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An analysis of the effects of a two-site exchange process on the solid-state nuclear magnetic
resonance (NMR) spectrum of an S spin coupled to an unlike I spin under rf irradiation is
presented. It is shown that the line broadening that under certain conditions is shown by the §
resonance can be calculated using a density matrix treatment. Although this approach has been
used in order to evaluate the signal that arises from single crystallites, a simplification of the
problem was introduced in order to evaluate the signal that arises from a powdered sample.
With this approximation it was possible to evaluate the effects of exchange for a broad range of
kinetic and decoupling conditions. The calculations were extended to include the effects of the
chemical shift anisotropy of the § spins, and simulations obtained in this way agreed well with
the experimental spectra of an exchanging solid recorded at different temperatures and
decoupling fields. The relation between incoherent and coherent interference with decoupling

in solids and in liquids is also briefly discussed.

I. INTRODUCTION

Nuclear magnetic resonance (NMR ) spectroscopy has
become one of the main tools available for the study of the
structure and the dynamics of solids. In part, this is due to
the relative simplicity with which the sequence of cross po-
larization (CP),' coupled to the averaging techniques of
magic-angle spinning” (MAS), and of high-power decou-
pling allow to obtain for the dilute nuclei of a solid sample a
solution-like NMR spectrum.? Nevertheless, the high reso-
lution that is characterized by narrow resonances centered at
the frequencies of the isotropic chemical shifts can be spoiled
by the effects of molecular motions or of chemical exchange.
One of the factors behind this decrease in resolution was first
explained by Maricq and Waugh,* who showed that dynam-
ic processes introduce a random modulation in the chemical
shift of inhomogeneously broadened spin 1/2 nuclei that
precludes the formation of rotor echoes by MAS. Indeed,
subsequent studies have taken advantage of this effect in or-
der to characterize the nature of molecular motions in sever-
al organic crystals.>” An additional mechanism through
which motions can affect the resolution of a solid-state
NMR spectrum was discussed by VanderHart and co-
workers,® who noted that motional modulation of the I-S
dipolar coupling (where 7 and § are the abundant and the
dilute nuclei, respectively) will interfere with the high-pow-
er decoupling process of the I spins. This effect was theoreti-
cally as well as experimentally analyzed by Rothwell and
Waugh,® who used the master equation of motion for the
spin density matrix in order to evaluate the relaxation of an §
spin coupled to the an 7 spin under rf irradiation. In this
study the modulation of the J-S coupling was assumed to
orginate in an isotropic rotational motion, and the analysis
yielded an expression of the line width of the S resonance as a
function of the I-S dipolar coupling, the rate of the motion
and the strength of the decoupling field. The behavior pre-
dicted by this theory was compared with the experimental
NMR spectra of model organic compounds with well known
molecular dynamics, and the overall agreement that was
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found was good. Since then, the Rothwell-Waugh analysis
has been used as the basis of a number of studies on rota-
tional motions in solids.”'®

Although isotropic rotational diffusion is relatively
common in plastic crystals and in amorphous solid-like
polymers,'' NMR and x-ray studies have shown that in crys-
talline solids this motion is exceptional. The long range order
that characterizes these systems usually confines the mo-
tions to well defined jumps of a group in the molecule or of
the molecule as a whole about #-fold symmetry axes. With
this picture in mind, a number of studies have appeared in
which the effects of discrete molecular jumps on the NMR
spectra of rotating solids were analyzed for different ex-
change and spinning regimes.>'>'* These studies have
shown that, in addition to the parametric dependence on the
shielding anisotropy, the spinning speed, and the rate of ex-
change that is predicted by a diffusion model,? the amount of
line broadening introduced is also highly dependent on the
specific kind of motion that is involved. Since these line
shape analyses have not been extended to include the effects
of molecular jumps on the decoupling process it is the pur-
pose of the present work to complement the above men-
tioned studies by evaluating the effects of a two-site ex-
change process on the NMR spectrum of an I-decoupled §
nucleus.

As was noted by Rothwell and Waugh, there is a simi-
larity between the mechanism through which motions inter-
fere with the MAS process and the mechanism through
which they interfere with decoupling. In order to stress this
similarity we shall introduce a physical picture which, albeit
crude, may be helpful to understand the mechanism of the
line broadening process. The NMR system under considera-
tion will consist of isolated pairs of J-S unlike spins (e.g., 2
"H-"2C pair). For this case, the Hamiltonian H is given by

H=H5+H1+HIS’ (1

where H;; represent the Zeeman interaction of S, H, is com-
posed of the Zeeman and the rf interactions of 7, and H s is
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the dipolar spin—spin coupling between I and S. This Hamil-
tonian can be transformed into the 7and S rotating frames to
yield, after suitable truncation, the well-known Hamiltonian

H= _a)llx +BISIZSZ y (2)

where o, is the angular frequency associated with the decou-
pling field and B,s = (uo/4m)y,ys#%(1-3 cos® B) ris’ is the
dipolar coupling constant between I and S. If relaxation is
not taken into account, the time-domain signal (FID) of the
S spin after a 77/2 pulse or a CP sequence can be obtained by
diagonalizing the Hamiltonian of Eq. (2) as'*:

S(t) =Tr(e~ 5,675, ) (3a)
_ (L)
Bis + 4o}
B? B3 + 40}
+(——-——2 L 2)cos(————————m+ ! t).
Bis + 4o 2
(3b)

This FID is purely real and consists of a time-independent
term and a term that oscillates with a frequency
a =/B% + 4o /2. This frequency defines a “decoupling
cycle,” at the end of which the S'signal has regained its start-
ing magnitude [Figs. 1(a) and 1(b)]. If at a certain moment
the I-S vector undergoes a reorientation, the change in the
coupling constant will prevent the complete refocusing of
the S'signal [Fig. 1(c) ]; and therefore the frequency domain
signal of S will become broadened. However, if the I-S vec-
tor undergoes many reorientations during each decoupling
cycle the S spin will evolve under a motionally averaged di-
polar coupling that will allow a complete refocusing of the
signal [Fig. 1(d)] and, therefore, the obtention of an ex-
change-narrowed S resonance in the frequency domain.

A more detailed analysis of this problem is given below.
In Sec. I1, a full density matrix treatment is used in order to
obtain the NMR spectrum of an J-S pair that is exchanging
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FIG. 1. Signal arising from a '*C bonded to a 'H under rf irradiation. (a)
The C-H bond is parallel to the external field. (b) The C-H bond is perpen-
dicular to the external field. (c) The C-H bond is originally paralle] to the
external field and undergoes a 90° reorientation at a time ¢ = 1/2w,. (d) The
C-H bond is undergoing a fast exchange between the two perpendicular
orientations. In all the cases the parameters are 7o,; = 1.05 A; &, = 30kHz.

between two sites under decoupling conditions. In Sec. II1,
an approximation is introduced that allows a significant sim-
plification of the calculations, which are therefore extended
to the evaluation of powder NMR spectra for a broad range
of jump angles, jump rates and decoupling fields. The effects
of the chemical shift anisotropy of the S spins were also in-
cluded in the analysis, and the theoretical spectra calculated
in this way agreed well with the experimental spectra of an
exchanging solid recorded at different temperatures and de-
coupling fields. Finally, some of the implications that the
present study may have for future work on the nature of
decoupled spectra of dilute spins are briefly discussed.

Il. EXACT THEORY OF EXCHANGE WITH DECOUPLING

In order to evaluate the changes that are introduced in
the NMR spectrum of the S spins, we shall consider two
pairs of spins I,—S, I,-S, which upon a molecular reorienta-
tion exchange their orientations with respect to the external
magnetic field B,. If we disregard the anisotropy of the 7 and
S chemical shifts and assume on-resonance decoupling, the
Hamiltonian of the system can be expressed in the rotating
frame as

H= —ws(S,, +8,,) —o(, + 1L,)

+ BlIle2z + B2121S2z ’ (4)

where wg is the off-resonance shift of S; and B,, B, are the
constants that characterize the dipolar interaction for each
orientation. If the effects of relaxation are neglected, the evo-
lution of the density matrix is given by the Alexander-Ka-

plan equation'*'¢
%=ilp,111 + k(RoR —p) , (5)

where k is the rate of the molecular reorientation and R is the
exchange operator which in the present case fulfills the con-
dition R = R ~'. The presence of this operator precludes the
analytical calculation of an evolution operator; and it is
therefore convenient to rewrite Eq. (5) in Liouville space
a'sl7

9 _ r 6

it P, (6)
where the superoperator I' is given by

IF=i(HeE—EeH)+k(R3R—-E®E). N

The elements of I can be calculated from the elements of H
and of R in Hilbert space, which are readily evaluated in the
composite product base {|1,5,,5,)}. Therefore, p consists
of 16° = 256 elements and Eq. (6) can be expressed as

%ij=%rijklpkn (8)
where I',, is a supermatrix of 2567 = 65 536 elements. In
order to calculate the evolution of the density matrix after
the CP sequence, we assume an initial condition
Po=p(t=0) =S5, +8,, and evaluate the density matrix
ata time ¢ as

p(1) = e ip, . 9)

From a practical point of view, it is more convenient to cal-
culate first the matrix D which diagonalizes I" and then to
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evaluate the density matrix p(¢ + At) from p(?) as
p(t+ At =D D p(t). (10)

Finally, the signal at each time ¢ becomes available from p(#)
as:

S(t) =T1'[P(t)(sl+ +S2+)] . (11)

Since in this signal only 16 elements of the density matrix are
selected, it is possible to simplify the 256 coupled differential
equations in Eq. (8) to only 64 differential equations before
performing the numerical evaluation of the time domain sig-
nal.

Figure 2 shows the spectra calculated with Egs. (4)-
(11) for different values of w, and of k. For the exchange
model two C—H pairs related by a 90° rotation were used, and
the effects of the motion were evaluated for two different
initial orientations of the pairs. As can be seen, these simula-
tions present many of the features that were discussed by
Rothwell and Waugh. For each set of coupling constants
and decoupling fields, an increase in the rate of the motion
shifts the slow-exchange spectrum into the intermediate and
then into the fast exchange regime. In addition, the simula-
tions illustrate how an increase in the decoupling power re-
duces the amount of line broadening that is introduced by
the motion. Finally, it should be noted that since the simula-
tions reveal that the line broadenings depend on the differ-
ence B,-B,; the numerical predictions for the effects of a
two-site exchange process on a powdered sample may de-
viate considerably from those that can be deduced form the
simple isotropic-motion model.

. MAGNETIZATION-VECTORS APPROACH
A. Theoretical considerations

The next step in the present analysis should be the exten-
sion of the results introduced in the preceeding section to the
case of powdered samples. However, such a procedure
would suffer from two major drawbacks. In the first place,
the need to diagonalize 64 X 64 matrixes a large number of
times (at least 307 = 900 times for a not-too-fine subdivision
of the solid sphere) can become very time consuming even
with the aid of a fast digital computer. On the other hand, the
theory introduced in the preceeding section does not provide
a suitable physical picture for a further analysis of the prob-
lem. Therefore we shall introduce an approximation which,
in addition of being still able to produce good numerical
results in a relatively small amount of computer time, is
closely akin to the image of decoupling as a “stirring”’ with rf
fields. '8

Using the transformation W=e
(where o9, o are the Larmor frequencies of the I and S
spins), the Hamiltonian of Eq. (1) can be rewritten as

— im.Ixte — i, + 3S,)t

— wsS, + B 1.S,:
HW (t) - { S IS t4

— w58, — B;sI.S,:
According to this approximation, the signal of each spin §

arises from two magnetization vectors which are initially
precessing with frequencies wg + B;g/2 and wg — Bg/2.
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FIG. 2. Calculated '*C NMR spectra for the case of single '*C-"H systems
(Fen = 1.05A) undergoing a two-site exchange process with different rates
k. The two upper sets of spectra were simulated assuming a decoupling field
o, = 40kHz; whereas in the two lower sets a decoupling field of 80 kHz was
used. In the two left-hand sets of spectra the angles between the exchanging
C-H bonds and the external field are 0° and 90°; whereas in the right-hand
sets these angles are 30° and 120°.

Hw(t) = —wssz +B!s [Iz COS((l)lt)
+ 1, sin(w,1)] S, . (12)

The time evolution operator U(¢) of this Hamiltonian is giv-
en by

t
u@) = Texp[iS, f [ws — Bys (I, cos at’
0

+ 1, sinw,t’)] dt’}, (13)

where T is the Dyson time ordering operator. Since Hy, is
not self-commuting at différent times, U(¢) has to be calcu-
lated by dividing ¢ into a large number of intervals Az’ during
which H, is almost constant, and then carrying out a time-
ordered product of the evolution operators during each in-
terval. In the present case, we shall take each subinterval Az’
as 7/w,. so that the piecewise constant Hamiltonian is given
by

20(n—1)/o,< t'<2m(n— 1) /o, + 7/0,,
2r(n— 1)/o, + 7/0,< t' <2mn/w, .

n=12,... : (14)

{ . . L. .
After a time n/w, these magnetizations exchange their
precession frequencies, and therefore they refocus at the end

of the “decoupling cycle” 27/w,.
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Within this context, it is relatively simple to appreciate
the effects of molecular reorientations on the spectrum of the
S'spins. If at a certain moment before the end of a decoupling
cycle there is a change in the orientation of the /-Sbond, the
B, will change its value and the refocusing of the magneti-
zation vectors at the end of the cycle will be incomplete. If as
in the previous section the case of molecular reorientations
between equally populated sites is considered, the evolution
of the magnetization vectors can be obtained from the classi-
cal McConnell equations’®

%M, =i, M, — kM, +kMj

%MB =iwgMp + kM, — kM, ,
where A and B are the two exchanging sites and k is the rate
of the process. The evolution matrix for M, and M can be
easily found by diagonalization of the 2X2 system in Eq.
(15), and its elements are found to be dependent on k, on
=w, —wzandon = (o, + wg)/2. Inorder totest the
usefulness of this approach, spectra derived from Egs. (14)
and (15) were calculated for the same set of parameters as
those used in Fig. 2. These results are shown in Fig. 3 and, as
can be seen, the overall agreement between the two methods
of analysis is very good.

In order to extend the calculations to a powdered sam-
ple, spectra like those shown in Fig. 3 have to be calculated
for different orientations of the I-S vectors and then added
with their appropriate weighting factors. In cases of mutual
two-site exchange like those under consideration, it is con-
venient to define a molecular reference system (MRS) to
which the principal axes systems (PAS) of the dipolar inter-
actions of the exchanging sites are related through 4 @rota-
tions about the Y,z axis. In this frame, § and Q can be
expressed as

Smrs =R, (0)BpasR ;7 '(8) — R ;7 '(6)BpasR, (8)
QMRS = wSE + [Ry(o)BPAsR y_ ](0)
+Ry_l(0)BPASRy(0)]/2v9 (l6a)

where R, (0) is the Euler rotation matrix, E is the identity
matrix and

12 0 0
Beas =bs| 0 172 0 |;

\oO 0 -1
with b,s = (1o/4m)y,7sfirss . The final frequencies in the
Zeeman frame can be obtained using the transformation
R(a,B) that relates the MRS with the external field B,. This
operation yields

(15)

(16b)

8= TF 6b;ssin @ cos O cos a cos Bsinf, (17a)
and
Q = wg + bg[cos® 8(1 — 3 cos® B)
+ sin? 8(1 — 3cos® a sin® B8) 1/2, (17b)

as the relevant evolution frequencies during each subinterval
of time. Using Eq. (15), the total FID of the sample becomes
available as

|
N )
|
AL
U
A
-

FIG. 3. Sets of NMR spectra for single spin packets undergoing two-site
exchange calculated using the magnetization-vectors approach. The ex-
change and decoupling parameters are the same as those used in Fig. 2.

S =f J. [M,(aBit) + Mg(a,B;t)] sin B dB da .
(] 0

(18)

In order to investigate the dependence of the powder
spectra on the different parameters that are involved, simu-
lations were performed for the case of '*C-"H pair undergo-
ing different kinds of reorientational jumps. Figure 4 shows
the results of these calculations for various rates of exchange
and for two models of reorientations about Yyrs: (a) 90°
rotations similar to those observed in the case of porphine’®;
and (b) 120° rotations like those that take place in the case of
a phenyl ring undergoing 180° flips around its para axis.” As
can be seen in the figure, the changes introduced by the mo-
tion are only slightly dependent on the particular geometry
of the molecular jump. The maximum line width that is ob-
served in all the cases is smaller than the one predicted for
the same decoupling power and coupling constants by the
isotropic diffusion model. In the intermediate exchange re-
gime the line shapes of the powder signals are no longer
Lorentzians, but rather a complex superposition of many
Lorentzians with widely different line widths. Due to this
reason, the effect of the motion on the § signal that is ob-
served will not only be the introduction of an additional
broadening but also a significant decrease in the overall sig-
nal intensity. This is illustrated in Fig. 5, that shows the
effects of motion on the absolute intensity of a '*C bonded to
a 'H for different decoupling fields and rate constants of
exchange. As can be seen the log plot exhibits the character-
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FIG. 4. Calculated powder NMR spectra for the case of a '*C-'H pair un-
dergoing a two-site exchange process with different rates k. The angles be-
tween the sites are 90° (left-hand column) and 120° (right-hand column).
Allspectra were calculated assuming a decoupling field @, = 30kHzand an
Feu = 1.05 A. The same scaling factor was used in all the simulations.

istic “¥”’-shaped behavior predicted by the diffusion model,
as well as a decrease in the effects of the motlon as higher
decoupling fields are used.

B. Experimental results

One of the main differences between the predictions of
the two-site exchange model and the isotropic diffusion
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FIG. 5. Log plot of the intensity measured for the '*C powder resonance
(1296 orientations) of *C-'H pairs (7, = 1.05 A) undergoing 90° jumps
as a function of the rate of exchange for @, = 20kHz (A ) and 40 kHz (M).
The solid lines are drawn for visual comparison.
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model is the amount of line broadening that they predict for
the S spin signal. Although both approaches predict a simi-
lar decrease in the absolute intensity of the signals the two-
site model also predicts, for the intermediate exchange re-
gime, a signal composed of Lorentzians whose line widths
may range from a few Hz to several hundreds of Hz. In order
to verify this prediction it would be necessary to label sepa-
rately the signals that arise from each crystallite in a pow-
dered sample. This can be partially accomplished by record-
ing the NMR spectrum of a static sample, where the
anisotropy in the chemical shift of the S spins provides a
dispersion in the resonance frequencies of the spin packets.
In the present study we have chosen dimethylsufone (DMS)
as the model compound for carrying out this analysis. DMS
presents a number of advantages, e.g.; (a) it gives a single
well-resolved '*C powder pattern; (b) the methyl groups of
DMS are a good approximation for the case of isolated /=S
spin systems; and (c) Solum et al.?° have already character-
ized the 180° flip motion of DMS (k;,,,, = 5.44 10" ¢~ 7%/T
Hz, jump angle about Y,,zs = 108°, chemical shift anisotro-
py Aw = 56 ppm) and therefore no attempt to fit the spectral
parameters is necessary. On the othér hand, a study on this
compound suffers from two disadvantages; namely, that the
13C are already partially decoupled from the protons by the
fast — CH, rotation, and that the melting point of the com-
pound is not high enough to allow a departure from the slow-
exchange regime.

In order to evaluate the dipolar couphng between the
carbon and the protons it is convenient to define an axes
system coincident with the PAS of the chemical shielding
tensor; i.e., with its Z axis parallel to the S-C bond and its X
axis lying in the plane defined by one of the S—~C—H bonds.
Since the methyl is rotating fast about its C, axis and the S—
C-H angle is 109.4°; the average dipolar interaction of each
proton is diagonal in the PAS introduced above and its
strength is equal to 1/3 of the strength that characterizes a
static '*C-'H interaction. Although the total dipolar cou-
pling of the three protons will be the sum of two dipolar
interactions of different magnitudes, we shall simplify the
problem by taking the average of these interactions. This
yields a coupling equivalent to the one introduced by a single
proton placed along the C-S bond at a distance d = 1.26d
from the *C nucleus. Finally, in order to evaluate the time
domain signal of each spin packet, it is necessary to evaluate
the quantities 6 and ) that determine the behavior of the
exchanging magnetizations during each of the evolution in-
tervals defined above. This can be done as described in Eq.
(16), to yield

6 = (4Aw T 6bcy )sin @ cos G cos a cos Bsin B (19a)

Aw
3

+sin” 8(1 — 3 cos’ asin?8) ] .

Q=04 + ( ;“ )[cos2 6(1-3 cos? B)

(19b)

_ Theleft-hand side of Fig. 6 shows the >*C powder NMR
spectra of DMS recorded at different temperatures using a
decoupling field @, = 24.7 kHz. At room temperature the
signal consists of an almost completely symmetric powder
pattern, which becomes almost completely asymmetric due
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FIG. 6. Experimental (left-hand column) and calculated (center column)
powder NMR spectra of DMS recorded at different temperatures using a
decoupling field @, = 24.7 kHz. The right-hand column shows the spectra
that can be expected if the effects of motion on the decoupling process were
disregarded. The exchange rates k for each temperature were obtained from
the Eyring equation given in Ref. 20. The isotropic frequency of the powders
was placed at the origin of frequencies. A line broadening of 60 Hz was used
in the simulations, which were obtained as powder averages over 1296 dif-
ferent orientations.

to the presence of the molecular motions at ~ 60 °C. How-
ever, as was noted in the original study of DMS,?° the ex-
change narrowing ceases at this temperature and, upon
further heating, the powder pattern departs from its expect-
ed line shape (spectra at 75 and 90 °C). Although sample
decomposition was suggested as a possible origin of this dis-
tortion, the theory described above is also able to fit the ob-
served changes (center column of Fig. 6). The effects of the
dipolar coupling are very small for the range of exchange
rates that affect the chemical shift tensor, but become more
relevant as the temperature is increased and give the powder
patterns a symmetric-like line shape. For the purpose of
comparison, the right-hand column of Fig. 6 shows the spec-
tra that can be expected for DMS in case that the effects of
the motion on the 'H decoupling process could be disregard-
ed.

Further evidence for the interpretation given to the
high-temperature spectra of DMS is shown in the left-hand
side of Fig. 7, which illustrates the effects of using different
decoupling powers on the '*C CP NMR spectra of DMS
recorded at 80 °C. To the right of each spectrum is the theo-
retical prediction that can be obtained using the same pa-
rameters as those used in the simulations shown in Fig. 6. As
can be seen, the ideal asymmetric powder pattern begins to
emerge in the spectra as the decoupling field increases; a fact
that implies that the sample has not been affected by tem-
perature. '

T=080C
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1
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FIG. 7. Experimental (left-hand column) and calculated powder NMR
spectra of DMS recorded at 80 °C using the different decoupling fields indi-
cated in the figure. The exchange rate k used in the simulationsis 24 217 Hz.
Other spectral parameters are as in Fig. 6.

IV. EXPERIMENTAL

DMS was obtained by oxidation of methylsulfide with
KMnO,, followed by extraction of the reaction mixture with
CCl,H, and finally by recrystallization of the reaction prod-
uct from hot water. The *C NMR spectra were recorded at
25.16 MHz on a Varian XL-100 NMR Spectrometer modi-
fied for performing the CP sequence. The spectrometer is
equipped with a home-built variable-temperature probe ca-
pable of achieving Hartmann-Hahn matching®' at 63 kHz
with a transmitter power of 86 W in the >C channel and a
decoupling power of 24 W in the 'H channel. The variable-
temperature operation was implemented by heating air with
a resistor placed inside the probe. Temperatures were con-
trolled by means of a 100 (2 resistance placed at ~ 1 cm from
the sample coil, and are considered accurate to + 1°C. In
order to avoid the introduction of spurious noise from the
heating resistor, a computer-controlled NAND gate was
used to turn off the heating during the acquisition time of the
signal. The @, values for each decoupling power were mea-
sured using the method described by Rothwell and Waugh.
Although the spectra shown in Figs. 6 and 7 were obtained
using a contact time of 2 ms and a repetition time of 3 s,
similar spectra could also be recorded using different mixing
times or pulse delays.

V. DISCUSSION AND CONCLUSIONS

In the present study we have described a line shape
method of analysis to calculate the NMR spectra of an I-
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decoupled S spin undergoing a two-site exchange motion.
An extension of the analysis to the case of an n-site exchange
process using the exact density matrix theory appears con-
siderably cumbersome for n3>3. Although the use of the
magnetization-vectors approach seems more viable since it
confines the problem to diagonalization of n X n matrices, it
can be expected that in many of these cases the model of a
rotational diffusion about the axis of symmetry of the motion
will yield good numerical predictions of the spectra. On the
other hand, the magnetization-vectors approximation pre-
sents a suitable framework in order to analyze the effects of
motion on more complex 7,,.S systems.

The description employed in Sec. III appears useful in
order to further analyze the different effects that could inter-
fere with the decoupling process. According to this treat-
ment, the determining factor in the line broadening of the S
resonance is the change that dynamic processes introduce in
the coupling constant B, during the decoupling cycle. Fol-
lowing the idea of Rothwell and Waugh we have assumed
that these changes arise from the presence of molecular reor-
ientations in solids. Nevertheless, similar considerations
could be applied to, for example, >’N-"H systems in solution
in which changes in the isotropic J coupling constant origi-
nate in intermolecular 'H exchange or in_>N-H zSN tau-
tomerization processes. Although in the cases of exchange
the fluctuations of the I-S coupling constant are stochastic,
problems in the refocusing of the S'magnetizations may also
arise if these changes are of a coherent nature. It can there-
fore be expected that in the cases of fast-rotating samples in
MAS,?? where the sample spinning introduces appreciable
changes in B,; during each decoupling cycle, there will be a
reduction in the efficiency of the decoupling. An extreme
example of this has been recently presented by Oas et al.,”
who showed that when the decoupling field and the speed of
sample rotation in MAS are equal, there is a considerable
recoupling of the I-S pairs.

Finally, it should be mentioned that although in the
present study we have regarded the effects of motions on
decoupling as a tool for the characterization of molecular
motions; these effects may become a considerable nuisance
for recording a high-resolution spectrum with a reasonable
signal to noise ratio, A possible solution for this problem is to
use a high-enough decoupling field (as illustrated in Fig. 7),
although this may not always be possible due to technical
reasons. A second method that might deserve further consi-

deration is the use of random noise decoupling.?* Since in
this case decoupling is achieved by a procedure that is equiv-
alent to a chemical exchange process between two sites sepa-
rated by a frequency B, the introduciton of a second dy-
namic process (the molecular motion) may be unable to
produce the considerable dephasing of the spin-packets that
it produces when coherent decoupling is employed.
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