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A Novel Approach for Evaluating the NMR 
Spectra of Spinning Solids: Application to the Case 
of Chemical Exchange 
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An approach is introduced that allows the evaluation of the effects of magic-angle spinning (MAS) in the NMR 
spectra of inhomogeneously broadened spin-4 nuclei. The method, which consists in replacing the time-dependent 
MAS Hamiltonian by a set of three time-independent Hamiltonians, is able to predict one of the main character- 
istics of the MAS experiment, namely the appearance of rotor echoes. Spectra were calculated using this approach 
and compared with "C NMR spectra of model compounds, showing good agreement in the range of spinning rates 
normally used. A simple extension of the method also makes it useful for simulating some cases of variable-angle 
spinning NMR. Although the approach is suitable for the evaluation of normal MAS NMR spectra, its main 
applications may be found in cases where the spin Hamiltonian is no longer self-commuting. As an example, the 
method was employed for analysing the case of an exchange process between two equally populated chemically 
equivalent sites. Calculated spectra obtained in this way allowed the correct reproduction of the changes observed in 
the MAS NMR spectra of two compounds which are known to undergo reorientations in the solid state. Further 
possible applications of the approach are discussed. 
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INTRODUCTION 

The considerable growth that the applications of NMR 
have experienced in the fields of physics, chemistry and 
biology can be ascribed to a large extent to the strong 
dependence which the resonance frequencies of the 
nuclei under observation show on the electronic 
environment at each site. However, this ability of NMR 
is usually hampered when the spectra are recorded in 
solids, owing to the considerable broadenings intro- 
duced in the resonances of the nuclei by the anisotropic 
character of the dipolar, chemical shift or quadrupolar 
interactions. It was first realized by Andrew et a[.' and 
by Lowe' that if the anisotropic parts of the different 
interactions transform as second-rank tensors, high- 
speed spinning of the sample about an axis inclined at 
54.74" with respect to B,  (magic-angle spinning, MAS) 
will average the interactions to their isotropic values. 
This experiment has found its widest applications since 
Schaefer and Stejska13 showed its usefulness for record- 
ing the solid-state NMR spectra of dilute spin-3 nuclei 
such as I3C, 31P or "N. In these cases, MAS can be 
successfully employed for collapsing the chemical 
shielding powder patterns of the nuclei to their isotropic 
values, provided that the rates of sample rotation which 
are used are larger than the breadth of the tensor. In 
fact, this fast MAS experiment can be viewed as a par- 
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ticular case of the fast variable-angle spinning (VAS) 
experiment,'6 in which the spectrum arising from a 
sample which is rotated fast about an axis inclined at an 
angle B with respect to Bo shows the shielding powder 
patterns of the different nuclei scaled by a factor of 

One of the most widespread applications of solid- 
state NMR is the use of powder pattern line-shape 
analyses in order to evaluate the nature of dynamic pro- 
cesses which may occur in solids, such as chemical 
exchange or molecular  motion^.^ As has been shown by 
Waugh and co-worker~,~*~ this clear information which 
is obtained from static samples may also be preserved in 
the MAS case, but only as shifts, broadenings or 
changes of intensities in the side-band spectrum. In 
order to take into account the effects of a dynamic 
process, it is necessary to add a dissipative term to the 
time-dependent MAS Hamiltonian, which precludes the 
analytical calculation of a time-evolution operator, and 
therefore different tactics have been adopted in order to 
retrieve the spectral information available from this 
experiment. 

A simple approach has been used in cases where the 
dynamic process involved jumps of nuclei between sites 
with different isotropic chemical shifts, since then the 
analysis could be limited to an evaluation of the effects 
introduced by the exchange on the line shape of the 
centre-bands without taking into account the possible 
effects introduced by the spinning."." The first solu- 
tion proposed for the quantitative evaluation of the case 
of nuclei exchanged between sites with equal isotropic 
chemical shifts was based on the average Hamiltonian 

(3 COS' B - 1)/2. 
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t h e ~ r y , ~  and allowed the calculation of the line shapes 
of the spectral centre-bands of the nuclei for cases where 
the jump rates were smaller than the spinning speeds. 
2D NMR and related techniques have also been used 
for analysing the nature of dynamic processes in rotat- 
ing solids, since they allow the monitoring of the effects 
of the exchange on the side-bands intensities; their use 
has been restricted, however, to dynamic cases which 
take place in the slow exchange regime.l2.l3 Finally, the 
problem has recently been solved in a general form by 
Schmidt and VegaI4 using the Floquet formalism. By 
use of this relatively complex mathematical treatment, 
the full side-band spectra of exchanging nuclei in solids 
could be calculated for arbitrary rates of exchange and 
spinning speeds. Moreover, this approach has already 
been found to be useful for the characterization of reori- 
entational processes in organic solids.' 5 * 1  

In this paper, a novel approach is presented for the 
evaluation of the spectra arising from rotating solids. As 
is shown in the following section, it is possible to simu- 
late the centre-bands of solids rotating at different 
angles with respect to B,  by periodically replacing the 
time-dependent Hamiltonian of each spin-packet by 
three time-independent Hamiltonians. Moreover, by 
introducing a small number of simple assumptions, the 
present approach is also able to produce FID signals 
which show the main property of the MAS experiment, 
namely, the formation of rotational echoes. In general, 
good agreement was found between spectra simulated 
using this approximation and spectra recorded under 
different experimental conditions. Although the present 
approach can be considered as a fast method for the 
recovery of the chemical shielding tensor parameters 
from MAS spectra, its usefulness can be best exempli- 
fied in cases where the spin Hamiltonian is no longer 
self-commuting at different times. In order to illustrate 
this property, the method was employed to evaluate the 
effects which are introduced in the spectra of spinning 
solids by the presence of molecular motions. For the 
case where the exchanging nuclei can jump between two 
sites, analytical expressions valid for any rate of 
exchange can be found for the evolution operator which 
is used in the spectral simulations. Predictions obtained 
in this way were compared with spectra recorded over a 
large range of temperatures and spinning rates for two 
compounds which are known to undergo molecular 
reorientations in the solid state; the general agreement 
that is found is good. 

RESULTS 

Chemical shift interaction in rotating solids 

The events which take place in a rotating powder are 
usually described in a reference frame fixed on the rotor, 
which is spinning (in Hz) at a rate vR = wJ2n about an 
axis which makes an angle fl with respect to the mag- 
netic field. In this case, the rotating frame spin Hamilto- 
nian of each crystallite can be written (in frequency 

units) as17 

GI,  - (3 cos2 p - 
L LL 

x (3 cos2 e - 1 + q sin2 e cos 2$) I ,  1 
- Aw[gl cOs(wR + 61) 

+ g2 c0s(2wR + 6dlr2 
= 0 0  I ,  + O(t)Z, (1) 

where ii, is the isotropic frequency of the spins with 
respect to the transmitter, Aw is the chemical shift 
anisotropy, q is the asymmetry parameter of the tensor, 
and gk, c$k ( k  = 1, 2) are functions of q and of the Euler 
angles cp, 6 and t+h which relate the principal axis system 
(PAS) of the shielding tensor in each crystallite to the 
rotor frame. 

Since this Hamiltonian is time-dependent but self- 
commuting at all times, the evolution operator for each 
orientation can be evaluated as 

~ c p ,  0, IC/; t )  = exp[ - i S'Q~,  6, t c ~  ; t') dt.1 (2) 
0 

With U(cp, 0, *; t )  it is possible to evaluate the signal 
G(q, 8, $; t) which will observed for each crystallite 
after a 90" pulse or a cross-polarization sequence as the 
mean value of the I ,  operator at time t :  

G(4& 6, *; t )  = W U ( c p ,  0, *; w, u- '(4% 0, *; w+1 (3) 

Moreover, since c%? is linear in I , ,  it is possible to 
describe G(cp, 0, $; t )  as a vector whose real and ima- 
ginary components are given by an evolved phase 6(t): 

6(t) = m0 t + Mt') dt' (4) ff 
As has been shown,8 these equations can be useful in 

order to understand some of the magic properties which 
are involved in the MAS averaging process. When /3 = 
p,,, = 54.74", P2(cos p,,,) = 0 and the time-independent 
frequency of the spin packets becomes equal to the iso- 
tropic frequency. Nevertheless, the fact that the sample 
is spinning will introduce a change in the resonance fre- 
quency of each crystallite with time and, since for differ- 
ent initial orientations each spin-packet experiences a 
different resonance frequency, there will be a dephasing 
of the spin-packets which contributed to the initial 
macroscopic magnetization vector. It is a property of 
the MAS process, however, that after a complete revol- 
ution of the rotor, as the crystallites return to their 
initial orientations with respect to Bo , the phases which 
have been accumulated by each of the spin-packets 
become equal to the phase that would have been accu- 
mulated by a magnetization vector processing at the 
isotropic frequency of the interaction. At this time (TR), 
the total magnetization has regained its original magni- 
tude, giving rise to the formation of a rotor echo; the 
dephasing sequence then starts again. 

Figure 1(A) illustrates the mechanical motion of the 
chemical shielding PAS of a single crystallite on MAS. 
Also shown is the well known fact that the magic axis of 
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T"" 

Figure 1. (A) Zeeman coordinate system showing the mechani- 
cal motion of the PAS of a crystallite upon spinning. (B) Defini- 
tion of the Euler angles used, which relate the orientation of the 
PAS of a crystallite to the Zeeman axis system (ZAS). 

rotation (M) has the direction of the diagonal of a cube 
in which the magnetic field lies along one of the edges. 
Therefore, it could be of interest to analyse which are 
the results that may be expected if the sample, instead of 
being continuously rotated about M, performs discrete 
jumps between the three orthogonal directions which 
define M. As will be exemplified below, this three-axis 
hopping approach, which is reminiscent of the tech- 
nique used by Bax et d.'* in order to obtain line 
narrowing in inhomogeneously broadened solids, pre- 
dicts spectra which for most of the normal experimental 
conditions closely resemble the spectra which are 
obtained using the MAS technique. 

From the discussion introduced with Eqns (1H4), it 
is clear that the case of spinning solids subjected to the 
chemical shift interaction can be treated in a classical 
way. Therefore, in order to develop the present model, 
each spin-packet will be considered as a magnetization 
vector which can evolve under the influence of three 
possible frequencies, one for each of the orientations 
that the crystallite can adopt with respect to B,. In 
order to calculate these frequencies, it is convenient to 
define a fixed Zeeman axis system (ZAS) to which the 
PAS of each crystallite can be related through a set of 
(cp, 6, $) Euler angles; and then to evaluate the rotating- 
frame frequencies of each crystallite when B,  points 
along the X, Y and Z axes of the ZAS (Fig. l(B)). The 
chemical shielding tensor in the ZAS can be obtained 

by use of the rotation matrix R(cp, 8, $) as 

(cp, 89 $) (5 )  aZAS - - qcp, e, $ ) a ~ ~ ~ ~ - l  

where aPAS is a diagonal matrix whose elements are the 
principal values o1, o2 and o3 of the chemical shielding 
tensor. The three frequencies which are needed can be 
found, after suitable truncation, as the projections of 
aZAS along the three possible orientations of B,  : 

m:ts = w1 + Aml 60s' $ sin' 8 

+ Am,(cos $ cos 0 sin cp + sin $ cos cp)' 

,#AS y y  = m1 + Awl sin2$ sin' 0 

+ Am,(sin $ cos 6 sin cp - cos $ cos cp)' (6) 
m::' = m1 + Aml 60s' 0 + Am2 sin' 0 sin2 cp 

where wi = yB,a, (i = 1, 2, 3), Aml = m3 - m1 and 

Once the three evolution frequencies are known, it is 
necessary to propose a sequence of events which will 
allow the simulation of the effects of the spinning 
process. Since the projections of the magic axis M on 
the three axes of the ZAS are equal, and the averaging 
mechanism of MAS is of a coherent type, the simplest 
sequence which might be proposed in order to mimic 
the nth rotor period of a FID arising from a rotating 
sample is 

w:ts(n - 1)TR < t < (n  - 1)TR + TJ3 

Am2 = 02 - 01. 

~ ( t )  = C O : ~ ( ,  - l)TR + TJ3 < t < (n  - l)TR + 2TJ3 

m;:'(n - 1)Tg + 2TJ3 < t < nT, 

(7) 

i 
or any other sequence in which mzts, m t y  and m::' 
alternate in a similar way. 

It is convenient to evaluate which is the phase that 
will be accumulated by each spin-packet after a full 
rotor period, since this is the phase that will determine 
the spectral line shapes in the 'fast-rotation' limit. From 
Eqn (7), this angle can be calculated as 

which, by use of Eqn (6), can be shown to be 

= i3TR (9) 
i.e. after a full rotor period all the spin-packets will have 
evolved the same phase, regardless of their initial orien- 
tation. Therefore, if TR is small (vR % Am), or if the FID 
is sampled at a rate vR , Eqn (7) predicts for each chemi- 
cally inequivalent nucleus a spectrum composed of a 
single sharp resonance at W, as happens to be the case 
in the actual MAS experiment. 

In order to analyse the potential uses of these predic- 
tions, the powder-averaged signals which can be 
obtained from Eqns (6H9) were compared with experi- 
mentally recorded spectra. Figure 2 shows the MAS 
spectra of the model compound hexamethylbenzene 
(HMB) recorded at different spinning speeds, together 
with the Fourier transforms of the time-domain signal 
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G( t )  : 

G(t) = [^ [^ [ exp[i&cp, 8, $; t)] sin 8 do d q  dt,b 

In order to obtain these simulations, the I3C chemical 
shift parameters were taken from the single-crystal 
 measurement^'^ and only the rotor frequencies (i.e. the 
times TR) were changed in each case. As can be seen, 
there is good agreement between the experimental 
results and the simulations. Although the magnetization 
path of each crystallite is dependent on the particular 
sequence assumed for the evolution frequency (i.e. 
ox, -+ oyy -+ o,,, o,, -+ w,, -+ a,,, etc.), simulations 
showed that the total powder spectrum was insensitive 
to this selection. 

In summary, the approach presented above consists 
in replacing the spinning about the magic axis by jumps 
about the three orthogonal axes shown in Fig. 1(B), 
with the assumption that the sample remains one third 
of a rotor period along each orientation. This may 
suggest an extension of the present approach to the case 
of variable-angle spinning (VAS), where the sample is 
rotated about an axis inclined an angle p with respect 
to B,  . This time the method would consist in replacing 
the effects of the spinning by periodic jumps of the 

(10) 

I 

1 1 1 1 1  

kHz 
-4- -4 0 -4 0 4 

kH2 

Figure 2. Left: experimental 13C CPMAS NMR spectra of HMB 
at different spinning speeds. The signal marked with an arrow 
belongs to the methyl group. Right: spectra simulating the aro- 
matic carbon signal. In all the spectra, the isotropic peak of the 
aromatic resonance was placed at the origin of frequencies. 

sample about three orthogonal axes, with relative 
residence times in each of the axes proportional to 
sin2 fl  cos2 45, sin2 p sin2 45 and cos2 p. Following the 
approach used for the simulation of the MAS case, the 
simplest sequence of frequencies which can be proposed 
for the nth rotor period of a sample undergoing VAS is 

(o;:’(n - l)TR < t < (n - 1)TR + TR sin2 p/2 

The isotropic centre band that Eqn (11) predicts for a 
powdered sample in the fast spinning limit can be 
obtained by computing the phase which is evolved by 
each spin-packet during a full rotor period TR: 

L 

By use of the expressions of w::’, w;? and o::’ given 
in Eqn (6), the predicted isotropic phase can be shown 
to be 

x sin28 cos 2q TR 11 (13) 

which yields a spectrum for the whole sample which 
consists of a chemical shielding powder pattern scaled 
by a factor (3 cos2 jl- 1)/2 and centred at 0. Indeed, 
this is the well known result predicted by Eqn (1) for a 
powder which spins fast about an axis inclined an angle 
/? with respect to B,  . 

In principle, an approach similar to that used for 
simulating powder spectra in the MAS case could be 
applied here, by changing the frequency of the spin- 
packets from o;:’ to oty to w::’. However, it was 
found that in contrast to the MAS case, where the order 
of the o:”’ did not influence the shape of the total 
powder spectra, the side-band pattern of the (VAS) 
spectral simulations were dependent on the order of the 
&*’. In most cases, better agreement with the experi- 
mental data was found when the first evolution fre- 
quency of each rotor period corresponded to the axis in 
which the residence time of the sample was longest. 
Figure 3 shows powder spectra calculated with this 
approach, together with experimental spectra of calcium 
formate recorded at different spinning angles. As with 
HMB, the chemical shielding parameters used were 
available from single-crystal work,20 and the only 
experimental variables involved in the simulations were 
the spinning speed and the angle of rotation. It should 
be noted that since the sequences of the type described 
in Eqn (11) are not invariant with respect to 180” rota- 
tions, they predict spectra in which the separation 
between side-bands in the /I = 90” case is vR instead of 
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Figure 3. Left: experimental 13C CPMAS NMR spectra of 
calcium formate spinning at 11 00 Hz and at different angles with 
respect to B,. Right: calculated spectra for each spinning angle, 
which was deduced from the line shape of the experimental 
centre-band. In the case of /3 = go", the simulation was performed 
assuming u, = 2200 Hz (see text). 

being 2vR. Therefore, the b = 90" spectrum was simu- 
lated assuming a TR equal to i v R .  Moreover, this sug- 
gests that Eqn (11) is not useful for the simulation of 
spectra with j? close to 90" and that in such cases a 
more symmetric sequence should be employed. 

Effects of a two-site exchange process 

As mentioned in the Introduction, one of the main 
applications of solid-state NMR is the characterization 
of motions in condensed phases. Although in the MAS 
case the static powders have collapsed to narrow centre- 
bands flanked by side-bands, the presence of exchange 
processes will still influence the spectra by precluding 
the refocusing of all the spin-packets of the sample at 
the end of each rotor period. Since an approach was 
introduced above which appeared to be useful for the 
evaluation of MAS spectra, it may be of interest to 
analyse whether the same approach can be employed 
for the simulation of MAS spectra of nuclei which are 
undergoing dynamic processes. In particular, when con- 
sidering the case of an exchange process between two 
equally populated sites, a convenient starting point for 
its description is the classical equation for the transverse 

magnetization MI and MI, of the sites:2' 

d 
- MI = io, MI - kM, + kM,, 
dt 

d 
- MI, = io,, MI, + kM, - kM,, 
dt 

(14) 

where wI and oI1 are the frequencies of the sites, k is the 
rate of exchange, and relaxation effects are not con- 
sidered explicitly. Since in the treatment introduced in 
the preceding section the frequency of each nucleus was 
varied between three values which depend only on the 
orientation of the crystallite with respect to the ZAS, 
this approach will make available the MAS signal of the 
exchanging nuclei if Eqn (14) is replaced by three pairs 
of coupled differential equations with constant coeffi- 
cients. To solve this, it is convenient to rewrite Eqn (14) 
in matrix form as 

d 
dt 
- - = A M  

Since A is independent of time, M at time t + At can be 
calculated from M at time t as 

M(t + At) = exp(A At)M(t) (16) 
For the case of a two-site exchange process such as that 
under consideration, Eqn (16) can be rewritten as 

MI(t + At) = e,(At)M,(t) + e,(At)M,,(t) 
(17) + At) = e3(At)M1(t) + e4(At)MII(t) 

where eAAt) are the elements of exp(A At): 

(d2[exp(Atr/2)] + exp( - At1/2)) 
K 

e,(At) = - 
1 + d2 

e2(At) = e3(At) = - Kd [exp(Atr/2) - exp( - Atr/2)] 
1 + d 2  

[exp(At1/2) + d2 exp( -Atr/2)] 
K 

e,(At) = - 
1 + d 2  (18) 

with 

K = exp[ - k + ir-)] At 

r + i(oI - oI1) 
2k 

d =  

I = [4k2 - (0, - w ~ ~ ) ~ ] ~ ' ~  

As can be seen, M depends parametrically on k and also 
on R = (aI + o,,)/2 and 6 = a, - o,,. 

In order to take into account the effects of the spin- 
ning, it is necessary to evaluate for each orientation (cp, 
6, $) the projections Rii and hii (i = x, y, z) of the 
tensors in the ZAS. Although this approach can be 
applied to any exchange case, the calculations will be 
developed for the case of flips of a molecule about a C ,  
axis of symmetry. In these cases, a molecular reference 
system (MRS) can usually be found to which the PAS of 
the sites can be related through rotations R and R-'  
about the ZMRs axis. The chemical shift tensor of each 
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Figure 4. Proposed motion of the DMS molecules in the solid. A 
180" flip about the main C, axis exchanges the orientations of the 
two methyls, and therefore the PAS, can be transformed into the 
PAS,, by a 108" (24  rotation about Z,,, . 

site can be found in this system as 

orRS = R(E, 0, O)oPASR-l ( E , 0, 0) 

o#" = R( - E, 0, O)oPASR - (-&, 070) (20) 
Moreover, this MRS is also convenient f 
ation of RMRS = (oyRS + wFRS)/2 and 

270 " Hz 

-5 
kH z 

Figure 5. Left: experimental 13C CPMAS NMR spectra of DMS 
recorded at different temperatures and at a rotation rate of ca. 500 
Hz. Right: spectra calculated for each temperature using the Arr- 
henius equation that can be deduced from Ref. 22. In the simu- 
lated spectra, a non-exchanging line width of 40 Hz was assumed. 
The blurring observed in the side-bands of some recorded spectra 
may be ascribed to small (ca. 20 Hz) variations in the spinning 
speed during long accumulations. 

- o f R S :  

o1 cos' E + o2 sin' E 

0 
0 

0 3  ."I 
0 0 i) 0 (21) 

0 
o1 sin' E + o2 cos' E 

0 

i 

( 0  

QMRS = 

0 
dMRs = 2(01 - 0,)cos E sin E 

2(w, - o,)cos E sin E 

which can now be related to the ZAS by the use of the 
rotation matrix R(q, 9, $) that relates the MRS to the 
ZAS. This procedure leads to the six relationships 
which are needed for the evaluation of Eqn (17): 

R,, = Ar:, + Br:, + Cr:, 

R,, = A& + Brzz + Crg3 

a,, = Arg, + Brg2 + Crg3 

ax, = Dr11r12 

a,, = Dr21r22 

= Dr31r32 

where 
A = o1 cos' E + o2 sin' E 

B = o2 cos' E + o1 sin2 E 

c = 0 3  

D = 4(ol - o,)sin E cos E 

and rij are the elements of the Euler matrix R. With 
these equations and the initial condition M,(O) = 
M,,(O) = i, it is possible to calculate the total time 
domain signal of the two sites G(t) as 

G(t) = 6" [ [ f f [M'(B.  8, $; t )  

+ M,,(q,  9, $; t)]sin 8 dip d9 d$ (23) 
The results obtained by Fourier transformation of 

this signal were compared with the variable- 
temperature spectra of dimethyl sulphone (DMS, Fig. 
4), a compound which has been shown to perform 180" 
flips about its main Cz molecular axis2' and which will 
be used to check the predictions of the present theoreti- 
cal model. Since the dynamics of solid DMS have 
already been measured in a I3C NMR powder line- 
shape analysis,22 from which the principal values of the 
chemical shift tensor and the jump angle 2.5 also became 
available, no attempt to fit the experimentaI data was 
necessary. In all the simulations the chemical shift 
values were taken as w1 = o3 = -940.8 Hz, o2 = 470.4 
Hz (6 = 0, = 0 and A o  = 56 ppm at 25.2 MHz 13C 
frequency), and an angle of 108" was assumed between 
the Y axes of PAS, and PAS,,. The rate constant k was 
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Figure 6. Left: experimental 13C CPMAS NMR spectra of DMS 
recorded at different temperatures and at a rotation rate of ca. 400 
Hz. Right: spectral simulation for each temperature. Other details 
as in Fig. 5. 

also taken from the static powder analysis as 
k = 5.44 x 1013 exp(-7601/T) Hz. Figures 5 and 6 
show the spectra of DMS recorded at constant speed as 
a function of temperature, together with the simulations 
which correspond to each temperature. The centre-band 
and side-bands broaden as the temperature is increased 
from 20 to 45"C, then they start to narrow again but 
displaying a pattern of side-band intensities which 
differs from that shown at lower temperatures. A similar 
behaviour is followed by the simulations, which exhibit 
only minor deviations from the experimental line shapes 
in the side-band intensities. The predictions of the 
present approach were also tested against spectra 
recorded at the temperature of maximum broadening 
(45 "C) using different spinning rates. These results are 
shown in Fig. 7, in which the decrease in the overlap- 
ping of the centre-band and the side-bands as the spin- 
ning speed is increased is evident both in the 
experimental data and in the simulations. In addition, a 
slight narrowing is noticeable in the line width of the 
centre-band as the rate of rotation becomes higher. 

Although with the use of the 'calibration' sample 
DMS it was shown that the theoretical approach 
described previously is useful for evaluating the effects 
of chemical exchange from both qualitative and quanti- 
tative points of view, the application of the method to a 
more 'real' problem, as is the analysis of 180" ring flips 
in para-substituted aromatic compounds about their C ,  

- 2  
kHz 

$60 H E  

540 Hz .I; 
l * l , l  

kllz 
- 2  0 

Figure 7. Left: experimental 13C CPMAS NMR spectra of DMS 
recorded at 45°C and at different spinning rates. Right: spectra 
simulated for each spinning speed. A flipping rate k = 2260 Hz was 
assumed in all cases. A non-exchanging line width of 50 Hz was 
used in the simulations. 

axes, will be briefly described. As bas been shown 
recently,I6 the aromatic rings in y-sulphanilamide 
perform the type of motion shown in Fig. 8, as a result 
of which the positions of C-2 and C-3 are exchanged 
with those of C-6 and C-5. For the purpose of simpli- 
city, it will be assumed that the difference in the prin- 
cipal values of the chemical shifts of the exchanging 
nuclei is small enough to be taken into account as a 
residual line broadening. Although in order to perform 
the simulations it can be assumed that the jump angle 

1 

6\ 0 
SO,NH, 

Figure 8. Structure of sulphanilamide (p-aminobenzene- 
sulphonarnide) showing the atom numbering and the axis of 180" 
rotations. PAS, can be transformed into PAS,, by performing a 
120" rotation about the ZMns axis. 
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spectra, making available the Arrhenius equation of the 
process k = 2.8 x 10" exp(-5630/T). 

95°C A d L  6500 Hz 

TT-7- 
kHz 

- 
kHz 

Figure 9. Left: experimental ' 'C CPMAS NMR spectra of 
sulphanilarnide at different temperatures. Right: simulations of the 
C-3 and C-5 resonance (labelled with an arrow) for different rates 
of phenyl flipping. In the simulations the isotropic frequency of the 
resonance was centred at zero, and a non-exchanging line width 
of 40 Hz was assumed. In contrast to the simulations of DMS, the 
same scaling factor was used for all the calculated spectra. 

2~ is 120°, it is also necessary to have available the 
values of ol, o2 and 03. Since to our knowledge 
neither powder nor single-crystal 13C NMR studies of 
this compound have been carried out, approximate 
values for these numbers were obtained by iterative 
fitting of the centre- and side-band intensities in the 
room-temperature spectrum (a1 = 5292 Hz, w2 = 3276 
Hz and o3 = 1008 Hz at 25.2 MHz 13C NMR 
frequency). A further complication arose from the fact 
that the C-2-C-6 signal overlapped with the C-1 reson- 
ance. For this reason, simulations focused on the signal 
arising from the C-3-C-5 pair of nuclei. 

The left-hand side of Fig. 9 shows the I3C CPMAS 
NMR spectra of y-sulphanilamide recorded at different 
temperatures. As can be seen, the spectra are affected by 
the molecular motion, a fact which is not only notice- 
able by the broadening introduced in the signals, but 
also by the sharp decrease in the signal intensities. The 
right-hand side of Fig. 9 shows spectra simulated using 
the approach described in Eqns (17H19). In order to 
assign each simulation to its temperature, a pool of 
spectra were computed using different rate constants k,  
and for each temperature the best fit was chosen. The 
simulations reproduce correctly the experimental 

EXPERIMENTAL AND COMPUTER 
CALCULATIONS 

13C CPMAS NMR spectra were recorded at 25.2 MHz 
on a Varian XL-100-15 NMR spectrometer modified 
for performing the 'H CP sequence with spin- 
temperature alternation. The probe is a laboratory-built 
single-coil system equipped with an external deuterium 
lock for field stabilization and a Macor-machined stator 
for sample spinning. In order to record the spectra, the 
samples were placed in boron nitride barrel-type rotors 
which were driven by air and showed long-term spin- 
ning stability (variations smaller than 20 Hz in the spin- 
ning rates during overnight accumulations). In the case 
of DMS, where spectra were recorded at slow spinning 
rates, rotation stability was achieved using rotors which 
were machined without driving flutes. The spinning rate 
was monitored using a system based on a device which 
detects reflected light from the half-painted rotor cap. In 
the variable-temperature operation, the spinning air was 
heated by means of a resistance heater driven by a tem- 
perature controller which monitored a thermocouple at 
the base of the stator assembly; the temperatures 
obtained in this way are considered accurate to & 2 "C. 

All the spectra were recorded using a 2-ms contact 
time with fields matched at 62 kHz, and a 3-s repetition 
time. HMB was purchased from Aldrich and used 
without further purification. The 90% I3C-enriched 
calcium formate was prepared from enriched formic 
acid (MSD Isotopes) and calcium chloride. DMS was 
obtained by oxidation of dimethyl sulphide, and ca. 
6000 transients were accumulated before obtaining each 
DMS spectrum. y-Sulphanilamide was obtained by re- 
crystallization of the drug from isoamyl alcohol, and an 
average of 20000 transients were acquired for obtaining 
each spectrum of this compound. 

One of the main advantages of the present approach 
is its relative simplicity, which is translated into an 
important saving of computational effort. This can be 
illustrated with the procedure followed in order to 
obtain the simulations of the non-exchanging MAS 
spectra. After a minimum bandwidth to be used in the 
simulations is specified, a sampling interval At is calcu- 
lated which not only gives the desired band width but 
which also fulfills the condition that the number of sam- 
pling times per rotor period (TJAt) is an integral multi- 
ple of 3. Then, for each orientation cp, 6, t+b the three 
time propagators 

X = exp(iozts At) 

Y = exp(io;y At) 

Z = exp(iw:iS At) 

are evaluated. Starting from the initial condition 
G(0) = sin 6, it is possible to obtain the signal G at time 
n At from G[(n - 1) At] by multiplication with X ,  Y or 
Z .  The FID obtained in this way is added to the FID 
obtained for the other cp, 8, JI Euler angles in order to 
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obtain the complete powder signal. In those cases where 
the isotropic frequency W has been placed at an integral 
multiple of 27tvR or at zero, the MAS experiment is com- 
pletely cyclic with period TR , and it is sufficient to calcu- 
late the FID for times 0 < t < TR, and then to repeat 
this number until the total number of points achieves 
the desired digital resolution. Finally, since the equa- 
tions that were developed did not take into account 
relaxation effects, these had to be introduced by multi- 
plying the total time-domain signal by exp( - t/T,) 
before Fourier transformation. This was the procedure 
used for obtaining the simulations shown in Fig. 2, for 
which the intervals 0" < p, 0, t,b < 180" were partitioned 
in 9" steps, giving a total of 8000 orientations; smaller 
angular increments did not introduce significant 
changes in the spectral shapes. Each of these powder 
calculations required about 50 s of CPU time in our 
microVAX 2000 computer. 

A similar approach was used in the simulations of the 
dynamic MAS spectra, although in this case the pre- 
sence of an energy-dissipative term in the Hamiltonian 
makes necessary the evaluation of the 2" points which 
comprise the FID. For each orientation p, 6, t,b, the 
FID of the spin-packet can be evaluated using the three 
groups of eXAt) ( i  = 1, 2,4) of Eqn (17) which are evalu- 
ated for each of the pairs of R,, and ( i  = x, y, z) given 
in Eqn (22). In the spectra simulated for DMS and 
sulphanilamide, 183 = 5832 powder orientations were 
used. Each spectrum, consisting of 29 points, required 
about 4 min of CPU time in a microVAX 2000. 

DISCUSSION AND CONCLUSIONS 

NMR is a range usually used for samples other than 
model compounds. Nevertheless, it is probable that the 
potential of the method does not lie in the simulation of 
normal MAS spectra, but rather in the evaluation of 
those cases where an additional term renders the spin 
Hamiltonian no longer self-commuting at different 
times, since then the evolution operator is not available 
by simple integration of the equations of motion. 
Although the linearity in the spin operators of the Ham- 
iltonians which have been analysed here have allowed 
the use of magnetization vectors, the present approach 
can also be used if the density matrix formalism has to 
be employed. 

There are some simple extensions to the exchange 
analyses described. Following the treatment introduced 
in Eqns (20)422), it is relatively straightforward to 
obtain the Rii and dii which are necessary to analyse the 
case where the chemical shift tensors of the two sites 
differ, or the case where the two sites are related by an 
arbitrary set of Euler angles. For two-site exchange pro- 
cesses, it is also relatively simple to analyse the case of 
unequally populated sites, for which an analytical recal- 
culation of the exp(A At) matrix is necessary. Other 
effects that can be analysed with the equations 
described above are those introduced by a chemical 
exchange process on a sample which is spun at an angle 
other than 54.74", an experiment which may be useful if 
resolution and sensitivity can be sacrificed for the sake 
of obtaining more complete line-shape information. 
Finally, it is also possible to extend the, present 
approach to calculate the effects of a three-or-more site 
exchange process, although this case would require a 
numerical diagonalization of the exchange matrix A for 
each orientation. 

The method introduced for the simulation of MAS 
spectra can be said, in a sense, to be based on the geo- 
metrical properties of the spinning axis. Comparing the 
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