If the energy levels are arranged as in Fig. 10, saturation of the transition s-*p leads to an increase in the in- 
tensity of the rp line and a decrease in the intensity of the pq line by approximately 50% in nondegenerate systems 
[87]. Since it is often possible for the conditions 7x2H22T1T2 * >> 1 and ),xHz < 2 /T2"  to be satisfied simultaneously, 
the Overhauser effect may be observed without significant change in the wave functions, energy levels, and fre- 
quencies of the spectral lines of the perturbed spin system. Saturation or inversion of the populations on the rapid 
adiabatic passage of one tine of the spectrum of the system AX leads to the almost instantaneous appearance of new 
differences in the populations different from those for thermal equilibrium, for transitions which have energy levels 
in common with the perturbed line. The populations of other levels acquire new values more slowly, as a result 
of the action of longitudinal relaxation. This difference in the rate of establishment of differences in the popula- 
tions, on which the intensity of the NMR signal depends, in accordance with formula (7), forms the basis of the 
method of transitory selective saturation (TSS) [233] for determining the relative signs of spin-spin coupling con-  
stants and for constructing energy level diagrams. 

The more effective the longitudinal relaxation, i.e., the greater the probability of relaxation transitions, the 
more rapidly the new equilibrium is established in the complete spin system. Longitudinal relaxation is similar to 
electrical conductivity in a galvanic circuit, in which the electric potentials are the analogs of the populations. If 
the system is linear, and the probabilities of the relaxation transitions are independent of the strength of the per- 
turbed field (as is usually the case in liquids in the absence of chemical  exchange), the analogy with electrical cir-  
cuits is comptete and the change in the populations is described by Kirchoff's Eqs. [37]. Figure 11 shows the 
electrical analog of a two-spin system, which gives correctly the dependence of the stationary states on the inten- 
sity of the perturbation and the specific values of the probabilities of the relaxation transitions W. To obtain a 
model of the dynamics of the process it is necessary to include capacities in the scheme [578]. It follows from 
Figs. 9, 10, and 11 that the magnitude and sign of the Overhauser effect depend on the relaxation mechanisms, 
which determine the relative values of W. From Kirchoff's laws it follows that if W 0, W 2 ~ 0, the greatest station- 
ary effect will be observed on the lines which have an energy level in common with the perturbing line, and the 
sign of the effect depends on the nature of the transition (the position of the transition on the energy level diagram). 
The nuclear Overhauser effect is used to establish the mutual arrangement of the energy levels [87-90] and also to 
determine the relative probabilities of the transition [49, 87, 598]. Moreover, the intermolecular Overhauser effect 
can be used to study the microstmcture of solutions of organic compounds [99]. The Overhauser effect in ethyl c in-  
namate is shown in Fig, 12. 

3.  T h e o r y  o f  N u c l e a r  M a g n e t i c  D o u b l e  R e s o n a n c e  

The qualitative description of the observed effects given above cannot serve as a theory of these phenomena 
and cannot give quantitative answers. The experimentally observed ordinary NMR spectra of liquids, and also the 
influence of a perturbing hf-field on these spin systems, are effectively described by the dynamic theory of nuclear 
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Fig. 12. Nuclear Overhauser effect in ethyl c innamate :  the single resonance spectrum is shown on the left;  
lines 1, 2, 5, and 6 correspond to a system AB of unsaturated protons; the perturbation of line 2 is shown on 

right; the intensity of l ine A = 2 (5) increases and that of the line A = 0 (6) decreases [93]. 

induction [1, 13-15, 36-39], which provides a systematic description of the behavior of al l  components of the 

macroscopic nuclear magnet iza t ion  M and the changes which they undergo with t ime as a result of the act ion of re -  

laxat ion processes. 

3.1. The NMR Signal. The NMR signal depends on the components of the magnet iza t ion  rotating in the xy 
plane. If a substance is acted by a constant magnet ic  field H0, directed along the z axis, and a l inear ly  osci l lat ing 
hf-f ie ld  with ampli tude 2),H, so that 

H~ = 2H~ cos  cott -I- 2Ha cos  r 
H~ = 0, 
H~ = Ho, 

(8) 

and the gyromagnetic  ration of the perturbed spin TX < 0, this spin can be in resonance only with the component of 
the hf-f ie id rotating about the z axis with an angular veloci ty -w.  We then have 

H = Hok + (H~ cvs r + He cos r --.(H~ sin colt + H2 sin c%t)j. (9) 

The osci l lat ing components of the magnet iza t ion M x and My and the corresponding rotating components v and u 
are represented in Fig. 13. The rotating components v and u are of part icular importance,  since it is these 
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Fig. 13. Motion of the nuclear  magne t i z a -  
t ion vector M. 

components which are measured by the phase detectors of NMR 

spectrometers;  v is proportional to the absorption signal, and 

u is proportional to the dispersion signal [2]. In this sense even 
a simple diode detector  is a phase detector  and requires for 

correct operation a slight unbalance in the measuring unit,  i . e . ,  

the base signal. From the geomet ry  of Fig. 13 it follows [2, 11] 

that 

�9 J ~ x  -~- tZ CO:S o ) i t  - -  Y S i , n  o ) l t~  ( lO)  

�9 ~ t '  u ~ - -  U S i ~  ( o f t -  g C O S  o ) l t .  (11) 

In Fig. 13, u is positive, so that the measuring frequency is 

slightly lower than the resonance frequency 04 < YAH0 . 

In a l l  experiments  on double resonance, the only impor-  

tant measured quant i ty  is the component of the absorption of 

the signal of the nuclear  induction L, which is measured 
through My, if crossed coils are used and the perturbing fields 

are appl ied to the coi l  orientated along the x axis: 

d (z2) 
L ~ - -  k - - . / Z ~  ~ k J [ ~  ~- k ( u c o s o h t - -  v s i n o ) l t ) ,  

d t  

where al l  the factors associated with the apparatus are included in the instrument constant k. If the detec t ion  is 
carried out at a frequency w t ,  the nature of the signal obtained (u or v) depends on the choice of base voltage 
phase. These rotating components can be expressed by formula (19) in terms of the trace of the density matr ix a 

for the spin system being studied. In rotating coordinates we have 

u = Sp [~'Mx] and v ~-- Sp [~'Mu] , (13) 

where 

M+_ = M~ +__ iM u = h N ~  ~,I_+(i)= h N ~  y, [I,~(i) ~ i lu( i) ] .  

i i 

(14) 

i f  we take as basis the eigenfunctions a, a ' ,  of the Hamil tonian JG0, the components of the signal corresponding to 
the transition a + a ' ,  for a '  > a, are equal to 

uo,o = P,e {<a121'~' x a ' l ~ _ l a > }  = Re { < a ' ~ l % x , ~ l M + l , ~ ' > } ,  
,,o,o = - - i r a  {<~ I':'1"' X a'lM_la>} = - - I m  {<"'1';1" X ,~ IM+ I r  (15) 

and in order to obtain the comple te  spectrum it is necessary to take the sum of al l  the transitions 

a~. .a  t 

In a slightly different form [53, 55] 

d d 
L = - -  k --M~,dt = - -  k ' - g ; - ~  V, < Z ~ ( 0 >  = 

i 

k' d 
2i d t  '-~. 7i Sp[/+(i)(r  - - I_( i )(r] .  

i 

(16) 
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From the properties of the operators I+, I_  and the trace,  it follows that the magni tude of the measured signal de -  

pends on the nondiagonal e lements  of the density matr ix c~. The fundamental  problem of the dynamic theory is to  
find the dependence of the density matrix of the spin system on the properties of the substance and the conditions 
of the exper iment .  

3.2. The Density Matrix.  If we have a set of N ident ical  noninteracting systems, where N is the number of 
molecules  in unit volume, and ck the wave function of the system k, where k = 1.2 . . . . .  N, and if each ck  can be 

representedby a comple te  set of orthonormal wave functions, we have 

,~ = ~ ~,~',r (17 )  
n. 

The average value of the operator A in the system is equal to 

Ah = f * k * A ~ k d r '  (18) 

and the average taken over the random set, which is the quantity in which we are interested, has the form 

t t 1 

h ~. ra ,n  
h 

= S A,~ =p=,~ = Sp lAp] = Sp [on], 

where the t race Sp is the diagonal sum,A .... = I r p .... = - N - S  c"h*c'~h, a ( A ) a n d  <A> includes a 
k 

(~9) 

twofold ave rag ing -wi th  respect to state and with respect to the set. The quantities Pmn = P* nm are the matrix 
elements  of the density matrix p and can be used to find the average values of the operators A acting on the wave 

functions Cn over the set. The diagonal  e lement  Pnn gives the probabil i ty of finding one of the systems of the set 
in the state n at moment  of t ime  t .  p can also readi ly  be used to describe the change in <A> with t ime.  From 
the Schrodinger equation 

ih d~---~- ~ = ,.~e't~ ~ ( 2 0 )  
dt 

we obtain in the Cn representation: 

ihc'~ h = "~ o~n~q k, where ag,zz ----- <n I Sg t l> = l Cn*~ 
l 

ihPmn = ~ (~'gmlPln-- Pml'-'~ln), 
l 

or, in more compact  form, if we express the Hamikon ian  in units of 

dp 
dt - -  - -  i [ ~ ,  p]. (21) 

This equation of motion is similar to the Schrodinger equation; it describes the evolution with t ime  of the 
quantum system being studied and makes it possible to formulate the required relationships c lear ly  and simply 
[20, 34, 85, 94]. The formalism of the density matr ix  is widely used in the analysis of NMDR phenomena [1, 13- 

15 32-57, 291]. 

3.3 The Kinet ic  Equation. In nuclear resonance, a usually denotes the density matr ix of the spin system, 
and p the density matrix describing the state of the spin system together with the la t t i ce .  
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As a result of the very high heat  capac i ty  of the la t t ice ,  its state does not depend on the state of the spin 

system, and the la t t i ce  is always in thermal  equi l ibr ium.  The fact  that the equil ibrium of the l a t t i ce  remains un- 

changed is ef fec t ive ly  i l lustrated by the unsuccessful at tempts to detect  nuclear resonance by thermal  methods. The 

distribution of the populations of its states f is described by the Boltzmann factor 

e-hl/gr 
p(1)  - (22)  

~l e--hf'/kr 

f" 

The density matr ix of the spin system o depends on the states of the la t t ice ,  and the two matr ices  are related 
by the s imple expression 

o (t) = P ( / ) e ( t )  (23)  

or in the matr ix elements  

(g/I p(t) l e T >  = (glcr(t) I g'> P ( / ) ~ / .  (24) 

I t  follows from (23) that the state of a spin system can be represented in terms of the matr ix e lements  

<gl o t g '> ,  which also appear in the formula for the measured signal  (15) and (16). The diagonal e lements  are 
proportional to the populations of the states Og, and the nondiagonal e lements  o g,g are equal to zero for the case 
of thermal  equil ibrium of the spin system, but differ from zero in the recording of the spectrum if the resonance 

h i - f i e ld  at a frequency to = g ' - g  leads to the appearance of the matr ix e lement  Og, g. The density matr ix of the 
spin system can be represented as the sum of the t ime- independent  diagonal  matr ix  00, which describes the ther-  
mal -equ i l ib r ium state of the system, and the deviat ion matrix X, which takes account of the departure from the 
equil ibrium state under the influence of a strong perturbing h i - f i e ld  H 2 and re laxat ion  processes 

a = ao + X, (25) 

where Sp ~ = 1 and Sp X = 0. 

To take account of the influence of the weak measuring h i - f i e ld  H 1 and the corresponding departure from 

the new equil ibr ium produced under the influence of H 0 and H 2, use is made  of the deviat ion matr ix  0 .  

In this case 

~ =  r -17 X + ~l. (26) 

The e lements  of the matr ices  o ,  X, and ~ are t ime-dependent ,  but for the sake of brevity we shall subsequently 

use, instead of o( t ) ,  the symbols adopted in (25) and (26). Since in a representation where ~0 is diagonal  the m a -  
trix o 0 is diagonal  by definition, the observed signal can depend only on the matrices X and ~ .  It follows from 

(25) that Og, g = Xg'g.  If  the values and t ime-dependence  of a l l  the e lements  of the matr ices  • and ~1 of the spin 
system being studied are known, the spectrum of this system is also known in 311 detai ls .  The chief  task of the dy-  
namic  theory is to find the dependence of the matrices • and 77 on the conditions of the exper iment ,  on the basis 
of the equation of motion (21). In order to derive this kinet ic  equation we shall start from the Hami l ton ian  ~, 
which in units of ti has the form 

. ~  = E (~, t) + F (/) + c: ( s , / ) .  (27) 

Here E(s, t) is the Hamil tonian  of the spin system (dynamic subsystem), F(f) the Hamil tonian of the la t t i ce  (diss ipa-  
t ive subsystem), and HG(s, f) the energy of the interact ion of the spin system with the la t t i ce ,  G(s, f) is defined as 
an operator with zero trace, and first-  and second-order  corrections for the energy of the spin system from inter-  
act ion with the la t t i ce  ( e t e c t r o n s ) - t h e  chemica l  shift and the energy of the spin-spin i n t e r a c t i o n - a r e  included 
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in the energy of the spin system hE(s, t) [37, 38, 42]. Since the coordinates of the lattice f are t ime-dependent,  the 
operator G(s, f) may be represented as a t ime-dependent perturbation (G(s, t). This approach is adopted in Redfield's 
theory [21]. Since F >> E + G, the matrix p is atways diagonal relative to the states of the dissipative subsystems, 
but may be nondiagonal with respect to the spi N system. Thus 

a(s, t) = Sp~ [O(L s, t)]. (28) 

The change in the matrix o(s, t) with t ime is determined by the interaction of the dynamic subsystem with 
the external magnetic field (8) and the lattice G. The latter interaction can be taken into account on the basis of 
quantum theory asG(s, f) [1, 13-15, 36-39] or, semiclassically, by means of an arbitrary perturbation G(s, t), differ- 
ent for each system of the set [1, 21, 55]. The two approaches are practically equivalent [42], but when the first 
version is used the physical processes of relaxation are extremely clearly seen; the practical calculations are very 
complex, however, as a result of which the second method is usually preferred [21, 32, 54, 55]. 

Equation (21) is usually solved by means of first-order and second-order perturbation theory [20, 15], using a 
representation of the interaction [15] in which only the slow change in the density matrix a is preserved, while the 
rapid motion resulting from E(s, t) is eliminated; in this way the condition for applicability of perturbation theory-  
smallness of the perturbation-is  satisfied [15, 36, 37, 42]. The irreversibility of the process is achieved by the ab- 
sence of change in the state of the dissipative subsystem. In the time interval At = t--0 there is a change in the 
state of the spin system according to Eq. (21), after which the influence of the latt ice is "included," and this re- 
stores the equilibrium state of the dynamic subsystem without change in its state. In the limit t-* 0 we obtain the 
differential equation of motion for o .  The time interval t should be long compared with the molecular motion 
correlation t ime rc, in order that the t ime interval t be sufficient for a causal change in c~ to be established under 
the influence of G(s, t), but shorter than the Larmor period and the relaxation time T of the nuclear spin. This 
method of deriving the kinetic equation is not justified for the case of the large correlation times which are pro- 
duced by chemical  exchange and scalar relaxation [1]. The theory of these phenomena is still in the initiat stage 
of development [43-45]. In spite of this, the kinetic equation is in fact also applicable even in these cases [21, 420, 
444, 448]. For another method of deriving the kinetic equation, see [45]. 

To convert to the representation of the interaction it is necessary to carry out a unitary transformation over 
all Jr operators 

G* (t) = U (t)eietG(s,  J )e - iF tU- t ( t ) ,  (29) 

p*(t) ~--- U (t)e~Ftp(s, l, t )e-~etU-~(t) ,  (30) 

a*(t)~- U(t).aU-~(t), 

where account has been taken of the fact that [F, a ]  = O. 

The transformation operator U(t) [1, 13-15, 21, 38, 42, 91] satisfies the equations 

dU(t) dU - i  (t) 

dt dt 

u(to, to)---- t; u(t, 0 ) =  U(t); U(t)U,(t-x, t ) =  v ( t - - ~  b 

(31) 

(32) 

The equation of motion (21) in the representation of the interaction acquires the form 

dp*(t) 

dt 
. . . .  i [a*(t) ,  O* (t)]. (33) 

This equation describes the slow change in p* (t) under the influence of 0nly relaxation processes. If  p*(t)  
at moment of time T' = 0 is known, its new value at moment  of time t '  + t can be written in the form of series 
[38] whose first two terms acquire the form 
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do* (t) 
d t  ~ -~- - -  i [O* (l), p* (0)1 --  I [a* (t}, [G*(t --  "r p* (t)l] &. 

0 

G* (t) is a random operator, which correlates only with itself, so that in the determination of the average 
density matrix of the spin system <o* > its influence is significant only in the second term 

t 

0 

Subsequently, the sign for averaging over the set is not used, but or* is an averaged value 

(34) 

(35) 

{ [!+{ ] } dt  Sp), U(t) { G ( t ) , [ U ( t - - % t ) g ( t - - ' r ) U - * ( t - - % t ) , P ( / ) ( y ( t ) ] ] d x  U - * ( t )  (36) 
2 J 

To simplify the analysis, the limits of integration have been extended; this has no influence on the magnitude 
of the integral i f f  c << t [1]. I f  in addition we restrict ourselves to the case where according to [48] 

E (l) = K o  -1- ~-~2 (t); ~ o  ~"  ~gr (t) andll ~'Co ] % <~ 1, (37) 

strong contraction takes place [ t ]  and U ( t - r ,  t) ~ e ' l g 0  r ~ 1. In this case the interaction of Nz(t) with the per- 
turbing field H 2 has disappeared from Eq. (36), so that the relaxation times of the perturbed line are independent of 
its irradiation by a strong hi-field.  The condition for strong contraction lag0 I r c  << I in liquids is practical ly always 
satisfied in the absence of chemical  exchange and strong scalar relaxation. Exceptions are found in nitrogen com-  
pounds, but halogens do not break down the condition I ~ I r c << I.  

The high-temperature approximation fiaC0/kT << 1 simplifies the calculation of the trace ([1], p. 269) and 
gives 

- n o  

where in order to obtain a Bokzmann distribution of the popuIations of the energy levels of the spin system it is 
necessary to write o--*(a - o 0 )  even in the high-temperature approximation. This replacement does not follow 
naturally from the theory ([21], p. 1), but is a consequence of the fact that semiclassical examination of the lattice 
through G(t) requires the replacement g ---~0 in h f / k T ,  which is equivalent to the requirement T --* ~[38] .  It 
should be noted that o 0 "  = o 0 .  

By applying the reverse transformation to (31) and taking account of the fact that as a good approximation 
the correlation function can be represented [55] in the form 

<c(t)a(t-~)> = < le(t) l~> e ,o 
(39) 

we obtain, after integration with respect to r [1, 55] 

dG 
= - -  i [ E ( t ) ,  cr] - -  <'re [ G ( t ) ,  [ G ( t ) ,  o" - -  o'o]]>. 

dt  

(4o) 
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o0 is often given in the form 

I F h.a~o'l 1 
~o-~ ~ [ l  - .  ~ - j  = - 7  - qgeo, (41) 

h 
where q - -  (42) 

A k T  

and A is the number of ago eigenfunctions. If E(t) = ag o = -WAIz(A) and G(t) = 0, it follows from (40) that the mo-  
tion of c~ (and the magnetization) is a precession about the z axis with angutar freqtmncy w A . In the matrix 
elements 

dff==" i(a '  a) (~=='. (43) 
dt 

In the representation of the interaction this motion is absent by definition. From this it can be seen that the operator 

(44) 

denotes the transition to coordinates rotating about the z axis with frequency - w  A. These rotation operators are 

defined in terms of a Taylor series [13]. From the above it also follows that for the case of strong contraction the 

operator T does not alter the relaxation term [55]. In the presence of particularly strong perturbing fields, when 
ago ~ ag2(t) , it is expedient to give G(t) in the form of the sum 

r 

which even in the simple case of a single spin of 1/2 leads to five relaxation coefficients [38, 42]. Since neverthe- 

less we usually have a% >> Hz(t), there is no need to use these complicated theories. Even in a weak field at sonic 

frequencies, an effective qualitative description of the decoupling of the spins is provided by the ordinary theory 
[175]. 

tn Redfield's theory, the approximations (39) are not made, it is assumed in (38) that U( t - - r ,  t) = e'lago r , 

and after the reverse transformation from the representation of the interaction to the Sehrodinger representation, 

opening of the donbte commutator, and integration, the relaxation term F of the kinetic equation can be written 

in terms of the spectral densities Iaba, b, of the autocorrelation functions Gaba, b, . In the basis a, a ' ,  where ag o is 
diagonal, i .e.  

o~ola> = ala>, (45) 

we obtain 

Gab.,b,  = < <alG(t )  l b> X a ' IG( t  - -  x[ b'>*>, 

]=b~'b'(a' - -  b') -~ S G~ba'b'e--iW--b')* dr:, 
- - o o  

(46) 

(47) 

where <a ' [  G ( t - r )  I b'>* = <b'  I G ( t - r  )I a '> .  

Naturally, the greater the autocorrelation of the operator for the interaction of the spin system with the la t -  
tice in t ime r ,  the greater the high-frequency power at a frequency (a ' -b ' ) ,  which is the reason for the relaxation 
transitions. 

For the action of two hf-fields on the spin system, we have 

R (t) = ~ o  + ~ (t) + .~1 (t), (48) 
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where J~2(t) is the Hamiltonian for the interaction with a strong perturbing hf-field Hg, and ~Cl(t) is the Hamiltonian 
for the interaction with the measuring hf-field H 1. If JC >> JCz(t), JCl(t), we obtain from (38) in matrix elements for 

the basis a, a' 

do '*  
dt -" S Raa'b b'ei[(a'--a')--(b--b')]t (o '*  ~ UO) bb'~ 

bb" 

(49) 

where 

t 1 
t ~ a ' b b "  - ~  - - l a b a ' b ' ( a ' - -  b ' ) ~ - - - ] a b ~ ' b ' ( a  - -  b) 

2 2 

t t 

c r 

(50) 

and the time dependence has arisen as a result of the action of the operator U. Since the t ime-dependent terms in 
(49) are related to two simultaneous transitions at different frequencies (a -a ' )  and b-b ') ,  their influence in the ab- 
sence of overlapping lines is negligible [21]. We can refer to the experimental fact that relaxation can never be 
the reason for the production of coherence [1], and require that ( a -a ' )  = (b-b ') .  In this case Eq. (38) can be written 
in the genera! form 

da 
dt  - -  - -  i [ ~ 0  + .Y-g, (U c 3~1 (t), a]  - -  P (o - -  ~o), 

(51) 

where 

r ( g  - ~o)oo '  = - ~ , / i ' o , ' b b ' ( ~ -  oo),,," 
bb' 

In addition to formula (46) and (47), the approximations (39) and (40) are often used to calculate the relaxation 
term. From (46) and (39) we obtain 

<<alG(t) [b X a ' l G ( t -  ~)[b'>*>=<<alG(t)[b X a'lG(t)[ b'>*>  e -I=~=c. 

The corresponding spectral densities are expressed through the Fourier transformations (47) 

. q b , , 6 , ( a ' -  b ')  = 
2~c 

t + ( a ' -  b')2zo 2 
<<alG(t) lb) <wlG,(t) Ib '>*>, 

and under conditions of strong contraction, when Wa, b,r c << 1, 

] ,b~,~,(a ' - -  b') = <<a[G(t ) lb  X a'lG(t ) lb'>*> 2"~. (52) 

This formula is widely used in specific calculations [32, 53-55] to find the spectral densities corresponding to dif- 
ferent relaxation mechanisms. In the calculations it is expedient to take O(t) in the form [1, 55] 

G(t) = S F(q~A(g~, (53) 
q 

where F (q) is a random function of time, and A (q) an irreducible operator of the spin system. By making use of (39) 
and (52), we obtain, without taking account of cross terms, 
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.r,,wb, = 2~'~ ~ <lF(q)l ~ X alA(~)lb X a'lA(q)lb% 
q 

(54) 

The G(t) functions for various re laxat ion mechanisms are given in Abragam's  monograph [1] and in connec-  
t ion with applicat ions in NMDR in [87] and [95]. The relaxat ion of a single spin under the influence of an external  
isotropic stochastic field is discussed in [58, b5], the re laxat ion in a two-spin system AX for the case of a noncorre- 
la ted external  interact ion is discussed in [32, 54], and correlated interact ion and intramolecular  d ipole-d ipole  in-  
teract ion are discussed in [32]. Al l  these applicat ions of the theory of nuclear spin re laxat ion are related to the ca l -  
culat ion of the intensities of the spectral  lines in NMDR spectra. 

Bloch [37] showed that the re laxat ion matrix F acquires a par t icular ly  simple form i f  we have a spin system 
with nondegenerate states and without equal  differences between the energy levels (nondegenerate system). This 
approximation is assumed in many papers [46, 58]. In this case 

t 
r (~ - ~0) ao' = - -  B ~ , ~  - -  ao) .~ '  = ~ ( a  - ~o) ~ ( 5 5 )  

r2aa, 

= -  2, E oo)o  
b b b 

b 

(56) 

The width of the spectral l ine 111r Tza a, is expressed in terms of the nondiagonal e lement  of the matrix R, and 

we obtain from (50) 

1 
R . . . . . . .  ] . . . . . .  (0) - - - - ~  {] . . . .  ( c - - a )  + 1  . . . . . .  ( c - - a ' ) }  

= z a . o , ~ , ( o ) -  i / ~  ( w o o  + w ~ , o ) .  
c 

(57) 

Raa'aa '  is the sum of a l l  the probabil i t ies  of transition from level  a and leve l  a' to any other energy levels of the 
spin system, so that it coincides with the transverse re laxat ion t ime.  

The diagonal  e lements  of the matr ix R describe the process of longitudinal  relaxat ion in the spin system. The 

probabil i ty  of transition between the energy levels b and a is equal to 

Wb. --~ W~b = ]~b.b (a - -  b). 
(58) 

The quantity 

_ ,  . . . .  = ,.oo=Nwbo (59) 
b b 

reflects the overall  rate of decrease in the population of the energy level  a, and is thus equal  to the reciprocal  of 
the l i fe t ime of this state. 

3.4. Nuclear  Overhauser Effect for the Action of a Weak Perturbing hf-Fie ld .  A perturbing hf- f ie ld  is weak 
if condition (6) is satisfied. By expressing (51) in terms of the deviat ion matr ix X (25), we obtain 

dx 
dt  - -  - -  i [,~o -]- 0~'2 (t) -}- .~1 (t), al - r (z). ( 6 0 )  
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In Baldeschwieler's notation [51, 52], where the amplitudes of the components of the magnetic  field (8) are ex- 
pressed in Hz, i.e., 

y~It .  y d t z  V~gt 

2n  ~ v~  2~ ' 2~ 
(61) 

the Hamiltonian for a spin system of the type A8 (1) acquires the form 

,~o = 2n {~. vo{l ~ (i) + 2~ J~;I (i) I (i)}, 
i < j  

(62) 

and the interactions with the hf-fields are defined by the expressions 

�9 -L- I )  -i~o~t "-"~2 (t) ~-  D2+e ~ ' t  . ~2 e , 

�9 r )  ~--'~o)zt 
�9 ~ 1  (t) = Dice  *~ + Vl . . .~  , 

and 

(63) 

(64) 

Da• = n ~ v k i l ~ ( i ) ,  where  k = t,  2. (65)  
g 

In the presence of only one resonance perturbing field H2, which influences the transition z ' - a  = r the diagonal 
elements of the matrix X acquire stationary values after the transition process, but the nondiagonal elements show 
a periodic time dependence [a7]. I f  a' > a, 

< a l x l a >  = Z ~  = co=s% (66) 

(67) 

From (60), (62) (68), and (41) we obtain 

dX 
d t +  i [ago, X] t i [D.a+, X] ei~"t "t- i [O~_, Z] e-i~ q- r (X) 

[O~+, "-~0] e + iq [O~_, ,YtoJ e -i~ (68) 

To fend a stationary solution of gq. (68) it is necessary to discard dX/dt and take the matrix elements for each term 
of Eq. (68) in the a, a' basis (45) [87, 58]. For the nondiagonal elements we obtain: 

T , ~ , D ~ + ~ ,  [~'2~,(c0= - -  coo) + q t~co0 - -  (Z . . . .  - -  Z=~)l 
z . . . .  (69) 

t + (~o~ - -  ~oo)aTz 
I~ Ct Ol / 

T2aa~ = 1 / F a a ' ,  Dz+aa' = <aJ D2+I a '> ,  too = ( a ' - a ) .  The diagonal elements Xaa are expressed in terms of Zaa, 
and Zaa, as follows: 

D * * 

b 

~--- - -  2 Im(za=,Dz+a=,) = V [qr - (X='a' --  X==)], 

where 
(70) 

V~--- 
2otct I 

(71) 
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and the following system of equations is formed: 

~, Wab (Z~ -- Xb ~) + V [qCOo -- (X~,~, -- X~)] = O, 

b 

~, W.,b(X .... --Zbb) -- V[q~o-- (Xa'a'--Xa~)] O, ( 7 2 )  
b 

~.Wcb (Xec-  Ebb) "-~ O, C :/= a, a', 
b 

~Xbb =0. 
b 

There is established in the spin system a new equilibrium which is different from the thermal  equilibrium 
and is determined by the relaxation transitions with probabi l i ty  W and the induced transitions a--*a' under the in-  
f luence of the perturbing hf- f ie ld  with probabil i ty of transition V = [ Dz+aa.[ Zg(w), where g(w) is a function of the 
form of the Lorentz l ine.  The establishment processes are not exponential ,  and the longitudinal relaxat ion t ime T 1 
does not exist in multispin systems. The system of equations (72) is similar to Kirchoff 's  laws for an e lec t r ica l  cir-  

cuit, if it is assumed that W is the conductivity,  X the potential ,  and V[qw0-(Xa, a ' - X  aa)] the current, and the sys- 
tem can be solved by means of an e lec t r ica l  analog. 

The solution of the system of Eq. (72) can be written according to Bloch [a7] in the form 

Ecc = T c V  [q(oo - - (Ea%" - -  X~a)] (73) 

and the difference in the populations of levels a and a' for saturation acquires the form 

z o ' ~  - z o o  = ( r o ' i  - -  t o , )  V [qCOo - - , ( x a ' . "  - -  X ~ . ) ] ,  
(74) 

where 

(Ta,l  - -  Tai )  = Ta,at. (75) 

Ta, al has the dimensions of t ime,  but is not the longitudinal  re laxat ion t ime .  From (72), (74), and (75), we have 
[46, 56]: 

• WabTbai  ~ 1, 

b 

~1 Wa'bTbct't ~ - - 1 ,  

b 

~ w~brbci = 0 c =/= a,a', 
b 

E Tb = O. 
b 

(76) 

The difference in the populations of energy levels, on which the intensity of the signal (7) depends, are re -  
la ted  to one another. From (73), (74), and (75), it  follows that 

Yblbi 
X b , b * -  Ebb _--:----- (Ha, , , --  Xa~). 

Tat . t  
(77) 

From (71), (74), and (77), we obtain a formula describing the influence of saturation of the spectral l ine a 'a  
on the difference in the deviations of the populations of a l l  other energy l e v e r  of this spin system 
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f b ,b i  2]D2+~,1 z T 2 ~ , T ~ , . i q  (a" - -  a) 
~btb  ' - -  ~ b b  

Ta,,~, I -t- [a)z - - , ( a ' - -  a)2T22r, a" -~ 21D2+aa,12T~aa,Ta,a~ 

Tb~bi  
= - -  �9 S q  ( a "  - -  a ) .  (78) 

TaPal  

The saturation factor S depends on the ampl i tude  of the saturating field H 2, and with increase in the tatter,  S ~ 1. 

For saturation, when S = 1, the signal a ~ a '  disappears: 

f f ~ - - g ~ ' ~ ' = [ q ( a ' - - a ) - - ( E a ' a ' - - % a a ) ] =  q ( a ' - - a ) [ l - - S  I. (79) 

The Overhauser effect,  consisting of the change in the intensity of the spectral  line b ~ b ' ,  is de termined for satura- 

tion of the l ine a --~ a' by the expression [47-49, 56]: 

0 aYa 

a,~ Ib,b - -  lb,b (0) (~o~ - -  O oh,)-- (Oh - -  C~b,) ;(b,b, - -  Ebb Tb,~i (a" - -  a) 
O b t  b ~ , , ~ - -  __  

I ~ (Yob - -  (Iob, (Yob,-- (7o5 T~,~t(b '  - -  b) 
b~b 

(80) 

Here Ib, b ~ is the intensity of the line b -*b '  in the ordinary NMR spectrum in the  absence of saturation, and 
a '  a 

Ib, b(~Wz) is the intensity of the l ine b ~ b '  in the double resonance spectrum in the absence of saturation by the 
measuring field H i but with saturation (S ~ 1) of the transition a ~ a' by a perturbing f ield with frequency difference 
ZX~o 2. In a homonuclear  system of ident ica l  spins we have l ( a ' - a )  1 = t ( b ' - b ) t ,  and the change in the intensity of 
the line being studied, with comple te  saturation of the perturbed line, depends only on the constants T 1 [75]. In a 
heteronuclear  system ( a ' - a ) / ( b ' - b )  ~), A/1/B,  and the formula for the Overhauser effect  acquires the form 

,~'~ VArb'bt (81) 
�9 , .  

Qb'b -~ yBT~'a t  

An increase in the intensity of the line b 'b  corresponds to a negat ive value of O _< T b , b J T a ' a  1 I-- 1, the homonu-  
clear  Overhauser effect  cannot be greater than the changes in the intensity of the l ine being saturated, but this ef-  
fect can have any sign. Par t icular ly  marked changes in the intensities of the lines are observed in the heteronuclear  

case if we have saturation of spins with a large gyromagnet ic  rat io.  This phenomenon is used to increase the sensi-  
t iv i ty  of the NMR spectrometry of carbon C 13 by means of the double resonance CI~-{H I} . In this case, "/H/'YC ~ 4. 

In the system of equations (76) the coefficients Tal take the p lace  of potentials,  and it follows from Kirchhoff 's  

law that if in Fig.  11 the line a ' a  is saturated, we have 

T a , a  -~- T o , a  ~ T b , b  AC T b a .  (82) 

Thus if we use the notation for spectral  lines adopted in t ickl ing (Fig. 6), we obtain from (80) 

t + O S  ~ = Oi~'~ + O0 ~'~. 
. (83) 

This relat ionship can be used to verify experiment ,  and the measured changes in the intensities of the lines 
can be used to ca lcu la te  the re la t ive  probabil i t ies  of relaxat ion transitions [49]. The determinat ion  of the absolute 
values of re laxat ion coefficients requires addi t ional  experiments to establish the t ime scaIe [56]. After the pertur-  
bing h i - f i e ld  has been removed, the populations of the energy levels of the system begin the process of approach to 
thermal  equi l ibr ium. From (68) and (56) it follows that 

~ a a  

dt " ~  ~ Wab~bb" 
b 

(84) 

The change in the matr ix e lements  X aa with t ime  is described by the sum of a large number of exponents. 
Comparison of the ca lcu la ted  dynamics of this process with exper iment  makes it possible to determine  the t ime  
scale of the process of longitudinal  re laxat ion  [56, 57]. 
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From Eqs. (69) and (74) we obtain a formula for the signal of an individual spectral l ine a ~ a'  in a complex 

spectrum: 

u + iv = sp [{M+], (85) 

r2aa'D2+aa" [T2aa" (f.02 - -  0)o)-~- i] q ~ o  
Zaa" = (86 )  

This expression is equivalent  to the solution of Bloch's phenomenological  equations, if we take T~a a, = T~; 

T a ' a  1 = 2T 1. Bytaking account of (14), (41), (61), (65), and (85), we obtain, from (86) formula (7) for the measured 
signal.  The hf - f ie ld  H z is used in this case as a weak measuring field, for which the inequal i ty  

2[Dz+aa,12T~aa,Ta, a l  < 1 must be satisfied. 

3.5. Tickl ing .  In the examinat ion of the Overhauser nuclear effect it was assumed that the measuring f ield 

H I leads to only very slight perturbation of the spin system. Every real  f ield H 1 produces a certain saturation of the 
lines being studied, but a much more important feature is that in the presence of two hf-f ie lds  we are dealing with 
double resonance and that the change in intensities is accompanied  by a change in shape and by the appearance of 
split t ing of the lines. In the case of the action (6) of a weak perturbing hf- f ie ld  H 2, Eq. (60) is appl icable ,  but 
Bloch's assumption [37] regarding the t ime-dependence  of the nondiagonal e lements  of the matrix X (67) requires 
refinement.  Under these conditions the components of the nondiagonal e lements  of the matr ix  X, with different 
t ime-dependence ,  become important [46], as in the analysis of mult iquantum transitions [40]: 

(a_) (a) (87) ~aa" ~-- Zaa'.eiA~2t~ 

where A = m a - m  a, = 0, 1, 2 . . . .  (2F). 

The components of the nondiagonal matrix elements  X aa' with A ;~ 1 are different from zero for the perturba-  
tion, by hf-fields,  of two transitions with a common energy level .  A corresponds to the total  change in the magne-  
t ic  quantum number m in this two-quantum transition. 

In order to solve Eq. (60) under the conditions of a weak perturbing hf - f ie ld  and weak relaxat ion,  it is con- 

venient to change to coordinates rotating with a frequency -w2 about the z axis, but to use as basis functions the 
same 3~ 0 eigenfunctions (45). In order to change to the new system of coordinates [13, 30, 37, 55] it is necessary 
to carry out the transformation of a l l  operators of Eq. (60) by the operator T (44). When account is taken of the 

fact that F~,= ~ l~(i), we obtain 

i 

T = e-~z '~t .  (88) 

The kinet ic  equation acquires the form 

+ i [ ~ 0  + %f~ + ~ + ~ <t),z] + r ~)  = - i [ ~ 2  + ~ (t), %1. dt 
(89) 

We have 

~_~. e-iPz~2tzeiF zO~t, 

. ~ ,  : e-iIZz~ (t) e IPz~ . :  D ~  4- D~_, 

�9 ~ 1  (t) : e -~Fz~ .~1 (t) e iFz~ : Dl+e iflt -}- D l _ e  itlt 
(90) 
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if= 

~--- ~ t .  - -  012, 

'Yf~ : 'Yf~ + c~ @ ~7"g'-=2rC{ZAilz(i)~- Z JijI(i)I(l')-~'(D'+ + D,_)} , 
i {<1 

d'~/dt = -- i [o~o ~ + ~-~ (t), Q - -  P ( ~ - -  vo). 

C91) 

(92)  
i 

(93) 

(94) 

(95) 

In view of the harmonic t ime  dependence of ~ l ( t ) ,  it is convenient to represent the stationary solution of Eq. 

(89) in the form of a series of n harmonics [46]: 

(96) 

where ~n is weakly t ime  dependent.  

In accordance with (87), each of these harmonics consists of the components 

- - - (0)  - ( i )  - ( 2 )  ~ ( 2 g )  (97) 

where Ir n is a diagonal  e lement  of the deviat ion matrix,  and ~(n ~ X"(n I) and ~n(Z) are the nondiagonal e lements  cor-  
responding to transitions with different A. The signal measured at a frequency -w~. is  proportional to the e lement  
~t(1). The influence of al l  the other components is only indirect,  since they cannot be in resonance with the weak 
measuring f ie ld .  The stationary solution of Eq. (89) under conditions of weak perturbation and weak re laxat ion  can 
be found by ca lcula t ing  the matr ix  elements,  re ject ing dX"/dt. The diagonal  matr ix  e lements  ~n are t i m e - i n d e p e n -  
dent. Of the nondiagonal elements,  the most important  are the e lement  < c I • ( ) I c '> ,  produced under the influ- 

ence of the perturbing hf- f ie ld  H z at a frequency ~o z = ( c ' - c ) ,  where c' > c, and the e l emen t  <d l •  d '> ,  cor-  

responding to the measuring hf - f i e ld  H 1 at a frequency w 1 ~ ( d ' - d )  with an accuracy equal to the line width. The 
other matr ix e lements  can differ from zero only when the above elements differ from zero and the resonance con- 

dition corresponding to this e lement  is also satisfied. The three resonance conditions can be satisfied by the two 

hf-f ie lds  only if the transitions c ~ c'  and d ~ d' have one common energy leve l .  This requirement  restricts the 
possible values to A = 0, 1, 2 and n = 0, 1. In nondegenerate systems Xl(0) and ~ ( z )  may  differ from zero; the pro- 
duction of these elements  is i l lustrated in Fig .  14. 

In the first case, when the transitions perturbed by the hf-f ie lds  H 1 and H z do not have common energy levels,  
only one value is possible, A = 1, ~i(0) = 0 and X"1(2) = 0. The matr ix  e lement  ~1(1), which is proport ional  to the  

NMR signal, in this case depends only on the difference in the populations a d-O d"  and the field H z can influence 
this transition only through the Overhauser effect .  In the other cases, when the values A = 0 and A = 2 are possible 
in (87), the matr ix  e lements  ~"1(0) e 0 and ~I(1) r 0 are added. The matr ix  e lement  X"I(1) depends on these e l e -  
ments and on the difference in the populations.  The notation A = 0 and A = 2 are the same as those adopted by 
Freeman and Anders in [78]. Al l  the necessary matr ix elements can be obtained from (89) [46], and it is found that 

N 
and Xi (1) is expressed in matr ix e lements  in the 
which is the same for a l l  four cases from 2 to 5 (see Fig.  14): 

form of a complex formula;  this formula can be written in a form 

v l h  2 

id  
v i -I- (• -+- • ~ 

f l vih2 ]2 [ vih2 ]2 
+ + • 2 ] + - - -  t + (• ~: u2) 2 
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Fig. 14. Forms of arrangement of the energy levels. 
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Fig. 15. Tickling: Upper diagram K > 0 (on the left A : 0, 

on the right A = 2); lower diagram K < 0 (on the left A = 0, 
on the right A = 2) [48]. 

H 
s [t + ~,h 2 - ~•215 T • +_+_ v2• [~• + ( x ,  T • 

z~ [~ + ~J,~ - ~• (• ~ • + [~x~ + (• ~ x~)]~ 
(98) 

where the upper signs correspond to the case where A = 0 and the lower signs correspond to the case where A - 2, 
and the following notation is used (applicable to versions 2 and 4 in Fig. 14): 

)~ = )~td, : <t iD+~[d '  X d ' i M _ i t ) T 2 d , t q ( d ' - - t )  
2 

/,2 = J<c I n4~ I d>l 2r~,a, 

• : AohT2~e" T~ = r a , t l  / T~,~t ~l = T,~ta, / Yl'~e, 
X2 : AO-12Turd" r2 : Tc , c t  / T 2 r d '  ~2 ~ "  1'2cc# / T 2 r d ,  . 

Versions 3 and 5 require changes in the indices in accordance with Fig. 14. The Overhauser effect is intro- 
duced into this formula by means of (78) and it is assumed that in the case of homonuclear tickling, i .e.  
I (d ' -c)I  ~} (c ' -c)[  , the following equation is applicable: 
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Ta'r 
A(r-----((r~--(ra')-----q(d'--c) I - - T o ,  ' / (99) 

The intensity of the measured spectral l ine is equal to 

.-I- o~ ,+eo 

COt f Ire'(0)---- L~" g(~) v~e'(A*03i - -  g, A*~0z --  ~) d(A0h) d~ (lOO) 

where g(g ) is the normalized function of the form of the line, and ~* ~o = ~ + Aw is the extent to which the fre- 
quency of the hf-field differs from exact resonance. Integration of formula (98) shows that the intensity of the m e a -  

sured spectral line depends on the first term in the right-hand side of (98), and that only the form of the l ine depends 

on the second term [48]. For saturation of the l ine c'c, i.e., when S ~ 1, even for a marked change in the form of 

the line being studied, we have 

co" 
Itd'(O) 

[o 
td" 

(lOl) 

which coincides with formula (80) obtained earlier. 

The form of the l ine studied by the hf-field H I approaches the Lorentzian form if h 2 ~ 0 and S ~ 0. If how- 

ever h z > 0, splitting of this l ine is produced, 

A detailed analysis of this phenomenon [48] has shown that in the absence of detuning of the hf-field 

H z (Aw 2 =0), symmetricalspli t t ing is observed if in a first approximation 7 Hz > l / T 2  or, more accurately, if 

v i a + l )  l - t - v i h  2 t -T-(~i + t/T2)S 
2h z K + - -  ~ O, where K = - -  

v i  z v i  2 t ~ (~i - -  v, / ,c2)S 

If for saturation S ~ I  of the perturbed line K > 0, normal splitting is observed (upper part of Fig. 15), whereas if 
K < 0, anomalous splitting is observed (lower part of Fig. 15). The condition K < 0 can be satisfied when intra-  

molecular  dipole relaxation predominates for the l ine A = 0, when Td, e, t < Tzc, c,. The line showing anomalous 
splitting would be similar to Yatsiv's mult iquantum maser [41]. In liquids, however, the intramolecular  dipole re- 

laxation is usually not the predominant relaxation process and the lines are split in the normal way. The magnitude 

of the splitting 2/xco i for the case of a moderate perturbing hf-field, when 1 / T  2 << Y H2 <<l ( a ' - a ) - ( b ' - b ) ,  is 

equal to 

21Aoh I= VH~l<clZ+lc'>l (lo2) 

with positive peak value 
m a x  

v(A~, , 0 ) = - -  
(t -T "ci)s 

1 -]-v~ 

It follows from (102) that perturbation of the weak lines of the spectrum leads only to slight splitting of the 
other lines. This feature can be used in the determination of the relative signs of the spin-spin coupling constants. 

It  follows from (98) that the form of the measured line depends on the form and width of the perturbed line 
[46-48, 291]. 

Numerical  calculat ion and Fig. 15 show that the regression [155] lines A = 0 always become narrower, where- 

as the progression lines A = 2 become broader with splitting [48, 78]. At the same t ime,  as a result of the nuclear 
Overhauser effect, the intensity of the l ine A = 0 decreases and the intensity of the l ine A = 2 increases [48, 93]. 
The change in the intensity of the lines A = 1, which do not undergo splitting, may have either sign, but when the 

usual intermotecular relaxation processes predominate, a decrease in intensity is observed [79]. Moreover, when 

the extremely special conditions T2d d, >> Tz* and Td, t l  > 0 are observed in a nonuniform magnet ic  field, weak 
splitting of the lines A = 1 may appear in a narrow range of amplitudes of the hf-field H 2 [47]. 
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It follows from (80) and (101) that for the case of a sufficiently uniform magnetic field H 0 the relative 
changes in the intensities of spectral lines of all types are described by the single simple relationship 

c'c O c'c 
O a'a/ b'b Ta'd,/Tb%i. (1o3) 

3.6. The Overhauser Nuclear Effect for Perturbation of the Spin System by a Strong hf-Field. Marked changes 
take place in NMR spectra under the influence of a strong hf-field H 2. With increase in the amplitude of the hf-  
field, the total number of individual spectral lines in the NMDR spectrum at first increases, after which the number 
begins to decrease and collapse of the muhiplets is observed. All these phenomena are accompanied by a change 
in the intensities of the lines, and the observed effects, as before, are described by the kinetic equation. In the de- 
rivation of this equation, use was made of the representation of the interaction in order to eliminate rapid time de- 
pendences. The marked time dependence of the Hamiltonian in (60) at high values of y H 2 can be eliminated by 
relating this equation to a system of coordinates rotating with the strong high-frequency field H 2 about the z axis 
with an angular velocity -cos (95). As a result of the marked changes in the spectrum, it is necessary to change to 
a new set of basis eigenfunctions (a,  A')  of the Hamiltonian (93): 

~ o  R I a> = a ] a>, (104) 

and for weakly coupled systems of the type AmX n a further simplification is possible. Rotation about the y axis by 
the angle 0 (m) between the directions of Her and H 0 (Fig. 4) by the oPerator S 

S = e x p [  iO(m) ~. Iyd)], (105) 
% 

S,~o RS-1 = , ~ 0  s (106) 

makes it possible to use, as a new basis, simple multiplicative wave functions of the type [ aa[~a . . .>,  as in the 
analysis of ordinary NMR spectra. This feature follows from [Nil,  I z] = 0. The properties of the operator S are 
given in [13, 18, 37]. In this new representation the kinetic equation acquires the form 

d r - :  - -  i [ ~ ~  @ a@ls (t) '~S] - -  FS ((~'~S --aoS), (lO7) 

where the relaxation term F S differs from F in (89) and (95) [37]. To simplify the calculation of FS [37], use is 
made of (52) [54], where 

"~s(t) = a s ( t ) =  sa(t)s-~, (108) 

and account is taken of the fact that the transformation T does not alter the relaxation term F = ~ ([1], p. 4921 
[37, 55]) because of the equal spectral density of all frequencies for strong contraction. From (95), (93), and (25) 
we obtain, for the stationary state in the absence of H1, 

[o~o R, ~ - -  iP ( ~ ) =  q IDa+ -}- Dg_, ,~o1. (109) 

From (62), (65), and (109), taking account of the fact that the Larmor frequency is much greater than 6 and J, 
we obtain 

[ ~ o  R, ~] - -  iF (~  ~--- - -  (2~qvo) (nv2) ~ ]  [I+ (i) - -  I_  (i)1 
i 

(11o) 
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or in matr ix  e lements  in the representation (104) 

(a - -  a ' ) ) r  -i- i ~ R~,~,%~, ----- - -  (2aqvo) (~v2) ~ [1+ (i) - -  I_  ( i)]  .... (111) 

In the general  case, the e lements  of the deviat ion matr ix  ~ are complex.  By separating the real  and imag i -  
nary parts and taking account of the Hermit ian  character  of ~,  we obtain a system of A s equations, where c~' > c~ 

= - -  (2aqvo)a(=v2) , ~  [I+ (i) - -  I_  (i)]~a,, (112) 
i 

(118) 

~<~' 

(114) 

Z~ = O. (115) 

In the derivat ion of these equations, a l lowance was made for the possibil i ty of strong relaxation,  accurate tuning 
of oa 2 on one line of the spectrum, and simultaneous influence of the strong perturbing hf - f ie ld  on several  transitions. 

I t  follows from (95) that under the conditions of weak re laxat ion  (G o + ~)  is a diagonal  matr ix  [37]. In actual  
fact,  in the absence of re laxat ion  and a measuring hf-f ie ld ,  in rotating coordinates, no transitions take place  

(~o+%)~='= (116) (a ' -~)  

In these conditions we obtain 

R~ (~;r >> I m  (~r 

and the solution of the system of gqs. (112)-(115) is s implif ied considerably [55]. 
ca lcula ted  from (114) and (115), from which we obtain [37, 53-55]: 

(117) 

The matr ix  ~ can then be 

r ( ; - . o ) ~  _ ~ R ~ . . 5 , .  = o. (118) 

Equation (112) is s imilar  to formula (69), which is appl icable  for weak re laxat ion and perturbation; (113) is 
important only for strong relaxation,  and gqs. (114) and (115) are the analog s of the system of equations (72). 

Batdeschwieler [53] emphasizes that the diagonal nature of the matr ix  (no + X") and the system of equations 
(118) following from it are not observed for exact tuning of the strong perturbing hf - f ie ld  H 2 with frequency ~ = 
( a ' - a )  on the line a' a, so that in rotating coordinates (c~ '-cQ ~ 0 and it does not follow from (116) that the nondia-  
goI~al elements of this matr ix  are small .  In ac tual  fact, this is not the case: under the conditions of strong pertur-  
bation we always have I (cd-cOI ~ v2 even for exact  tuning of to~ [52]. 
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The system of Eqs. (112)-(115) has been used to ca lcula te  the re la t ive  intensities of the lines in the 
spectrum of a system of type AB under the conditions of perturbation by a very strong hf- f ie ld  Hz [32], and also for 

the analysis of the double resonance of a single spin l /z  [55]. The signal measured by the hf- f ie ld  H t depends on 
the nondiagonal e lements  of the matr ix ~ (26). Equation (89) acquires the form 

ah- 
d-7- = - -  i[#do~ , n (t)l - -  i [ .~h (t), "~ 4- ~'(t) 4- Zo] - -  r (~). (119)  

If  there are no common energy levels with equal differences between these levels,  and the hf- f ie ld  Ht is weak, 

we have [37, 55] 

~]=c," : Y ~ ' e  m t +  Y-~.'e -it~t. (120) 

With al lowance for the fact that T I~T- I  = e ~ i w z t I , ,  we obtain from (16) 

k' d 
L = ~ yi S,p [I+ (i) e-i,,,~t~ - -  I (i) ei~2"~], (121) 

~i dt 
{ 

• 4-  

L ~ '  W- ~:'co~ 2 = ViI~.(i)Ea Im~(r~E)sin(r 4- f~)t. 
i 

(122) 

I t  can be seen from formula (122) that each spectral line, for perturbation by a very strong hf - f ie ld  Ha, with 
measurement  by a weak hf- f ie ld  H I, can give two signals, dependent on ~ (t), at frequencies w2 �9 ~ and one signal, 
dependent  on • at a frequency ~ [55]. The two signals L+ and L -  at  frequencies w t and 2wz-~i  appear because of 
the fact  that,  in rotating coordinates, as a result of the small  value of the frequency f~, both its rotating components 

can be simultaneously in resonance with the spin being studied [58, 85]. 

3.7. Double Resonance of a Single Spin of t /2.  From (65) and (93) we have, for a single spin of 1/2, 

�9 ~ o  R = 2~ ( A I  z q- V~[x). 
(123) 

If  a and B are eigenfunctions of the Hamil tonian ~e 0' the new wave functions ] 1> and ]2 > can be found by means 

of the operator S (105) by rotating through an angle 0 = arctan vz /A:  

[ t> = ~,oo,s 0 + [~ sin 0, (124) 

12> -=- - a s i n 0  + 13 cos 0, 

so that the new eigenfunctions of the transformed Hamil tonian 3~0 s (106) are 

Ei = 4 -  ~ IrA 2 "JF v2 2, 

E~ = :F ~ j/A2 + vp ,  

The resonance frequencies in laboratory coordinates are: 

r -+ = to~ -4- 2~fA ~ -t- v2L 

and for exact  tuning of the perturbing hf-f ie ld ,  when A = 0, 

a~+ - -  co- = 2yg2, 

(125) 

(126) 

(127) 

(]28) 
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which coincides with the result obtained by qual i ta t ive  examinat ion of this phenomenon. The position of these 
narrow [sg] lines L + and L-  makes possible to measure the ampl i tude  of one rotating component  of the strong hf-  

f ield H2 [3% 53, 58, 85]. Contrary to Bloeh's s tatement  [37] it  is possible to avoid extrapolat ion and to work with- 

out @tuning the perturbing f ield (A = 0) [88]. In a single exper iment  it  is possible to record only two, but not four 
signals. If  one of these two lines is i r radiated by the measuring hf - f ie ld  at a frequency co I, emission is observed at 

a frequency 2oo2-to l [60]. When isotropic d i p o l e - d i p o l e  re laxat ion  predominates,  it is possible to ca lcula te ,  from 

the system of Eqs. (112)-(115), the matr ix  X and also ~(t), which depends on it. From (122) we obtain: 

{ (i + t 2 ~ t 2 4D*2-~2TQ l ,  

i -- cos 28T=z (E, - -  Ez) z )1.1 -6 4Dz T22 J 
i@i2 

(129) 

where the last term in brackets takes account of the saturation by the hf- f ie ld  H I, the middle  term depends on the 
strength of the re laxat ion  processes, and the first term depends on the detuning of the perturbing frequency w~ [55]. 

The first two terms coincide with the result obtained by Baldeschwieler [53], who in fact made  al lowance for the 

influence of relaxation,  but not for exact  tuning, on the re la t ive  intensity of the lines Lit + and LI2". 

3.8. Double Resonance in Multispin Systems. The equations describing the dependence of the density matrix 

on the conditions of the exper iment  are ex t remely  complex and often cannot be used in the examinat ion of the 
more complex spin systems which are of interest in structural analysis. In these cases it is expedient  to restrict one-  
self to the determinat ion  of the new resonance frequencies and new line intensities,  following from the change in 
the wave function of this system, and in general  to neglect  re laxat ion  processes, and also to neglec t  the influence 

of the Overhauser nuclear  effect .  This approach to the analysis of NMDR was very fruitful ly developed by Freeman 
and Anderson [81, 153, 65, 78] and, in spite of the fact  that it  was impossible to ca lcula te  the form and width of 

the lines, the transition processes, the free precession, and spin echo, it has given more results of prac t ica l  impor- 
tance than many other NMDR theories.  In this theory there is not even a place for the components of the magne t i za -  
t ion M and the spectral  lines are obtained only as a result of the absorption of hf -energy.  In this sense, this x , y  
approach to the theory of NMDR is a logica l  development  of one of the first NMR experiments  [68]. The nuclear 
induction experiment  [81, 67] and the dynamic  theory [36], which uses the formalisms of the density matr ix,  are 
also re la ted .  

The resonance frequencies of spin systems for the action of a perturbing hf - f ie ld  H 2 can be found as the differ-  
ences in the ~0 R (or ~0 S) eigenvalues in appropriate  new representations. The resonance condit ion acquires the form 

= (c~ ' - c0 ,  and the resonance frequencies in laboratory coordinates can be obtained by adding the frequency of ro-  
tation of the coordinate system a~: 

o~ = (a '  - -  a ) - k  0~2. ( 1 3 0 )  

Let us examine the change in the spectrum of the spin of nucleus A for perturbation, by the hf-field H2, of 

only the spin of nucleus X of the two-spin system AX without any influence on the spin of nucleus A [88]. The 

Hamil tonian  (93) of this system in a rotating system of coordinates, expressed in units of only the angular frequency 
w. has the form 

,~rdoR~ - -  [(o) A - -  m2) I z (A) + (co x - -  co2) I z (X) - -  2 z ~ J A x I  z (A) [z  (X) + Y x H 2 I x ( X ) ] .  (131) 

The Hamil tonian  (90) of the weak measuring hf- f ie ld  HI, which acts only on spin A, acquires the form 

~-dl (t) ~- - -  YAH1 [ I  x (A) cos f~t - -  l y  (A)  sin f2t]. (132) 

The Hamiltonian (131) can be diagonalized by the transformation S (I06), and we find from Fig. 4 that 

yxH2 
0 ( m ) =  ~a~cCg (133) 

(~Ox - -  o2 - -  2ZO~xm) ' 
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where m is the eigenvalue of the operator Iz(A ). 

"-~o s = - -  [(o)A - -  o)2) lz (A) -k A (m) I z (X)], (134) 

where the frequency of precession of the spin of nucleus X around the direct ion of the effect ive f ie ld  Her is equal  to 

A (m) = [ o ) x -  o)2 -- 2nl.xm)2 + 7x2H~],h. (135) 

Nucleus A undergoes precession about the z axis as a result of the low strength of the measuring f ield so that 

Her(A) 11H 0. The eigenvalues of the operator Je08 are equal to 

Es (m, M) = - -  [ ( e .  - -  o)2) m "4- A (m) .M], (136) 

where M is the eigenvalue of the operator Iz(X) .  

For a weak measuring hf- f ie ld  H 1 the usual selection rule Am = 4- 1 is operative,  but a strong perturbing hf- 
f ield H z, as a result of the presence of the term TxH2tx(X) in the Hamil tonian (131) (as a result of which 
[No R, Iz(X)] r 0), may  produce, simultaneously with the transition Am = 4- 1 of spin A, transitions of spin X with 
AM = 0, 4- 1, 4- 2 . . . . .  4- 2S. 

The resonance frequencies of spin A in the laboratory system of coordinates are equal  to 

os(m, M; m -  1, M')---~ Es(ra -- t, M')--  Es(m, M)+  o)z 

= o)A -F A (m)M - -  A (m - -  t)M'. (137) 

Since the value of the trace in (86), (13), (16), and (121) is independent of the unitary transformations T and 
S, the l ine intensities, as before, are proportional to the squares of the matrix elements of the operators I4- or 
Ix!  <a] Ix(A) I a '>[  2, but for the calculat ion of these elements  the eigenfunctions U(I, m) U(S, M) of the Hami l to -  
nian 3~0 S must be converted back into "laboratory coordinates" by the transformation T-1S -1. We than obtain 

I<~iZ~(A)I~'>I ~ =  l<U*(l, m )e - i r z  '*)~,'ll~(A)le~rz (*)~'U(l, m')>. 
<u'(s, M)I~-~[o(")-o(-'),~(~)]1 u(s, M')>I -~. (138) 

The first term of this product gives the intensity of the corresponding l ine in the ordinary NMR spectrum, but 
the second takes account of the effects of double resonance through the matrix e lements  of the rotation operator S, 

which can be expressed according to Wigner [69]. By taking r = r  (m) as the angle of rotation about the 
y axis, we can write (138) in a form suitable for ca lcula t ion on a digi tal  computer.  The intensity of the spectral  
l ine (m, M; m - - l ,  M') is proportional to the expression 

L = (I - -  m -/- 1) (I-F m)dZ(S, M, M', 0 ) ,  (139) 

where 

d(S, M, M', 0 )  = [(S + M)!(S -- M ) ! (S  @ M')!,(S - -  M')!IV2 

( - t )  ~ (cos q5/2) 2s+~-~ , -2h  (_ sin r  ~ , -~+2~  
( 1 4 0 )  

and k is an integer such that a l l  the factorials are positive or equal to zero. In (138), (139), and (140), the quanti-  
ties I and S are the eigenvalues of the operators 12 (A) and I2(X) respect ively.  

Relationships (137) and (138) can readi ly  be used to ca lcula te  the dependence of the resonance frequencies 
and re la t ive  intensities of of the lines in the NMDR spectra of spin systems of the type AX [66], AX 2 [153], AmX n 
(m, n _< 3) [65], AaX [50]. A4X [51], AMX [52] and AsKX 2 [266] on the re la t ive  intensity T Hz/2~r Il l  and re la t ive  
detuning ZX = (cvz-wX)/27r I J I of the frequency of the perturbing hf- f ie ld  H z. It is convenient to represent the results 
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Fig.  16. Double resonance in a three-spin system: A2X on the left, AX~ on the right 
[153]; ?H~ = 27rJ. 

graphica l ly  by means of the re la t ive  detuning of the measuring frequency f~ = (wl-WA)/27rI l  I for se lec ted  constant 
values of the ampl i tude  of the hf - f ie ld  H z. Usually, yH2/27r -- 0 .21J [ and 7H2/2~r = I Jl [65]. Figure 16 gives 
graphs for finding the resonance frequencies and re la t ive  intensities of the lines for systems AX 2 and AzX. Sweeping 
of the frequency a: 1 corresponds on these diagrams to the ver t ica l  lines for a given detuning A of the strong perturb-  

ing hf- f ie ld  H 2 from exact  resonance with the nucleus X (when ~2 = ~Ox). Sweeping of the magnet ic  f ield is equiva-  
lent to the proportional (in the case of homonuclear  double resonance the almost identical)  change in the frequen- 
cies co 1 and a:2; these experiments  correspond to the line on the graphs with slope equal to 1 (45~ Maximum merg -  

ing of the mul t ip le t  for nuclei  A corresponds to the condition A = 0. Sweeping of the frequency ~o z in experiments  
of the INDOR type [79, 88, 89, 158] corresponds to the horizontal  lines at constant detuning f~ = :~ t/2I J I �9 Here to-  
nuclear double resonance experiments  with sweeping of the magne t ic  f ield are described by lines with slope 7A/ ) '  X. 

From the diagrams [65] and (137) we find that if a sufficiently weak perturbing hf- f ie ld  H 2 is used and the re -  
laxat ion is weak, i .e. ,  1/IrTz* < 7XH2 << 2v[ JI , and a: z is tuned exact ly  to any l ine of the mul t ip le t  of nucleus 
X corresponding to the e igenvalue  m'  of the operator Iz(A),  so that 

(141) 

we obtain, for the frequencies of the spectral  l ines of nucleus A: 

a~(m', M'; m ' - - t ,  M ) ~ - - c o x -  2g/AxM + ysH2M', (142) 

o3 (m' + t, M; rn', M:) _~ o~x + 2~lxxM --  7sH:M', 

co (m", M; m" - -  t, M) = ~o. + 2MAxM, 

(143) 

(144) 

where in the last case m " ,  m "  - 1  ~ m ' .  From condition (141) it follows that the line perturbed by the hf- f ie ld  H~ 
in the mul t ip le t  of nucleus X and the l ine observed by the hf - f ie ld  H I at a frequency ~(m', M';  M' - 1 ,  M) have, 
in cases (142) and (143), a common energy level  corresponding to the eigenvalue m'  of the operator Iz (A) .  Under 
these conditions, we observe split t ing of each of the 2S + 1 lines of the mul t ip le t  of nucleus A into a submult iplet  
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of 2S + 1 lines as a result of t ickl ing in the spin system with degenerate states (S > ~]2). The intensity of the sub- 

mul t ip le t  is equal to the intensity of the l ine showing no splitting, i f  no account is taken of the influence of the 

nuclear Overhauser effect and the nonhomogeneity of H0 [65]. In case (144) there is no common energy level  and 
the spectral l ines are not split. 

8.9. Decoupling of Nuclei  and Collapse.  When a strong perturbing hf - f ie ld  acts on nucleus X of a spin system 
Ax so that ),xH2 > 21r I JAXI I, where I is the spin of the group A, we find, after expansion of A (m) and A ( m - l )  in-  
to a series (1 + x ) l / z  = I + a / z x - . . ,  from (187), that 

o(m, M; r a - -  t) M ) ~  O A - - - -  
2gYAx 

[Ox - -  02 - -  2 n Y A x ( m  - -  i/2)d~/]. ( 1 4 5 )  
yxH2 

For perturbation under conditions corresponding to the sweeping of the frequency to 1 of the center of the mul -  

t ip le t  of nucleus X so that to z = wX, a l l  the distances between the spectral  lines in the muhip le t  of nucleus A de-  

crease by a factor (27rJAX) ( m - l / z ) / T x H  z. The decrease in these distances is almost the same for sweeping of the 

magnet ic  f ield H0, if the addit ional  condition yxHa >> 27r[ JAXI S is satisfied. Tota l  collapse with merging of the 
mul t ip le t  of nucleus A into one narrow line is possible if I = I/z,  otherwise (I > t/z) even when a very strong perturb- 

ing hf- f ie ld  is used, the spectrum of A always preserves a certain residual splitting (Fig. 16, on the left).  

The results given above are appl icable  only to weakly coupled systems of the type AX for the conditions of 
select ive action of the two hf-f ie lds .  In order to examine  strongly coupled systems of the type AB, when the differ-  
ence in the chemica l  shifts compared with the spin-spin coupling constant JAB and the ampli tude of the perturbing 
hf - f ie ld  y BH z is small, it is necessary to take account of the direct influence of this field on the spin of A and we 
obtain from (90) 

D2+ + D2_ = H- ~ u (i) = y~H2I.~ (B) + yAtt2I= (A). 

i 

In the Hamil tonian (131), where now X = B, the new term TAH2Ix (A) appears. The diagonal izat ion of this 
Hamil tonian is carried out in a fashion analogous to that described above: we first d iagonal ize  the terms containing 
I (A) by the transformation 

iO I (A) 
V ~ e  i y , (146) 

where the angle of rotation is found from the condition tan 0 A = T A H z / ( W A - 0 4 ) .  In addition, 

,Yd. v - -  V.Yd o r~V - t  - -  - - {  A I z (A) % [ (o ,  - -  (o~ - -  2 ~ J A R  oOS OAI z (A)] I z (B) 

~- [(YAH2 -- 2~J A sin OAI z (A)] I x (B)t, (147) 

where small  terms of second order have been omit ted and 

A = [(oA - -  o2) 2 + (7A//2) 21'/~ �9 

The ~0 V terms containing the I (B) components are d iagonal ized by the operator W: 

iO (m)l (B) 
W ~  B y ) 

where the angle of rotation OB(m) follows from the formula 

7A[I2 - -  2a]ABm sin OA 
tan0~(m) = 

O~B - -  c02 - -  2 ~ l l ~ m ,  c o s  0 i "  

(148) 

(149) 

(150) 
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Thus 

�9 fTfoW = W , ~ o V W  -1 = - -  [ A I  z (A) -1- X (m) I z (B)], (151) 

X ( m )  ~ [0),~ -- (02 -- 2 n I ~ m  cos 0.) 2 + (Till2 -- 2 M ~ r a  sin 0A)21'/~. (152) 

The most intense spectral  lines of the spectrum of nucleus A, under the conditions of strong perturbation of 

nucleus 13, when 7Hz _> 2v I JAB I , correspond to the spin of nucleus A with Am = ~: 1, AM = 0, where M is the m a g -  
netic  quantum number of the spin of nucleus B [65]. The intensities AM ~ 0 of the lines are smal ler .  The resonance 

frequencies of the spin of nucleus A in the laboratory system of coordinates are equal  to 

0)(m, M; m - -  t, M)-~- 0)2-t - A + [ X ( m ) - -  X ( m - -  I)]M. (153) 

After expanding A, X(m)  and X ( m - 1 )  into series and taking account of the fact  that (r z >> (yAHz) 2 >> 

[(WB-a4) 2 + (27rJAB)2m2], we obtain from (188) 

(0 (re,  M; ra - -  1, M) = 0)A + 
(7//2) 2 ~:~].B cos 8.  

2((0. --<o2) 7 II2 
[(o~ --  0)2)-  2rJaB cos 0 . (m --  'A)-/-  ?H2 tan0.] M. (154) 

In this equation 0)A corresponds to the chemica l  shift of nucleus A in the absence of spin-spin coupling with 

other nuclei  and strong hf-f ields ,  the second term reflects the displacement  of the resonance frequency of nucleus A 
under the influence of the strong nonresonance hf-f ie ld ,  and the third represents the residual splitt ing. The first two 

terms in square brackets are analogous to the corresponding terms in (145) and disappear when w2 = w B and I = I/2. 

The last term, however, increases with increase in ), H z and in the l imi t  restores the split t ing 2~rJBA, when both spins 
A and B are quantized along the d i recnon of the effect ive  f ie ld .  Maximal  merging of the mul t ip te t  of nucleus A 

corresponds to the condit ion 

(7//2) z (155) 
((0~ - -  o ~ )  ---- 7 / / 2  t a n  0A --- 

( ( 0 .  - -  ~ 2 )  

which requires a slight d isplacement  of the perturbing frequency from exact  resonance with nucleus X. This feature 
is of prac t ica l  importance in the indirect  determinat ion of chemica l  shifts from the collapse of mult iplets  over-  

lapped by other lines. The correct ion is equal in magni tude to that which is used when the measuring hf - f ie ld  H I 
is obtained from the strong perturbing hf - f ie ld  H~ by modulat ion of the magnet ic  field, but has the opposite sign. In 
ac tual  fact, for large displacements  of the strong hf - f ie ld  H 2 from the resonance value,  when it follows from (129) 

that only one signal appears instead of two, we obtain from (127) the resonance frequency of this signal 

(156) 

where w + = ~o 1 ~ WA; co A = 7H0. Transforming this by expansion into a series, we obtain 

(Or ~ (0A @- 

(yH2) 2 

2 (e. - (02)' 

(157) 

which coincides with the first correct ion in (154). Under the influence of a strong hf - f ie ld  H2, the signal of nucleus 

A is moved slightly from the frequency w 2. When the measuring frequency is obtained by modulat ion of the hf- 
f ield H 2, the frequency of modulat ion necessary for resonance increases with increase in 7 Hz" With increase in y H2, 
the difference I w l - ~  I required for opt imal  decoupling of nucle i  A and B decreases [65]. The corrections in t ro-  
duced in the form of graphs by Turner [?4] should not be subtracted from the indirect ly  measured chemica l  shifts, 
but should be added.  

681 



With opt imal  decoupling, we obtain for the residual coupling in Hz 

(~1.~) 2 (m" %) (158) 

The importance of the decoupling of nuclei  is not restricted to its importance as a method for the select ive 

e l imina t ion  of mult iple ts .  In the case of rapid re laxat ion  or exchange of nucleus X, the spin-spin coupling between 
nuclei  A and X serves as a mechanism for the scalar re laxat ion of nucleus A [12]. In this case the decoupling of 
these nuclei  has a strong influence on the re laxat ion t imes of nucleus A and leads to a decrease in the width of the 

spectral  lines of the lat ter .  These phenomena have been examined in deta i l  by Bloch [37]. According to Abragam 
[1], as collapse of the mul t ip le t  of nucleus A is approached we have for the central  l ine 

_~ ,  ~ t ms~ O (159) 
/ ~ T .  Tx 

and if ), H z >> 2~r [ JAX I , we find that cos z O -~ 0 and the spectral  lines of nucleus A will  have a width due to their 
relaxation,  which is independent of the scalar process with nucleus X. 

4 .  E x p e r i m e n t a l  T e c h n i q u e  

Al l  the forms of nuclear magnet ic  double resonance described in sections 2 and 3 require the simultaneous or 
(much less frequently) al ternate appl icat ion of two or several  hf-f ields,  whose frequencies and ampli tudes determine 

the nature of the observed effects.  Al l  the frequencies should be highly stable, as is always assumed in nuclear re-  

sonance, and random changes in the ratio of the frequency to the intensity of the magnet ic  f ield w /H 0 in the study 
of proton spectra by the methods of homonuclear  double resonance should not exceed 2 �9 10 "9. Two methods are 
used to record the spec t ra - scann ing  of the magnet ic  f ie ld and scanning of the frequency. The first method is older, 
simpler, and cheaper, but it does not permit  effect ive  ut i l iza t ion of any of the methods described, since it is im-  

possible to ensure prolonged preservation of the resonance of the hf - f ie ld  H 2 with the perturbed nucleus. Scanning 
of the magnet ic  field is now being displaced by the more compl ica ted  scanning of the frequency, which makes it 
possible to achieve accurate tuning of the frequencies used on individual  lines or mult iplets  of the spectrum and to 
preserve these conditions for a period of many hours. 

4.1. Methods of Stabi l iz ing the Magnet ic  Fie ld  and the Resonance Condition w / H  0. The appl icat ion of 

NMDR is very closely re la ted to the problems and methods of stabil izing the magnet ic  field, so that double resonance 
found extensive appl icat ion only after the development  of effect ive methods of s tabi l izat ion.  Short-duration sta-  
b i l i ty  of 1 �9 10 "9 is now the rule, and in addition to effect ive static s tabi l i ty  it is also necessary to have very rapid 

stabil izer  operation.  In  the case of single resonance, slowness in the stabi l izer  can be compensated by a high con- 
stant t ime before the recorder [190, 191], but this cannot be done in NMDR, since even very short- l ived interference, 
which has almost no influence on single resonance spectra, produces unacceptable  transition phenomena and noise 
in the observed range of the spectrum. The requirements made  of the turbines are also much more severe. Irregu- 
lar i ty  of rotation and vibration lead to the appearance of strong side bands under the conditions of NMDR. 

Stabi l izers  can be divided into two classes, with separate or common sensitive unit.  A classical  example  of 
the first type is the superstabil izer with galvanometr ic  amplif ier ,  which does not compensate ei ther slow drift or 
fast interference, and operates effect ively only within an ext remely  narrow frequency range. At approximately  the 
same level  are the very large number of magne t i c - f i e ld  stabil izers based on an autodyne or bridge and ensuring a 

f ield s tabi l i ty  not greater than 10 -7. Slightly more eff ic ient  operation is shown by the stabi l izer  of Baker and Burd 
[195, 196] with high-frequency ampli tude modulation,  but even this system is too slow [193] and bridge drift pro- 
duced drift in the magne t i c  f ield.  The super-regenerat ive stabi l izer  [105, 206] operates rapidly and accurately,  
but is unsuitable because of the very marked addit ional  noise [193]. Spin generators with high-frequency back 
coupling [205, 207] rapidly follow changes in the magnet ic  field, but are insufficiently stable because of the drift 
of the sensitive unit. This drift is e l imina ted  in spin generators on a side band [197, 210, 211, 217, 603, 604], which 
have found extensive appl icat ion in the commerc ia l  NMR spectrometers A-60 [213], ZKR-60 [194], and PC-60 
[604]. A version of the spin generator with phase-synchronized frequency modulat ion is also suitable for the stabi-  
l iza t ion of NMDR spectrometers [92, 189, 212, 214]. 

Among instruments with a single specimen, the most important  is the s tabi l izer  proposed by Primas [198], 
where the slow drift is e l iminated  by using as signal of the error in the dispersion signal a single narrow spectral  
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Fig. 17. Production of perturbing hi-field for 
double resonance. 

line of the substance being studied. This system is used in 
most work with a weak perturbing hi-field and ensures effect- 
ive long-lived stability [65, 66, '/8, 81, 89, 199-202]. Spin 
generators can also operate with a single specimen [208, 209] 
and under these conditions they exhibit excellent stability, 
but they are unsuitable for the study of double resonance, 
Systems using the nuclei of another element have distinct ad- 
vantages among stabilizers with a single specimen [208, 204]. 

4.2. Homonuclear Double Resonance Procedure. The 
hi-fields required for homonuclear double resonance (the mea-  
suring field H I at a frequency wl = 21rh, the perturbing field 
H 2 at a frequency a~ = 2~rf2, necessary for the operation of 
internal stabilization [198]), can be obtained by modulation 
[10, 16, 620, 621, 622] of the magnetic field H 0 or the high 
frequency f0 of an NMR spectrometer by sonic frequencies 
(from 20 to 10,000 cps). The relative arrangement of the 
side bands used is shown in Fig. 17. Version I is the simplest 
and has been used [103] for the decoupling of the protons in 
acetaldehyde. As a result of detection at a frequency f0 the 
signals from the two deeoupled nuclei coincided. In version 
II the detection is carried out at a frequency fl by a tow- 
frequency phase (synchronous) detector using fro1 as support 

frequency, and signals are obtained from nuclei in resonance with frequencies fl and fl' [107]. The frequency f0 is 
used as perturbing frequency f2, and the spectrum is recorded by scanning the magnetic field. The side bands are 
most frequently obtained by making use of modulation of the magnetic field H0, and only rarely by amplitude [220] 
or frequency [105] modulation of the high frequency f0. This procedure has been very widely used in the solution 
of various problems [52, 65, 73, 84, 105, 10% 108, 110, 111, 238], including the study of the decoupling of protons 
[65], the identification of multiplets [219, 248], and the determination of the sign of I [258]. The spectra recorded 
by this technique consist of two halves with different sign: in one half the nucleus A is decoupled from the nucleus 
X, and in the other half the opposite takes place. An elegant example of decoupling of the protons in acetaldehyde 
[22] was given in [110]. As a result of the fact that the frequency of modulation fml is determined by the difference 
in the chemical shifts 8AX, in the study of more complex spectra another modulation band may fall in the spectrum 
and make the work impossible. This has happened in the analysis of gaillardilin [490], and version II has found 
application chiefly for the determination of the relative signs of J. To eliminate this marked disadvantage, in ver- 
sion II all the frequencies used are side bands, and use is made of sufficiently high modulation frequencies, so that 
f0 and other side bands fall far outside the range of the spectrum [73, 257, 404]. To obtain the measuring frequency 
fl, use is generally made of modulation of the magnetic field [257], but the perturbing frequency f~ can be obtained 
by frequency modulation of f0 [253, 254, 257]. As in version tI, a low-frequency phase detector with support fre- 
quency fml is used for the detection of the NMR signal and the selection of its components (usually the absorption 
signal) after the high-frequency detector. Version III is usually employed with scanning of the magnetic field, but 
if fro1 >> 8AX, scanning of the frequency is also possible, by means of a low-frequency generator, scanned by an 
electric motor [66] or sawtooth voltage [92, 404, 593]. This scanning of the measuring frequency is always ac-  
companied by a certain change in the modulation index and phase of the modulation frequency, and in accurate 
work it is necessary to use a compensating filter [493]. Version III is used chiefly for the decoupling of nuclear 
spins in order to identify multiplets [412] in complex spectra and to determine the relative signs of spin-spin coup- 
!ing constants I [253, 254, 257]. In the study of relaxation and chemical exchange [177], it is necessary to take 
account of the fact that a sharp change in one modulation index has a slight influence on the amplitudes of the other 
hi-fields used as modulation side bands [270]. Modulation of the magnetic field is unsuitable for the generation of 
very strong perturbing hi-fields, but an amplitude of 7H2/27r = 9.5 Hz can easily be achieved [32]. The inadequate 
stability of ordinary spectrometers is eliminated in version V, where the use of internal stabilization makes possible 
the ready attainment of a long-lived stability of 1 �9 10 "9. For this, the magnetic field H 0 is modulated by an addi- 
tional frequency fins' which ensures resonance with the narrow line of an internal standard, usually 1-10% tetra- 
methylsilane [65, 78] or C6F6 [357] in the study of ftourine compounds. The low-frequency signal obtained from 
the high-frequency detector is detected after amplification in two phase detectors with support frequencies fro1 
and fins, the phase of the latter being regulated to obtain a signal for the dispersion, which is equal to zero for exact 
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Fig. 18. Sonic frequency generator and phase detector. 

Some of the following Russian abbreviations may be found in the figure: 2 -- tube, ~ = diode, T p  = transformer, ~p 
or Op - choke, B u  = switch, a = V, M = Mf~, u, = k~, ~u = gF or pH, n = pF or pH, and n = nF or nil ,  ea = each, 

tuning of the frequency fs on the line and which changes sign as a result of deviations produced by interference. 
This signal is used to tune the magnetic field (when the superstabilizer is used) [65, 78] or the frequency [79]. Ver-  
sion V is the chief method of application O f weak perturbing hi-field and is widely used to determine the mutual 
arrangement of energy levels in the interpretation of spectra [ 78, 139], to determine the relative signs of I by means 
of tickling [100] and selective double resonance, for the identification of multiplets, and for many other purposes 
[65, 78, 153, 344, 357, 364, 521, 565]. 

In the scanning of the measuring frequency fl, fml is changed; when the INDOR spectra are recorded, 
fret is constant but fm~ is scanned; and finally, scanning of fms makes it possible to imitate scanning of the mag-  
netic field, but with a very high stability. Version IV is a simplified form of version V and is little used, but it 
makes it possible to construct an instrument for double resonance as an attachment to the main spectrometer with- 
out any change in the latter [66]. In version VI the chief disadvantage of the previous versions-the change in the 
amplitude of the hi-field during the scanning-is  eliminated. The two frequencies ft and fz are obtained by means 
of two quartz generators [58], by modulation of the frequency f0 with separation of one side band [74, 83], or by 
synthesis of the required frequencies from the frequency f0, stabilized by a spin generator [92, 189]. The synthesis 
of frequencies [58, 92, 158, 166, 189, 196,210, 531, 555] is the most complex but also the most modern method, 
and makes it possible to obtain, equally readily, both weak and strong perturbing hi-fields, with amplitudes which 
are independent of the scanning of the frequency. Moreover, it is also readily possible to achieve additional fre- 
quency [80, 145,216] or pulse [97, 98] modulation of the frequency fz; this is necessary for application of the 
method of transfer of modulation through spin-spin coupling [80, 109,213], for reduction of the residual splitting on 
decoupling of the nuclei [145], and for operation under conditions of t ime separation of one side band [74] is simp- 
ler than the circuit for the synthesis of frequencies, but it requires the use of a very special low-frequency genera- 
tor with two output vokages with a phase displacement of 90 ~ which are produced to study the amplitude-phase 
characteristics of automatic control systems with a limited frequency range. An interesting feature is that the first 
experiments [58] on homonuclear decoupling H l -  { H l} were carried out by Anderson using synthesis of frequencies. 
With very severe stability requirements [ 79] it is still necessary to use the method of internal stabilization (version VIII). 
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Fig. 19. Frequency synthesizer. (See note to Fig. 18.) 

In spite of the fact that amplitude modulation of the magnetic field H 0 and freqiency modulation of the high 
frequency are theoretically equivalent [10, 197,413, 564, 620-622], modulation of the magnetic field has in prac- 
tice considerable advantages, since the influence of drift of the bridge equilibrium or the crossed coils on the spec- 
trum is eliminated. In the case where a strong perturbing field is used, this thermal drift may be considerable. 
Thus the measuring hf-field H1 in experiments on NMDR is almost always obtained by modulation of the magnetic 
field. The sonic frequency generators employed should be highly stable, and the drift in the course of the experi-  
ment should be less than 0.1 Hz [259, 392]. Most laboratory generators do not satisfy these requirements. Figure 
18 gives the circuit of a sonic frequency generator with a range from 4.3 to 5.7 kHz, whose drift does not exceed 
0.03 Hz per hour. The coil L1 = 0.4 H is an air coil and is wound on a form with a low coefficient of thermal ex-  
pansion, and the entire circuit is enclosed in a massive aluminum screen. The diode D s decreases considerably the 
dependence of the frequency on change in the emission properties of the valve L~ and ensures a change in the am-  
plitude of less than 1.5% in the entire working range. Phase detectors are absolutely necessary in the study of NMDR 
spectra, and a large number of suitable circuits have been published [10, 22, 66, 73, 104, 105, 108]. The phase de-  
tector of the integrator of NMR spectrometers from the firm of Varian have been most frequently employed [ 10]. 
These simple instruments (see also L 8 in Fig. 19) can be used sucessfully to study qualitative aspects of NMDR spec- 
tra, and for stabilization according to [198], but they will be sensitive to undetectable frequencies and harmonies, 
they operate only within a narrow frequency range, and they are not free from drift. Figure 18 gives the circuit 
(Lt-Ls) of a phase detector for operation in the frequency range from 0.5 Hz to 20 kHz, suitable for atl experiments 
on NMDR. For operation at very low frequency from 0.5 to 30 Hz, PI is closed. RI, R2, and C '  make it possible to 
eliminate the influence of the strong undetectable signal (e.g., beats of fl and fz in experiments with scanning of 
the frequency) on the output vottage, DI_ 4 are selected according to the back current _< 0.01 pA at 200 V; the re- 
sistances marked by a point have an accuracy of~:2% 

In experiments using a very strong perturbing hf-field on the resonance frequency of protons, synthesis of the 
frequency f2 employed has distinct advantages. Figure 19 gives a circuit for obtaining, from the frequency f2, a 
frequency f0 + fm with a high stability and purity of signal, and Fig. 20 gives a corresponding power amplifier, suit- 
able for operation under pulse conditions with attenuation of the signal in the closed period by _>130 dB. The valves 
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Fig. 20. Modulator and output stage. (See note to Fig. 18.) 

L1- 3 make it possible to use "pseudofrequency modulat ion" of the hf - f ie l  d H z [216]. All  the circuits given [92, 189] 
can readily operate on other frequencies, e .g . ,  for the appl icat ion of the various versions of heteronuclear  double 

resonance. 

When internal s tabi l izat ion according to Primas [65, 78] is used, it  is necessary to have a highly stable sonic 
frequency generator,  e .g . ,  a tuning generator or the generator  shown in Fig. 18. The phase detector  may be simple,  
of the type used in the integrator [10], although in this case a strong perturbing field influences the operation of the 
stabi l izer  if  f r m - f m s  < 200-300 Hz [252,364] .  I t  is therefore desirable to use a select ive ampl i f ier  of low fre-  
quency in the stabi l izer  channel [200, 364], but this decreases slightly the rate of operation of the regulator,  De -  
ta i led circuits for these stabilizers are given in [199-200]. 

For proton-proton double resonance it is possible to use the sensitive units designed for NMR-br idges  and 
crossed c o i l s - w i t h  the condition that there is sufficiently stable ba lance  and nonvibrational  rotation of the turbine. 
The use of magne t i c - f i e ld  modulat ion or t ime separation [98] is necessary in order to e l imina te  drift. 

Accurate  cal ibra t ion of the ampli tude of the perturbing hf- f ie ld  is often necessary for the suceessful app l i ca -  
tion of NMDR. This is part icularly important in the determinat ion of the signs of spin-spin coupling constants by 

select ive double resonance, where the use of a l ' if-field which is too strong may  lead to incorrect results. For the 
cal ibra t ion it is possible to use the double resonance of an individual  l ine according to formula (128), nutation v i -  
brations according to (162) or the corresponding B loch-S iege r t  displacement  of the resonance frequency of this l ine 
according to formula (157). From (102) we find that the splitting # '  of the observed line for t ickl ing in the system 
AX is approximately  as follows: 

8, ~ yxf - / j2~ ,  (16o) 

where 7X is the gyromagnetic  ratio of the nucleus X perturbed by the weak hf- f ie ld  H~_ and g# << 1JAX I [97,493] ,  
This method of ca l ibra t ion is part icularly important  in experiments using heteronuclear  double resonance [97]. 
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4.8. Heteronuclear Double Resonance Procedure. An important application of heteronuclear double resonance 
is the decoupling of nuclei in order to simplify the spectrum or for the indirect determination of chemical shifts 
[28]~ In this connection, sufficiently powerful nonstabflized hi-generators can often be used [76, 125, 133,296, 374, 
483,504, 591]. The stability of the spectrometer is improved when use is made of quartz generators, whose fre- 
quency can be changed within narrow ranges (from 2 kHz [29] to the record value of 8 kHz [201]) by a condenser 
connected in parallel with the quartz. These ranges are usually insufficient, and the required frequencies are ob- 
tained by amplitude modulation of a quartz generator [316] or the subsequent stages of the high-frequency ampli-  
fief [51, 521]. Frequency scanning can readily be achieved by changing the modulation frequency [816]. A more 
universal method of generating the frequency f2 is by synthesis of the frequencies [51, 163], which makes it possible 
to coupte the resonance frequencies of the nuclei being studied with the resonance frequency of individual groups 
of protons or other nuclei, e.g., F 19 [158], in the same molecule [102, 139, 302, 803, 821]. The two frequencies 
employed fl and f2 are obtained by multipte transformation of the frequency of the single stable generator. This 
method has been used to measure the chemical shifts of N 14 [102] and C t3 [28, 189, 158, 302, 808,474, 624] with 
very high accuracy. The error in the measurement of the chemical shifts of the C 13 in the carbonyl group of sub- 
stituted benzatdehydes did not exceed 0.08 ppm (:~2 Hz) [474]. These measurements, and also the tickling of sateI- 
Iites in the proton spectra by perturbation of C la nucIei [139,600] require the use of spin stabilization [189, 158, 
321]. Additional frequency modulation [109, 145,216], "pseudofrequency" modulation [80,216], or pulse modula- 
tion [97,201] of the perturbing hi-field are sometimes used to study the satellites from C I3 in proton spectra, to 
improve the decoupling of nuclei, and to study relaxation processes. Very strong perturbation of the hi-field is 
necessary for complete decoupling of nuclei with broad lines and for the transfer of modulation through spin-spin 
coupling. A hi-field H2 with an amplitude of 1.2 G (with forced cooling of the specimen) has been used for the 
complete decoupling of the protons in formamide [874], and a field with an amplitude up to 0.7 G has been used 
in the study of the double resonance H I - {  C 13} [216]. The sensitive units of spectrometers designed for heteronu- 
clear double resonance are always fitted with circuits with double tuning on both frequencies employed 
[51, 139,201,216, 374]. 

4.4. Commercial Instruments for Double Resonance. All modern NMR spectrometers are equipped with spin 
stabilization, and versions V (HA-100 and INM-4H-100 spectrometers) and VI (A -60A spectrometer) are most fre- 
quently employed. To achieve any version of NMDR on these instruments it is necessary to have one additional 
stable low-frequency generator for modulation of the magnetic field, a numerical frequency counter (preferably a 
printing recorder), and a phase detector. The early types of NMR spectrometer, equipped only with magnetic-field 
scanning and stabilized by means of a superstabilizer can readily be used for the identification of muhiplets and 
the determination of the signs of spin-spin coupling constants according to versions III and II [404], but for the ap-  
plication of tickling and the nuclear Overhauser effect it is desirable to use internal stabilization V [200]. 

Many firms produce special attachments for double resonance. The most important types are the PD-60, and 
SD-60 instruments for homonuclear and heteronuclear double resonance between all possible combinations of nuclei 
[605]. They operate according to a single-side modulation scheme, make it possible to carry out experiments using 
a strong (10 W) or weak perturbing hi-field, and are very widely employed, in particular, for experiments of the 
type H I - { H  1 } [337, 338, 371, 546], H I - { D  B} [165, 315, 381, 383, 400, 410, 488], HI -{B  ll} [409, 450, 505], 

I 13 1 1 1 1 1 H- {C  } [150,458, 600],H -{F 9} [192],H _{p3} [288, 320],H - {T I  z03'TI2~ [319], and alsoBll-{H I} 
[475], Cla-{  H l} [225, 623], F19-{ H I} [369], and even F19-{B 11} [409] and psi_{ p31} [293]. A modulator with 
separation of one side band [256, 346,454, 606] and blocks for the decoupling of nuclear spins, produced together 
with spectrometers by Varian [125, 802, 303,425, 447, 521] and Perkin-glmer [376,497, 547] are less widely e m -  
ployed. Use is often made of the XUA frequency synthesizer produced by the firm of Rode and Schwarz (Munich), 
which has a very high stability and accuracy [97, 179,301, 325, 453, 485]. Similar instruments are also produced 
by WEB Messelektronik," Berlin. 

5. A p p l i c a t i o n s  of  N u c l e a r  M a g n e t i c  D o u b l e  R e s o n a n c e  

5.1. The Overhauser Nuclear Effect. The possibility of a strong increase in nuclear polarization by satura- 
tion of the electronic transitions in metals, where there is strong scalar coupling between the electronic and nuclear 
spins, was predicted by Overhauser [594] and generalized for the case of dipole-dipole interaction by Abragam 
[595]. This phenomenon is widely used in electronic-nuclear double resonance, where a considerable increase in 
the NMR signal in a positive or negative direction is achieved, depending on the relaxation mechanism predomina- 
ting [1, 464, 535, 536]. The opposite experiment with saturation of the nuclear spins is used chiefly in the study 
of solids and is often realized by the ENDOR metnod [596], which has recently found application for the study of 
free radicals in solutions [408,424]. These experiments make ir possible to determine the signs of the constants 
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of the hyperfine splitting in EPR spectra from the known sign of the constant of the dipole-dipole coupling between 
nuclear spins [431]. The change in the intensities of the spectral lines in double resonance is a completely general 
phenomenon and is encountered in gas spectroscopy [215,584] ,  where saturation of mocrowave transitions make it 
possible to study relaxation processes [278] and to identify spectral lines [215]. 

The nuclear-nuclear Overhauser effect is smaller by two orders of magnitude than the electronic-nuclear ef-  
fect,  but in spite of this it has been widely applied. The stationary effect is used to determine the mutual arrange- 
ment of the energy levels of spin systems [56, 89, 90], often by the INDOR method [79, 88, 97, 158, 166,271,  391, 
5311, to determine the chemical  shift of hidden or overlapping spectral lines [319], and to study relaxation processes 
[49, 56, 57 ,386 ,466] .  tt follows from the system of Eq. (72) and the electrical analog (Fig. 11) that the effect is 
greatest on lines which have a common energy level with the line being perturbed, but it is not restricted to these 
lines [56, 79, 189]. There is a particularly marked change in the intensity of the line with A = 1 in the spectrum 
of type AX [ 79] and the lines with analogous positions in more complex spectra; this feature has been used for the 
determination of such lines [319]. If the relaxation t ime of a nucleus X coupled with the nucleus A being studied 
is much shorter (T1 z~ and T12~ compared with H 1 [319]), a marked decrease in the intensity of the lines A = 1 is 
observed for the case where intermolecular dipole-dipole relaxation predominates [56,225,  319,418,558] .  This 
phenomenon is used in the NMR spectrometry of C 13 in order to determine how the spectral lines belong to the mul-  
tiplets. I f  two (or more) lines in the spectrum of C t3 form a multiplet, the second line is always less than the first 
line for rapid adiabatic passage, irrespective of the direction of scanning. If  the neighboring Iines in these spectra 
correspond to noneoupled transitions, rapid adiabatic passage of the first does not alter the intensity of the second. 
When intramolecular dipole-dipole relaxation predominates (in gaseous HD diluted with COg [420]), an increase in 
the intensity of these lines is observed. The Overhauser effect between lines with different symmetries of the cor-  
responding wave functions is usually small [90], but there are exceptions to this rule [56]. For the above reasons, 
the Overhauser effect cannot be taken as a reliable basis for the compilation of energy level diagrams, although 
this has been suggested [89, 90] and has found application [357]. 

In INDOR spectra, where the frequency of a very weak nonsaturating hf-field wt is tuned exactly on to any 
line and recordings are made of the changes in the intensity of this line for passage of the spectrum under condi-  
tions of scanning of the frequency w2 by a weak but saturating hf-field H2, the signal/noise ratio is much worse, 
and the Overhauser effect is in fact manifested first of all on the lines which have a common energy level with the 
line being perturbed [89]. This procedure is of practical importance in those cases where tickling is inapplicable 
because of the relaxation broadening of the spectral lines being studied (the a-protons of pyridine derivatives) [88], 
but it requires a very accurate selection of 7H2, since tickling leads to marked distortion of the form of the lines 
in the INDOR spectrum. 

The use of the dynamic Overhauser effect in the analysis of the spectra gives more reliable results. The satu- 
ration of any transition in the NMR spectrum takes place rapidly, with constant time T [493, 562] 

T 2 + 

and immediately after saturation the differences in the populations of only the directly coupled transitions are 
found to be changed. The other populations change much more slowly (T 1 > T ~ *) under the influence of longitu- 
dinal relaxation. Although these processes are not exponential, here and in subsequent sections T '  is used to denote 
the order of magnitude of this rate. I f  the frequency ~4 of a relatively strong (saturating) measuring hf-field Hi is 
tuned exactly on a single line of the spectrum, passage of the spectrum by another saturating hf-field Hz with 
change in the populations of the energy levels of the transition being studied by the hf-field Hi leads to the produc- 

tion of nutation vibrations with frequency f~' [493] 

fl' = ~//ot = [,~=//Pkp, ~ +i(e0 --  c0i) 21% 
(i62) 

where kpq = < P I I x l q > .  

The first surge of vibrations is directed in the positive direction for saturation of the progressive transition 
A = 2 and is directed in the negative direction for saturation of the regressive transition A = 0. Both hf-fields 
should be saturating, for which 7~H~X2txtTIT 2 .  >> 1; moreover, for the hf-field H~ the condition of rapid adiabatic 
passage should be satisfied: 
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t dHo 
~H~Xq, >~ ,, (!6 3) 

H~,qr dt 

The transition processes are of short duration; both the nutation vibrations and the tickling (which appears if 
the hf-field H 1 is weak) disappear with a constant time close to T z * [87, 9?, 98], whereas the nonstationary values 
of the differences in the populations of the same transitions are preserved for a much longer period. This feature is 
used in the method of transition selective irradiation (saturation) TSI [87, 154,233, 265] for the compilation of 
energy level diagrams [154] and the determination of the relative signs of spin-spin coupling constants. In this 
procedure the spectra are recorded by scanning the magnetic field, but the frequency difference (u~-wl)/21r = 
fm~-fml selected is a fraction of 1 Hz (0.2 Hz) smaller then the difference in the resonance frequencies of the per- 
turbed and measured spectral lines. This ensures that the intensity of the line studied by the hf-fleld H 1 is measured 
not later than 1 sec after the adiabatic passage of the perturbed line [265]. A sharp change in the frequency fm~ 
before the passage of the line being studied can also be used for the same purpose [154]. The intensities of the lines 
A = 2 in the spectrum increase and the A = 0 lines decrease, the change being very marked in degenerate systems 
[265]. In more complex cases, selective transition irradiation of two lines having common energy levels with the 
spectral line being studied is possible. This procedure can be used to determine the relative signs of the coupling 
constants in three-spin systems of the type ABC, where one of these constants is too stoat1 for measurement [265], 

The Overhauser effect accompanying the collapse of the multiplet is used in the spectrometry of C 13, Sn 119, 
and other nuclei. As a result of the fact that },H/YX >> 1, the intensities of the lines of these nuclei increase for 
saturation of the corresponding lines of the proton spectrum by a factor of several times [22, 137,227, 802, 303, 
606], a marked positive effect being observed even in the strongly associated [440] purines [369]. In rare cases 
nuclear and electronic-nuclear Overhauser effects are used together in order to increase the intensity of the weak 
spectral lines of C 13 and p31 [464, 535]. In general the Overhauser effect appears in all NMDR experiments, al- 
though it was not noticed by the earliest workers [29, 51]. Anderson and Freeman describe the redistribution of the 
intensities of the lines inside the multiplets, but without change in the over-all intensity [65]. Such changes do in 
fact take place, e.g., in toluene [99], dimethylformamide, and 8,8-dimethylacrylic acid [442], and are particular- 
ly marked in compounds with a rigid endo-, endo-hemicellular structure [44.1] and in ginkgolides and many aro- 
matic compounds containing a tert-butyl group [608, 614, 615]. A positive effect equal to 45%[422] and even 56% 
[608] has been measured in these compounds between protons which are spatially very close but which are not 
linked by spin-spin coupling (six bonds without zigzag configuration). 

The Overhauser effect is widely used to study relaxation phenomena. This work is examined in section 5.6. 

5.2. Tickling and Selective Double Resonance. The splitting of the spectral lines, described by formula 
(102) and (165) and shown in Figs. 6, q, and 8, provides the chief method for compiling energy level diagrams of 
spin systems [78, 100, 146, 152, 156]. In the study of spectra consisting of narrow lines, tickling is free from the 
many complications associated with the use of changes in the intensities of the lines. The possibility of splitting 
lines without common energy levels [47] is in fact very small. Figure 8 illustrates clearly the possibility of using 
tickling (and also the Overhauser effect) for the determination of the relative signs of spin-spin coupling constants 
[100, 146, 150, 179,288, 321, 367,458, 485, 556, 567]. The nature of the splitting (see Fig. 15) makes it possible 
to determine the type of transition being studied. The lines A = 0 are split much more effectively than the lines 
A = 2 [78]; in the last case, splitting may sometimes even be absent. Nevertheless, this assignment of the lines to 
types is not always unambiguous [155] and in spectra recorded by scanning the magnetic field the splitting of the 
lines A = 2 is even more distinct than the splitting of the lines A = 0 [257]. Scanning of the magnetic field [150] 
is of course rarely used to study tickling. Scanning of the frequency is almost always used [?8]. Tickling also pro- 
vides a very successful method for measuring the resonance frequencies of spectral lines which overlap or which 
are not directly detectable on a given spectrometer, particularly the lines of the C 13 nuclei, by means of corre- 
sponding satellites in the proton spectra [150, 600, 624]. This makes it possible to measure C t3 chemical shifts 
with a very high accuracy [321], which even reaches 0.01 Hz [179]. 

In the derivation of formula (98) splitting was regarded as a change in the form of the line. Another approach 
to this phenomenon makes it possible to describe it as the appearance of new lines as the spectrum is complicated 
by the hf-field. The addition of one nucleus 13 to a two-spin system AX leads to the appearance of nondiagonal 

I elements /2IAB in the matrix of the HamiItonian of this system, and under suitabte conditions to spIitting of the 
quantity IIAI~ I in the spectrum of nucleus X [599]. By a close analogy, nondiagonal elements 7H2/4~r appear in 
the matrix of the Hamiltonian of this two-spin system AX under the influence of a resonance hf-field H~ [599]. 
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Fig. 21. Spectra of nucleus A of a two- 
spin system AX, recorded by scanning 
the magnetic field H0; TH2 = 0.4~rL 

By diagonalizing the Hamiltonian by the usual methods employed 

in the analysis of NMR spectra, we obtain new values of the energy 
for both l e v e r  of the perturbed transition [78] (see Fig. 6): 

g = 
�9 i 

(2.,E,. - -  e,-, "F" ~2), 4- "V (e), - -  ~r,)"..{.. h,.,,= (164) 
2 4 4 ' 

where hrs = 2krs and Xrs = <r [Ix(X) l s>, and for local action on only 
one line rs of the doublet of nucleus X we obtain an expression for 
both new resonance frequencies of the line rp being split in the 
spectrum of nucleus A: 

~ i  = ~,-p + 4-__'1/((o~ - -  ~,.,)" + h,,2" (165) 
2 2 

It follows from (165) that the splitting of the line rp depends on the 
intensity of the perturbed line, which is proportional to hrs 2 (78]. 
When a slightly stronger hf-field H~ with a frequency close to the 
mean of Wpq and Wrs acts on both lines rs and pq of nucleus X, all 
the energy levels are split, and the values of all the square roots in 
expressions of type (164), with the condition that the intensities of 
the two lines of nucleus X are the same, show identical dependences 
on Hz, as a result of which two lines of the four in the spectrum of 
nucleus A coincide. Their intensities increase with increase in Hz, 
whereas the two remaining lines are reduced and move further apart 
(see Fig. 5). Selective collapse is produced, affecting only one 

"pseudo-Ax-system" of the more complex spectrum. For example, the perturbation of lines B1 and B2 by a frequen- 
cy wz = (WB1 + WBz)/2 leads to merging of the doublet A / ,  A2 in the spectrum of nucleus A (Fig. 9a) i f J A c  and 
JBC have the same sign, and to merging of the doublet An, A4 if the signs are opposite (Fig. 9c). This selective 
double resonance has found very extensive application in the identification of multiplets and the determination of 
the relative signs of spin-spin coupling constants in complex spectra [62, 81, 82, 149]. If however the frequency of 
the perturbing hf-field H 2 is tuned in a "pseudo-AX-system" with different intensities for the two lines of the doub- 
ter of nucleus X on a frequency u.~ outside the doublet on the side of the weaker line, it is found that as a resuk of 
the difference in the splitting of the two lines of the doublet of nucleus A the distance between the most intense 
lines of the four lines which appear will not decrease, but increase [16, 352, 3731. This phenomenon has been used 
to determine the sign of a very small spin-spin coupling constant, whose magnitude was less than the resolving power 
of the instrument (0.3 Hz) [352]. Unfortunately, this method is not universal. Increase in the splitting from 0.15 to 
0.45 Hz required a perturbing hf-field Hz with an amplitude of 7 Hz, which is too strong for most spectra. Double 
tickling [259] is more universal. I f  in a system ABC we have JAB - 0, it follows that A1 = A2; a3  = A4 and BI= B2; 
B3 = B4 (Fig. %) and the spectrum now shows doublets consisting of two degenerate lines instead of quadruplets, 
whose irradiation does not lead to tickling for the reasons described above. This interfering degeneracy can be re- 
moved by additional perturbation of a single spectral line of nucleus C. With perturbation of the transition C1, the 
lines A1, A3, B1, and B3 are split to form doublets, the remaining lines of the spectrum remain unchanged, and as 
a result the degenerate lines of the spectrum are split to form triplets, which can be used for the determination of 
the signs of J by means of tickling. This method has been used to determine the sign of the very small coupling 
constant J < 0.2 Hz in 3-bromothiophenaldehyde-2 [259]. 

5.3. Action of a Perturbing Field of Intermediate Strength. The form of the spectrum recorded under those 
conditions can readily be found from Freeman's diagrams [65, 66, 153]: Figs. 16 and 21. The diagrams for three- 
spin systems of the type AKX consist of the superpositions of two diagrams for the system AX. If  K = X, these are 
superposition diagrams with shift A = IA X along the x axis; if K ~ X, then in addition to the shift JKX/JAX along 
this axis we add a vertical shift by IAK/JAx ; and in the case of systems of the type AmKnX r additional shifts are 
added [266]. Comparison of these diagrams with the experimental spectra makes it possible to determine the rela- 
tive signs of the spin-spin coupling constants [52 ,216 ,266] .  The method requires the compilation of individual 
diagrams, so that it has not found extensive application except in those cases where the use of a strong perturbing 
hf-field is unavoidable, particularly in the study of modulation transfer [216]. 
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The spectra recorded by scanning the magnetic field at intermediate values of the amplitude of the hi-field 
H2 are symmetrical only with exact tuning of the frequency ~ of this field in resonance with the nucleus being per- 
turbed. This can be shown analytically [284, 568-570], but it is also very clearly illustrated by Fig. 16. In the 
study of the ammonium ion by the experiment H i -{  N 14} , detuning of the frequency of the perturbed hi-field by 
0.5 Hz led to appreciable asymmetry in the proton spectrum [51], and this made it possible to determine the chemi- 
cal shift of the nitrogen very accurately. These spectra have also been used to determine the amplitude of the per- 
turbing hf-fieid, but this procedure has no practical importance, At the present time the spectra recorded at inter- 
mediate values of the amplitude of the perturbing field are not used for structural analysis, but they are used for the 
study of relaxation processes [95. 420]. 

5.4. Decoupling of Nuclei and Collapse. The decoupling of nuclei with complete or partial merging of the 
corresponding multiplets is the most common application of NMDR. The spectra of the deeoupled nuclei can be 
recorded under the most varied experimental conditions, with scanning of the frequency or the magnetic field and 
with slow or rapid adiabatic passage of the spectrum [2253. The intensity of the magnetic field H0 als is not criti- 
cal, and decoupling can be achieved even at sonic frequencies in a weak field [175]. For the decoupling of the very 
broad multiplets encountered in flourine compounds, it is necessary to use scanning of the frequency [189, 357] of 
the measuring hi-field. Only this procedure makes it possible to preserve the resonance of the hi-field H 2 with the 
perturbed spectra1 lines independentIy of the scanning. Additional frequency modulation of the perturbing high- 
frequency can be used to decrease the residual splitting (145) produced even in a spectrum of the type A2X (see 
Fig. 16) [1453. tn systems of the type AaX, AzKX , and AKaX consisting of nuclei with spin I = 1/% the frequency 
of precession of the spin X about the direction of the effective field in rotating coordinates can in accordance with 
(135) have four values. For exact tuning of the perturbing frequency ~ = Wx A(a/~) = A(-a/a ) and A(*/a) = A(-t/~), 
bm A(a/z) # A(I/2) and the residual splitting is produced as a result of this difference. If however we select the fre- 
quency of modulation in such a way that w m = t/~[A(a/z) + A(*/2)], we find that in the doubly rotating system of 
coordinates the rate of precession of nucleus X is no longer dependent on mA and this nucleus can be completely 
decoupled from the remaining nuclei. Unfortunately, the necessary modulation frequencies are fairly high (30 Hz 
for complete decoupling of the methylene protons from the methyl protons in ethyl alcohol), so that this procedure 
can be used primarily for heteronuclear spin decoupling, which can be further improved by the use of an infinite 
number of modulation frequencies, i.e., noise modulation [ 190,237, 557]~ Frequency noise modulation with a 
small modulation index is used in these experiments. Gradual increase in the power of the perturbing hi-field Ha 
leads to disappearance of the muttiplets; no new spectral lines are produced, and the nature of the process resembles 
the increase in the rate of relaxation or chemical exchange of the coupling nuclei. In actual fact, the introduction 
of stochastic interaction with the external hi-field H a in the kinetic equation leads to the appearance of a term 
whose form resembles that of the relaxation tern-, F[557]. The analogy with relaxation is not complete; because of 
the spatial coherence of the perturbing hi-field, transfer of the noise modulation to the spectral lines being measured 
takes place and in order to achieve a good signal/noise ratio it is necessary to use slow scanning with effective fil- 
trations of the signal. As a result of the broad frequency spectrum, decoupling is achieved even under conditions 
of considerable detuning of the frequency wa0 and this method is particularly suitable for the decoupling of fluorine 
nuclei HI -{  F19}, where the width of the spectrum of the nuclei being decoupled may reach 2 kHz. 

Irradiation of the spin being decoupled by resonance pulses with definite frequency of repetition, duration, 
and intensity also makes it possible to save high-frequency power by comparison with the usual continuous action 
[351]. A nonresonance frequency-modulated strong hi-field H a with an amplitude of all components such that at 
!east two of these interact with one spectral line of the nucleus being perturbed produces changes in the quantum 
state of this spin in time with the modulation. These changes are transferred by means of the spin-spin coupling 
to all other coupled spins of the molecule. Transfer of modulation has now been achieved in the systems H I -  { C ~a} 
[109,216] and H I - { N  t4} [80] and provides an excellent method for the selective isolation, in proton spectra, of 
only those lines (satellites) which have common energy levels with the lines of the nuclei being perturbed. 

DecoupIing of nuclei is widely used to simplify spectra. In some cases the simplified spectra make it possi- 
ble to determine immediately all the required characteristics of the compound [119,273,369] or polymer [339- 
343] being studied, but usually, collapse is only the first stage in the analysis of the complex spectrum [257, 307, 
369] or the determination of the signs of the spin-spin coupling constants by other double resonance methods [253, 
254,257, 331, 357, 540]. Decoupling of nuclei leads to the decrease in the width of the spectral lines required 
for many measurements. In this connection, the decoupIing H~-{D a} is used in ai1 studies of the conformation 
of cyclic deuterated hydrocarbons [298, 315,400,438, 519] and was used before the determination of the rate of 
chemical exchange from the characteristic width of the line [262]. 
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Fig. 22. Identification of the multiplets in the proton spectrum of phyllochrysene [182]. 

The most important and most common application of the decoupling of nuclei is for the identification of the 
multiplets in complex spectra. The study of spin-spin coupling makes it possible to determine which of the protons 
or other nuclei are coupled with one another and hence are either spatially close to one another or are present in 
quite difinite geometric relationships (Fig 22). In order to obtain this information all more or less effectively 
separated multiplets are perturbed by a hf-field H 2 and the changes produced in the spectrum are observed [23, 
181-183, 310, 349, 544]. These methods also make it possible to determine the chemical shifts of multiplets 
which cannot be observed directly [83,223, 443] or of other nuclei, e.g., C 1~ [28,216,283,303,  304, 321, 368, 
474,522], NI4 [51, 75, 76, 102, 132, 163,230,351], p~t [29,288,483] amd Xe ~~ [224, 232]. The indirect deter- 
minationof chemical shifts is particularly important in the analysis of carbohydrates, where the multiplets of vari- 
ous protons show considerable overlap [293,484, 524]. Of particular interest is the application of this method with 
the simultaneous use of dimethyl sulphoxide as solvent. This solvent forms particularly strong hydrogen bonds with 
the hydroxyl groups [449], the chemical exchange of the protons is prevented, and the NMR spectrum shows the in- 
dividual doublets of the hydroxyl protons of the carbohydrate being studied. The collapse of these doublets readily 
makes it possible to find the chemical shifts of the corresponding protons of the skeleton [486]. 

The use of the decoupling of protons for the identification of multiplets has given particularly good re- 
suits in the analysis of the alkaloids [23, 182,223], and also steroids [5, 181], terpenes [543], and other compounds 
[310]. Sometimes, for low values of the coupling constant, decoupling of the nuclei is accompanied only by an 
increase in the peak value and a decrease in the width of certain lines of the spectrum [395,473,496]; a typical 
example is provided by the collapse of the lines due to the angular methyl group in 5-cyclodeeenones [545] and 
steroids [242,456]. 
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In the analysis of particularly complex spectra, multiple decoupling of one nucleus (or group) from several 

others is necessary. This is achieved by using one very strong perturbing hf-field [106] or by using several, usually 
two, perturbing fields. In the last case there exists a narrow range of amplitudes of these fields in which the form 
of the spectrum under the conditions of triple resonance can be calculated,  assuming that the coupling constants be-  
tween the decoupled nuclei are equal to zero [252]. Triple resonance has been used to identify the multiplets in 
the complex spectra of norbornene derivatives [304], the nonbornadiene cation [246], chromomycinone [310], dihy- 
dropleiadened [496], steroids [181], and other compounds [445, 574], including polymers [238]. Quadruple resonance 
has been used to determine the structure of the product of the addition of thallium triacetate to norbornadiend [319]. 
Homonuelear and heteronuclear decoupling can be used simultaneously [239, 576]. 

Rapid relaxation of the spin coupled with the nucleus being studied leads to the disappearance of the multiplet 
character [37], which is similar to the decoupling of nuclei by a strong hf-field with noise modulation, but in this 
case the perturbing field is noncoherent. This phenomenon is always observed in compounds of the halogens, Hg 2~ 
[258], and Xe t a  [224]. Nitrogen compounds occupy an intermediate position [125-131], and complete decoupling 
of H 1 nuctei is achieved only by irradiating the N 14 nuclei with a strong hf-field H 2 [22, 70, 125, I38, 374]. In par- 
ticular cases, partial disappearance of the multiplet in the proton spectrum is observed even as a result of the rapid 
relaxation of B [505] and F 19 [160, 597,611].  Merging of a multiplet may also take place under the influence of 
selectively operating paramagnetic ions [79, 170, 171]. The addition of Cu 2+ ions to ethyl alcohol Ieads to broad- 
ening of the line of the hydroxyl proton and merging of the quadruplet of the methylene protons [170, 171]. Study 
of the influence of the paramagnetic ions Mn 2+, Ni g+, and Co g+ on the spectra of adenosine-triphosphoric acid has 
made it possible to confirm [172] Szent-Gyorgyi 's  guess regarding he arrangement of the metal ions in nucleosides 
[173]. The "decoupling" of the H I nuclei from the action of paramagnetic ions [39, 482] requires the use of a very 
strong hf-field (>1000 G) and is practically unattainable. 

5.5. Multiquantum Transitions, With a very high amplitude of the measuring hf-field H l, new lines appear 
in the spectrum, corresponding to multiquantum transitions, chiefly two-quantum transitions [40, 41, 58, 140, 141, 
143, 144, 159]. Two-quantum transitions take place between the extreme energy levels of transitions A = 2 at a 
frequency 2to ~ r I + a~ z (versions 4 and 5 of Fig. 14). A new line appears between the lines of nuclei A and B with 
resonance frequencies ~v 1 and 4 ,  but with a slight shift [40, 155] towards the more intense line. These spectral 
lines can also be used to compile energy level diagrams [155] and to determine the signs of spin-spin coupling con-  
stants [144, 167]. The two-quantum lines are saturated readily, in proportion to ~3H13 ' and the determination of 
all the new lines requires the use of a large number of spectra [155, 167]. The intensity of the two-quantum transi- 
tions increases when two hf-fields, tuned on frequencies ~ and tog respectively, are used instead of one strong hf-  
field. These hf-fields can be obtained by modulation methods [40, 142]. Since the measuring field required in 
order to observe the two-quantum transitions is on the average 50 times stronger than the usual field [144], the 
spectra obtained are of poor quality, with strong side bands due to the rotation of the turbine. For this reason, mul-  
tiquantum transitions have not found application in the analysis of complex compounds. 

5.6. Study of the Relaxation of Nuclear Spins by Double Resonance Methods. The chief aim of all these 
studies is to determine the predominating mechanisms of the relaxation of spins and the details of molecular mo -  
tion in liquids and gases. In view of the complexity of the relaxation of even simple molecules, the solution of 
these problems is only beginning. A large amount of information for simple molecules has also been obtained by 
NMR pulse methods. This work is not considered here. 

Solomon [128] was the first to use NMDR to study the relaxation of the spins of H 1 and F t9 in anhydrous HF, 
where, as a result of rapid chemical  exchange, both nuclei are represented by a single spectral line. We find from 
Fig. 23 that the magnetizations of the individual nuclear spins are proportional: 

k <L,> = k {<Iz+> -]-- < I z - > }  = (N++  - -  N _ + ) - I - ( N + _  - -  N _ _ ) ,  (166) 

<&> = k {<&+ > + <s~->}  = (N++ - N+_)  + (N_+ - N _ ) .  (167) 

The rates of the change in these magnetizations under the influence of longitudinal relaxation are determined by 
the expressions 

d <I~> 

dt 
(Wo + 2 w ,  + w~) {<[~> - Io} - ( w ~  - Wo) {<s,> - so}, (168) 

693 



+ 

- (w~ - Wo) {<~J - h}  - ( W o  + ~w~ + w2) {<s,> - so}. (169) 
dt 

These processes themselves are not exponential, but the change in the dif- 
ference in the magnetizations with t ime is exponential [77]: 

d 
-d-~-((I,+>- ( I : -> ) -=  - -  2(Ws + WI) {(I,+ ) --  ( I , - ) } ,  (17o) 

Fig. 23. Population and mag-  d 
netization in a two-spin system. -~((S~+> - ( S z - ) ) -  - - 2 (Ws  + W I ) { ( S z + ) -  (S~->}. (171) 

In most cases it may be assumed that W s' = Ws" = W s, anisotropy 8 of the chemical  shift of the nucleus W s' ,e Ws" 
[528]. From (168) we obtain for the stationary value ([1], p, 313): 

W 2 -  Wo a (172) 
<ID = Io + 4.So = Io + - - 8 0 .  

IV2 + 2WI + Wo p 

Under the conditions of strong contraction, we obtain for the dipole-dipole relaxation [1, 10, 59] o / O  = l/z, 
and for scalar relaxation [1] o/p = 1 [1, 128]. The experimental value o/O = 1/z showed that in HF both mecha-  
nisms operate, the intensity of the scalar relaxation depending to a marked extent on the moisture content. Solomon 
neglected intermolecular relaxation processes. In order to take account of the influence of dipole-dipole interac- 
tion between the molecules, Solomon's analysis was extended to a system of four spins AXA'X'  [ 386,465] with 16 
energy levels. The equations derived are similar to Eqs. (168)-(171), the t ime dependence of the differences in the 
magnetizations (170, 171) being different for intramolecular and intermolecular dipole-dipole relaxation. Study of 
the CHFC1 z molecule [386, 528,561] showed that at low temperatures the dipole-dipole relaxation and the relaxa- 
tion produced by the anisotropy of the chemical shift of fluorine predominate, so that Ws' ~ Ws". The appearance 
of cross terms in the relaxation matrix made it possible to relate the sign of the spin-spin coupling constant J (HF) 
to the sign of the anisotropy of the chemical  shift, and the determination of this sign [581] made it possible to de- 
termine the absolute (positive) sign of this constant. At higher temperatures the intense spin-rotational relaxation 
of fluorine is added, and the intramolecular and intermolecular dipole-dipole relaxations [19, 59] play approxi- 
mately equal roles with little dependence on dilution [561]. 

Study of the relaxation of the protons of formic acid and acetaldehyde by the same methods [598] showed 
that dipole-dipole interaction between the formyl and carboxyl protons is the important mechanism of relaxation 
in this molecule. For the relaxation of the protons of the methyl group of acetaldehyde, the processes inside this 
group were found to be more important. The work cited gives a clear discussion and derivation of the modified 
equations of Solomon. 

In order to measure the dynamics of the change in the intensities of the signals in [386, 528, 561,598],  use 
was made of repeated passage of the spectral line being studied by a weak measuring hf-field after rapid adiabatic 
passage or saturation of the perturbed iine. The same procedure was used in [57,466]  to study proton relaxation in 
2,3-dibromothiophene. In order to determine the relative probabilities of transition, the authors cited used the 
simple system of Eq. (72) instead of the much more complex Eqs. (112-115), describing accurately the influence of 
the perturbation of several spectral lines by a strong hf-field on the populations of the energy levels. Comparison 
with experiment [466] showed that (84) describes satisfactorily the change in the populations of the spin system with 
time under the influence of longitudinal relaxation at moments of time t >> T z * after the removal of the perturbing 
hf-field Hz, if account is taken of the influence of this field on all the transitions of the system being studied by 
means of formula (71). The relative values of the probabilities of the transition W, calculated from the populations, 
determined by extrapolation to moment of time t = 0, show that in this molecule both intramolecular and intermole- 
cular dipole-dipole relaxations operate, the influence of the external fields being to a large extent correlated [ 57]. 
Direct measurement of the intensities of the spectral lines is difficult. In [56] a clearly inadequate accuracy of 

10% was achieved. Because of the intermolecular Overhauser effect [99, 101], the use of an internal standard 
does not give a high experimental accuracy either. In attempts to measure the Overhauser effect by slow pulses 
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[201,294],  spectra were obtained with a surprisingly poor signal/noise ratio. Thus all other work on the study of 
the mechanisms of nuclear relaxation by NMDR methods has given qualitative rather than quantitative results. It 
has been possible to show that in 2-chloro-5-bromothiophene the correlated intermoleeular dipole-dipole relaxation 
of the proton predominates, with a very small contribution from intramolecular dipole-dipole relaxation [32]. In 
difiuoroethylenes [56, 387, 597,611],  the influence of the spin-rotational relaxation of fluorine is found to show a 
marked dependence on the structure of the molecule.  Relaxation transitions between energy levels corresponding to 
wave functions with different symmetry rook place only in 1,1-difluoroethylene, but did not take place in cis- and 
trans-l ,2-difluoroethylenes [56]. These compounds also did not show the influence of cross terms in the relaxation 
matrix, but in other cases these terms appeared [420] and were even used to determine the absolute sign of +J(HF) 
[528]. Study of the proton spectrum of CHsCHF z in the gaseous phase showed that the probability of transition be-  
tween the singlet and triplet states of the group of two fluorine nuclei is very low [160], as was assumed by Bloch 
in the derivation of the kinetic equation [37]. 

The theory of nuclear relaxation in multispin system is developed in [419, 421]. In contrast to earlier work 
concerned with the study of relaxation processes, Rao [420] studied the nature of the collision of gaseous HD mole-  
cules, on the basis of the theory of weak [55] and strong collisions [33]. The model with strong collisions (i.e., 
associated with a change in the rotational quantum number) gave better agreement with experiment. 

Until now we have examined methods of studying nuclear relaxation with the action of saturating and m e a -  
suring M-fields on the same molecule.  This is unimportant for dipole-dipole relaxation, however. Saturation of 
the signal of one of the interacting spins S influences the magnetization of the other spin I in accordance with Eq. 
(168), even if the nuclei are present in different molecules, but intermolecular dipole-dipole relaxation is predomi- 
nant. Such effects were first observed by Nagumo and Kakiuchi [112] and were studied in more detail in [99, 101, 
418]. Saturation of the signal from the protons of one molecule leads to an increase in the signal from the protons 
of another molecule by 10-40%[99, 101,608]. Here, a small number of magnetic nuclei in the compound being 
studied is not essential, Marked effects were achieved in mixtures of chloroform [101], benzene, nitrobenzene, 
toluene, acetone, methanoI, and other compounds with cyclohexane, dioxane, etc. [99]. With the appearance of 
stable associates, the effect may decrease and there is no measurable effect between the cyclohexane and benzene 
rings of eyetohexylbenzene in the pure liquid, whereas saturation of the signal from cyelohexane increases the sig- 
nal from the benzene protons by 31%. In the study of the saturation of sodium hypophosphite in a mixture of water 
and dimethylformamide, saturation of the protons of the water leads to an increase in the signal from the protons of 
the hypophosphite, whereas saturation of the larger number of protons of the methyl groups of the dimethylforma- 
mide does not have this effect. All these data indicate the possibility of existence of an ordered microstrueture in 
many liquids. These results, together with [566, 602], show that intermolecular dipole-dipole relaxation plays an 
important parr even in large molecules. 

Chemical  exchange in alcohols is the reason for the strong scalar relaxation of the protons of functional 
groups adjoining the hydroxyl group. On saturation of the signal of the hydroxyl protons, the signals from neighbor- 
ing groups of protons decrease to almost zero [99], since in this case o / p  = - 1 .  With sufficiently rapid passage, 
similar effects appear even in the single resonance spectra [117]. 

5.7. Study of Chemical  Exchange. If  the nucleus X can occupy two (or three) [270] positions A and B, satura- 
tion of B leads to a decrease in the signal from A, with the obvious condition that the lifetimes r A and r B be suf- 
ficiently large (this condition is satisfied, for example,  in a mixture of salicylaldehyde and 2-hydroxyacetophenone 
[177]. In this case we have [177, 178,243]:  

dMz A Mo x M~* (173) 

dt T~. "riA 

where M0 A is the equilibrium magnetization of nuclei X in position A, 1 / r l A  = 1 / r A  + 1 /TIA and 1 / r~A = ! /  
r A + 1/T2A , the signal from nuclei X in position A u A and the magnetization NzA proportional to this signal can 
be determined by repeated passage of A by a weak measuring hf-f ield H I. After the instantaneous saturation of 
the signal from B at moment of time t = 0, the magnetization Mz A will exponentially approach the new equilibrium 
value 

= ,,.] M~ ~ Mo* e - t / ~  + 
L T~_ 

(174) 
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and after a sufficiently long period ( t ~ )  

~TIA 
g,*(t-~ ~ ) =  ~o* \ ~ / .  (175) 

From the graph giving the dependence tog [MzA(t)-MzA(t ~ ~)] on t we can readily determine rIA, and from the 
change in the stationary value of the signal from (175) we can determine T1A. From another symmetrically ar- 
ranged experiment we can determine r B and T1B. In order to satisfy the condition r2A << rlA and achieve suffi- 
ciently rapid saturation of B it is necessary to work with a fairly nonhomogeneous field H 0 so that the width of the 
spectral lines amounts to 2-3 Hz [177]. 

6. S t u d y  of  the  S t r u c t u r e  of  O r g a n i c  C o m p o u n d s  

For a complete analysis of the spectrum with determination of all the chemical shifts and spin-spin coupling 
constants, use is made of methods associated with weak perturbation of the spin system (tickling and the Overhauser 
effect). After compilation of the energy level diagrams [86] in the form of a cube [78, 86] or "four-dimensional" 
tesseract [531], use is made of iterational methods [16, 96,261, 313] to find the required spectral constants [2-9, 12]. 
This systematic analysis is possible, however, only in rare cases. Usually, it is necessary to restrict oneself to a par- 
tial analysis of the spectrum, for which all the NMDR methods described above can be used. Partial analysis of the 
NMR spectrum provides a very powerful method of studying the structure of complex molecules and usually makes 
it possible to determine the constants required for the interpretation even in the case of spin systems of 20-30 dif- 
ferent protons [310, 363]. The exact analysis of these systems is quite impossible. Particularly good results are 
given by the use of double resonance combined with the use of various solvents which have a selective action on 
the individual chemical shifts (benzene, acetone, CFsCOOH) [156, 362, 467, 599,628], particularly since complex 
spectra are usually complicated by virtual coupling [393,451, 452,457,629] between the nuclei or, on the other 
hand, since certain spin-spin couplings may be masked ('apparent simplicity" of the spectrum) [362, 367, 394, 529]. 
These phenomena can be used for the analysis of spectra [458, 599]; but usually they interfere. Equal splitting of 
two multiplets in a complex spectrum is not a reliable sign of spin-spin coupling between them [111, 393]. Double 
resonance provides the chief method for studying these spectra. All versions of NMDR can be used together in vari- 
ous combinations. Figure 22 gives an example of the application of the deeoupling of protons for the identification 
of multiplets in the spectrum of phyllochrysine [ 182]. 

From the spectrum of the solution of this alkaloid in CDC13 it is possible to determine directly only the chemi- 
cal shift 5(Hn) = 5.74 ppm. The use of another solvent, CFaCOOH, made it possible to identify and determine ap- 
proximately the chemical shifts of the H z, H6, and H? protons adjoining the nitrogen. Decoupling of the H? nucleus 
led to the appearance of the quadruplet of the AB system of protons H24 and His and made it possible to determine 
l(Ht4Hls) = 9.3 Hz and 18 (His)-5 (H14) [ = 0.18 ppm; simultaneously, the H8 quadruplet merged to form a doublet, 
from which 5(H8) = 2.64 ppm and I(HsHs, ) = 9.2 Hz. Decoupling of the H s nucleus leads to merging of the Ha, 
doublet and the appearance of a quadruplet from the H7 nucleus, from which 5(Hs,) = 1.90 ppm, 5(H?) = 3.90 ppm, 
I(HTH14 ) = 1.1 Hz, and J(HTHls) = 4.5 Hz. Simultaneous irradiation by a perturbing hf-field H 2 of the protons H14 
and His, Hs and Hs,, or H s and H 5, leads to the appearance of a doublet from the H 7 nucleus and individual lines 
from the H 2 and H6,6'nuclei. Thus I(H~Hs) = 4.5 Hz. The last experiments leads to the values 5(Hz) = 3.67 ppm 
and 5(H6) = 2;88 ppm; the chemical shifts of the overlapping lines of nuclei Hs and Hs are equal to 5(H3) = 1.32 
ppm and 5(Hs) = 1.80 ppm respectively. 

6.1. Applications of Homonuclear Double Resonance. Proton-proton double resonance is used for the study 
of almost all classes of organic compounds. Among natural compounds, the following classes have been studied: 

1. Alkaloids: Phyllochrysine, securinine and virosecurinine [182, 183], c~-, B-, and 7-1umicolchicine [219], 
strychnospermine and spermostrychnine [223], C-fluorocurine, C-mavacurine, pleiocarpamine, normavacurine 
[275], dihydrotoxiferin, curarine I, calebassine, toxiferin I, C-alkaloid A, C-alkaloid E [396], picralin [349], kri- 
geine, albomaeuline, neronine, nerinine, homolycorine [355], hemanthamine, crinamine, buphanidrine, criwelline, 
tazettine [356], senkirkine, retusamine [363], ribalinium salts [394, 500], 6-hydroxycrinamine, hemanthidine [435], 
retronecine, heliotridine [ 436], taxinin [473], clivonine and clivimine [ 616], and the aspidosperma alkaloids [ 525]. 

2. Carbohydrates: Derivatives of glucose [109, 111, 299, 359, 480, 486, 628], galactose [267], fructose [293], 
ribose [544], xylose [551], mannose [432], and other carbohydrates [308, 393,484]; deoxyhexoses [360, 524], 2,6- 
dideoxyhexoses (chromoses) [310, 547], and osazones [318, 347]. 
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3, Terpenes and terpenoids: Derivatives of betulin [254], isorosenolic acid [276], derivatives of thujane 
[285,478], suIfurenic acid [317], ovatodiolide [395], gaillardine [490], gedunin [491], linderine [492], freelingyne 
[509], grandifolione [539], fastigilin, hispidulin, mikauolide [543], and various hydroxyterpenes [543]. 

4. Steroids and hormones: 1-oxo-Al'S-steroids [428], 11-oxosteroids [456], 12a-ketosteroids [242], derivatives 
of cholestane [548], androstane [108], pregnadienone [514], dichlorocholesterine [488], dichloroestrone [241], and 
also their decomposition products and model substances [545]. 

5. Antibiotics: Puromucin [247], tylosin [309], intermediate products of the biosynthesis of penicillin [329], 
tricothecolone [462], ergoxanthine and ergoflavin [546]. 

6. Nueleotides: 1-methyleytosine [256] and purines [368]. 

7. Various natural compounds: chlorophyll and baeteriochlorophyll [248, 523, 524], chromose A [234], 
ichthyothereol [439], leucofisetinidin [517], and many others [249,255, 295, 310,338, 375, 384, 397,405,437, 
446, 457, 459,477, 502, 614, 615, 617]. 

In the study of the products of chemical synthesis, NMDR has found equally conjugated polycyclic systems. 
NMDR methods have been used to study the following: 

1. Aliphatic oxygen-containing compounds [58, 66, 73, 74, 81, 84, 103, 106, 107, 457, 480]. 

2. Amines and amides [390,403, 427,472, 507]. 

3. Unsaturated compounds [81, 84, 106, 110,273,274, 361,414, 416, 527]. 

4. Carbocyclic compounds [174, 305, 388, 389,416, 426, 515,613]. 

5. Conjugated polycyclic compounds: derivsiives of norbornene and norbornadiend [246,286, 304, 319, 380, 
412,417,481, 540, 554, 589,610], bicyelo[3.2.1]octene [366, 422], tricyclo[2,1,1,0s'6]hexane [396], 
tricyclo[3.3.0.02'8]octene-3 [286, 506], tricyclo[2.2.0.02'6]hexane [463], and tetracycio[5.4.0.Oz'4Oa'S]undeca-I(7), 
8,10-triene [554], and also azabibyblo[3.2.2]nonene [434, 437,453], and other heterocyclic [326,499] and carbocy- 
clic [110, 336, 402, 441, 476, 511, 515, 553, 619] systems. Problems of valence isomerism were examined in [402]. 

6. Heterocyclic nitrogeneompounds[52, 83, 109, 250,289,290, 311, 323, 327, 329, 876, 379, 398,455,460, 
461,487, 508, 549,629]. 

7. Heterocyclic oxygen compounds [120, 333, 334, 362, 364, 385,401, 461,468, 627], 

8. Organoelementai compounds [332,425, 426,457, 503, 521]. 

6.2. Applications of Heteronuclear Double Resonance. Heteronuclear double resonance is used chiefly for 
the decoupling of the nuclei D 7, pat, NI4, BII and F 119 from protons and for the decoupling of hydrogen nuclei from 
C Is. Weak perturbation of the transitions of the C 113 nucleus is widely used for the determination of the relative 
signs of spin-spin coupling constants. These experiments are described in the following papers HI-{  D e} [119, 165, 
315, 335, 380, 381, 383, 388,400, 410, 519, 523]; HI-{B II} [70, 120, 123, 124, 133,269, 292, 312, 312, 353, 409, 
450,494, 505]; H1[-{C 13} [28, 97, 109, 137, 145, 176, 179, 180, 216, 321, 453, 458, 474, 485, 522, 556, 612, 624]; 
HI-{N 14} [51, 7g, 102, 125, 126, 128, 131, 132, 138, 158, 163, 175, 230,282, 351, 374, 378, 532, 538]; HI-{N Is} 
[176,277,453, 591];HI-{~ "19} [160, 192,201,291, 307, 387];HI-{At zT} [133];H1[-{Si 2~} [158, 325, 371]; 

1 31 H - { P  } [22, 29, 184, 185,288,290,296, 301, 320, 324, 330, 332, 457,483, 510, 518, 521, 601,609, 612]; 
T i 119 o 1 119 1[ 203 1[ 207 19 1[ H - { S n  } [22, 56o] ;H-{Hg 9} [179 ,258] ;H-{T1  } [31911 H-{Pb  } [134];F -{F�} [168, 186, 565]; 

19 1[ 19 2 19 111 119 13 19 14- - -  19 ~' F - { H }  [281,411];F - { D }  [410];F -{B } [292, 409];F -{C } [158];F -{N } [136]; F -i"Si~} [325]; 
r [29,268,601]; v19-{ Xe~9} [224,232]; S~-{S I~ [135, 40~, 504]; S~I-{H 1} [406,475]; d13-{H 1} [22, 
137, 302, 303, 368,447, 464, 497, 535, 607, 623, 625, 62613 p31 {p31[} [293]. 

Simplification of the spectrum by the method of heteronuclear coupling is particularly important in the study 
of the weak spectra of C Ia, where an almost sixfold increase in the peak of the signal [302, 607] as a resuIt of col- 
lapse and the Overhauser effect is achieved simultaneously, and in the study of boron compounds, for which the 
chemical skiffs and spin-spin interaction constants often have values of the same order of magnitude [450], but the 
lines are broad [3]. The methods of double resonance have been used to prove the bridged structure [121, 122] of 
diborane and the pyramidal structure of pentaborane-9 [70, 123]. The spectrum of tetraborane-11 consists of a 
triplet and doublet. In [407] it was suggested that the fine structure of the doublet is due to spin-spin coupling be- 
tween the boron atoms J(B1[~ In [406] it was concluded from a B111-{ H 1} experiment that this assumption is 
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Absolute Signs of the Most Important Spin-Spin 
Coupling Constants 
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incorrect and that the fine structure is due to in- 
teraction with hydrogen nuclei. More detailed 
study [ 504] of the problem by means of the experi- 
merit Bu-{B I~ showed, however, that the first as- 
sumption [407] was correct. 

Interesting results were obtained in a study 
of o-,  m- ,  and p-carboranes (barenes) in a super- 
conducting solenoid [449] and by double resonance 
[450]. It is found that the carbon in these com- 
pounds produces a diamagnetic shift of the reso- 
nance frequency of the neighboring boron atoms, 
which is the opposite of what is expected on the 
basis of electronegativities. The study of boron 
compounds demonstrates the importance of the 
direct determination of the chemical shifts of other 
nuclei in addition to H 1 and F 19 and even the ap- 
plication of double resonance between these nuclei. 
Unfortunately, such methods are as yet little used, 
although they might give very good results in the 
study of organoelemental compounds. 

6.3. Determination of the Signs of Spin- 
Spin Coupling Constants. For the determination 
of the relative signs of I it is possible to use, in 
addition to the analysis of strongly coupled spectra 
[62, 116, 118, 136], all the methods of double re- 
sonance, e.g., selective double resonance in weak- 
ly coupled systems [81, 82, 108, 146, 149, 153, 
253], and strongly coupled systems [84, 115, 220, 
479], tickling [78, 100, 146, 150, 176, 179, 180, 
409,612], double tickling [259], and tickling with 
increase in the splitting [352], transition selective 
irradiation [154,265,280],  INDOR [88, 89, 158], 
the complete analysis of doubte resonance spectra 
[52, 174, 266], and two-quantum transitions [144, 
159]. Tickling is the best method for the study of 
weak long-range coupling and spin-spin coupling 
between different nuclei (Fig. 8). Relaxation 

[387, 597, 611] in gases and the effects of solvents [539-599] can also be used for the determination of the relative 
signs of spin-spin coupling constants. With increase in the dielectric constant of the solvent, all the geminat coup- 
ling constants between protons acquire more negative values [533]. All the relative signs are related to two abso- 
lute standards, whose absolute signs have been determined completely reliably, namely +J(C13H)[ 147, 530] and 
+J(HCF) [528, 581], and also relative to the "secondary standard" +l(HHvi c) [149]. The determination of the sign 
+J(HHortho) in p-nitrotoluene [148] cannot be regarded as absolute after the re-examination of this work by Hahn 
[532] using a more sensitive method [218]. The table gives some of the most important spin-spin coupling con- 
stants whose signs have been determined by the methods of double resonance. 

As a result of the negative gyromagnetic ratio 7 of the nuclei N Is and Si ~-9, the spin-spin coupling constants 
J(NISH) and J(SiZeH) are negative [325. 348, 371, 453], but the reduced constants [575] K = 21rlij /~) ' i) '  j are positive, 
in accordance with the theory of Karplus [114]. The contradiction with theory, where a positive sign was obtained 
for l(HHfe m) [113, 151, 5831, has now been eliminated by more accurate calculation according to the theory of 
Pople [345, 575]. SatelIites in the proton spectra are used to determine the relative signs of the constants for the 
spin-spin coupling of C Iz with hydrogen. Double resonance of the type HI -{H l} makes it possible to determine 
the relative signs of the two constants J(CISHA ) and j(ClaHB), and perturbation of the carbon nucleus Ht -{C  is} gives 
the relative signs of the constants I(HAH B) and I(ClSH) [ 149,458]. 
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Fig. 24. Spectra of polyvinyl methyl ether [300]: 
a) Single resonance spectrum, identification of 
most of the lines of the spectrum practically im-  
possible, b) spectrum with decoupling of the a -  
protons, c) spectrum with decoupling of the/3- 
protons; the last two spectra make it possible to 
identify the chemicaI shifts of individual stereo- 
regular triads. 

Of particular importance are the signs of the geminal 
constants of the spin-spin coupling between protons, whose 
sign shows an extremely complicated dependence on struc- 
ture [550]. A knowledge of the absolute value alone does 
make it possible in the more complex cases to reach well- 
founded conclusions regarding the structure of a substance. 

The long-range spin-spin coupling constants [577] 
in conjugated molecules are acquiring ever-increasing im-  
portance. The zigzag rule [21] is obeyed exactly and can 
provide a more reliable method for the determination of 
the structure of molecules than estimation of the magnetic 
anisotropy of bonds and rings. Study of the decoupting of 
the protons of benzonorbornene [481] showed that the ear-  
tier assignment of the signals [582] was incorrect and that 
the 7sy n proton resonates in a narrower field than the 7anti 
proton, in spite of the proximity of the benzene ring' This 
agrees with the zigzag rule. Zigzag may take place 
through a heteroatom [392,434, 499, 510], and the effect 
becomes stronger in compounds with two zigzags between 
coupled protons [ 540]. In exactly the same way, the signal 
from equatorial protons is not always in a narrower field 
than the signal from axial protons [39a]. 

The relative signs of spin-spin coupling constants 
were first determined by the method of selective double 
resonance by Maher and Evans [82]; their method was ex-  
tended by Freeman to homonuclear weakly coupled systems 
protons [81, 84] and was later used for the study of more 
closely coupled systems of nuclear spins [84, 167]. 

Experiments on the determination of the relative signs of spin-spin coupling constants by various NMDR meth-  
ods have been described in many papers [52, 62, 78, 81, 82, 84, 88, 89, 100, 108, 115, 116, 136, 144, 146-150, 155, 
158, 159, 164, 167, 168, 174, 176, 179, 180, 185-188, 192,220, 222,228,229,231,  235,236,253,  254, 258,260, 
266,272,277, 291, 307, 314, 322, 325, 326, 337, 344, 348, 354, 357, 365, 367, 371,409, 425,453, 458,479,485, 
489, 521, 530, 532-534, 537, 538, 567, 571, 572, 581, 592, 629]. The determination of the signs of long-range 
coupling constants is discussed in [87, 154, 157, 169,233,240,241,253,259,265,280, 328, 331, 352, 371, 372, 
373,379, 392, 399,401, 412,469,470, 526, 579, 590, 610, 627]. 

6.4. Study of the Stereoregularity of Polymers. Stereoregular polymers are acquiring ever increasing techni- 
cal importance. The regularity of the polymer chain leads to closer packing and crystallization of the polymer, 
and hence to an increase in the melting point and improved mechanical properties. The NMR spectra of polymer 
solutions can be used to determine the concentration of isotactic (ddd or 111), syndiotactic (dld or ldt), and hetero- 
tactic (dll or 1rid) triads [586, 587], but the dependence of the relative chemical shifts on the stereoregularity is 
s l ight-of  the order of magnitude of the spin-spin coupling constants. Thus in order to obtain sufficiemly clearly 
defined spectra it is necessary to make use of the decoupling of nuclei. Figure 24 gives the NMDR spectrum of 
polyvinyI methyl ether, where the chemical shifts in units of r = (10-~) = 6.43, 6.48, and 6.54 correspond to syn- 
diotaetic, heterotactic, and isotactic structures. 

Homonuclear decoupling of protons has been used to study the stereoregularity of polyvinyl chloride [238, 342, 
358,429, 512, 513, 516], polyvinyl fluoride [238, 377], polyvinyl alcohol [339, 378, 430], polyvinyl methyl ether 
[238, 300, 573], polyvinyl ethyl ether, polyvinyl isopropyl ether, and polyvinyl tert-butyl ether [391], polyvinyl 
acetate [340, 516], polyvinyl trifluoroacetate [ 339], polymethyl acrylate [415], polyisopropyl acrylate [423], poly- 
d ime thy l -a -a ' -d ime thy l  glutarate [415], polyvinylidene chloride [429], polyvinylidene fluoride [377], potyacetal-  
dehyde [264, 343], polypropylene [341], potyoxypropylene ~279], polystyrene [383], and even copolymers 
[429, 516, 618]. 

The structural similarity between the isotatic structure and the mesostructure is used to determine the de- 
pendence of the chemical shifts of protons on stereoregularity. Model substances were studied in [342, 383, 552, 
585]. The conformation of isotatic polyalkyl acrylates in sotution was studied in [495]. 
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6.5 Various Applications of NMDR in Organic Chemistr}r. NMDR has been used to study the nature of the 
bonding in the tricarbonyls of iron and chromium with unsaturated compounds [471, 498,522], and also to study 
various complex compounds formed by metals and boron with phosphorus compounds [244, 292,433,479].  

The structure and conformation of organic ions has been studied in [246,256,271,  369,454]. 

NMDR has proved to be an invaluable method for the study of complex cyclic compounds formed on photo- 
isometization [219,263, 286,380,401,  428,443,499, 506, 554, 619] and has been used in the study of tautomerism 
and isomerism [256,318, 376,435,445,541]. 

The temperature dependence of the NMR spectra of nonplanar cyclic compounds makes it possible to study 
the conformational changes in these compounds. Decoupling of individual groups of nuclei, usually combined with 
deuteration, is used to simplify the spectrum [165,221, 262 ,273,281,287,297,  298, 315, 369, a70, 4oo, 410,411, 
438,496,497,  501, 519, 520]. 

Methods for the determination of the rates of chemical exchange [177,270,346] are of limited value, but 
saturation of the spectral line of the protons of water has been used for the qualitative determination of phenolic 
hydroxyl groups [559], 

Reversible changes in structure without intermolecular exchange of nuclei lead to analogous phenomena. On 
saturation of the signaI from the internal protons of [ 18]-annulene at - 2 0  ~ the signal from the external protons also 
disappears (and vice versa); this is a consequence of the rapid structural changes undergone by this compound [613]. 

Finally, the decoupling of deuterium nuclei in bacterial chlorophyll has made it possible to study the pro- 
cesses involved in the biosynthesis of this compound [523,524]. 
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