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Dynamic molecular processes modulate dipolar and quadrupolar interactions in nuclear spin
systems. Zero field NMR measures evolution arising purely from these interactions, and thus
can be used to characterize molecular dynamics in disordered samples. A theory is presented

Theory of line shapes for zero field NMR in the presence of molecular motion

which numerically simulates the effect of molecular reorientation in zero field NMR for a
spin-1 nucleus or pairs of dipolar coupled spin-1/2 nuclei. Representative zero field NMR
simulations are compared to their high field NMR analogs to demonstrate features which
make zero field NMR a potentially useful tool for the study of molecular dynamics.

I. INTRODUCTION

Deuterium high field NMR of isotropic and anisotropic
liquids and solids has proved invaluable in the investigation
of molecular dynamics.'™ In this work, we present a theory
which describes the effect of molecular motion on zero field
NMR spectra and demonstrates the applicability of this
technique in determining the motional model and extracting
the relevant dynamic parameters such as jump angles and
rates or diffusion axis and constants. High field NMR reson-
ances of those systems arising from intrinsic static orienta-
tional anisotropy of the sample are usually broad and often
featureless.®”® These line shapes are determined by molecu-
lar motions. However, the deduction of the motional model
from these spectra may prove difficult, especially if the ef-
fects on the line shape are subtle. Recently, Schmidt ez al.
have demonstrated a two-dimensional 2H NMR experiment
which is model independent and yields the jump angle di-
rectly from the spectrum.’

Zero field NMR spectra of anisotropic liquids and solids
contain sharp “crystal” like resonances. These resonances
are characterized by the quadrupolar and/or dipolar inter-
action. Therefore, zero field NMR should be able to exploit
the whole dynamic range of the local interaction without the
complicated inclusion of the Zeeman interaction. Hennel ez
al. and Jonsen et al. have published analytical theories de-
scribing systems of two and three dipolar coupled protons, '
pairs of spin-1/2 nuclei, and isolated spin-1 nuclei.'" Sere-
brennikov has developed a compact expression for the zero
field spectra of molecules undergoing Brownian reorienta-
tions.'? In this paper we describe numerical solutions of
multisite jump and continuous diffusive reorientation in
zero field NMR. The methods used in this work are exten-
sions to the analytical zero field approach!' and previous
high field treatments.*'* Freed et al. have considered earlier
the effects of motions on ESR lines of electronic triplet states

* Present address: Laboratorium fiir Physikalische Chemie, Eidgendssiche
Technische Hochschule, 8092 Ziirich, Switzerland.

®) Present address: BP Research Centre, Spectroscopy Branch ASRD,
Chertsey Road, Sunbury-on-Thames, Middlesex TW16 7LN, England.

J. Chem. Phys. 87 (12), 15 December 1987 0021-9606/87/246867-10$02.10

in zero field.!* In the following we compare high and zero
field NMR with particular reference to dynamic processes,
in particular planar jumps, tetrahedral jumps, planar diffu-
sion, and spherical diffusion.

A. Zero field NMR experiment

At present, there are two basic zero field NMR experi-
ments: (a) sudden version and (b) adiabatic demagnetiza-
tion in the laboratory frame (ADLF). The sudden version
involves the preparation of magnetization in first rank tensor
operators and ADLF in second rank tensor operators. The
experimental methods and apparatus used in these tech-
niques have been described elsewhere.'>2° The theory de-
scribed here pertains only to the sudden version of the zero
field NMR experiment.

B. Nomenclature and convention

The electric field gradient (EFG) tensor has compo-
nents V,,i =X, Y, Z, in its principal axis system (PAS).
The magnitudes of these three field gradients follow the con-
vention |V, |>|Vyy|>|Vxx|- The asymmetry of the EFG
tensor is given by = (|Fyy| — |Vxx|)/|¥V2z| and
V.2 = eq. The quadrupolar coupling constant for a spin-1
nucleus is 4 = e’qQ /(4h). For dipolar couplings between
two spin-1/2 nuclei, this constant can be replaced with
A =vy,7;h /(477r}) and 7 = O, where y; is the gyromagnetic
ratio of nucleus / and 7; is the internuclear distance between
nucleus i and nucleus j. The units of 4 are [s™!].

The exchange rate of a jump process is denoted «; and a
continuous diffusion process is denoted «. The exchange
rate is simply the inverse correlation time, properly defined
according to the motional model.>* The units of x are [s™!].
The motional regimes are described by the unitless constant
Kk/A.

C. Assumptions

The assumptions made prior to the theoretical treat-
ment are: (1) the molecular dynamics are stationary Mar-
kov processes, (2) the instantaneous jump alters only the
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spatial part of the Hamiltonian, no transitions are excited
between the nuclear energy levels, and (3) no couplings exist
between the sites. Assumption (3) can be easily satisfied in
the ?H zero field NMR experiment by using partially deuter-
ated samples.

Il. DENSITY MATRIX THEORY

In this section, a dynamic NMR model for 7 = 1 and
pairs of dipolar coupled 7 = 1/2 spin systems is developed
using the density matrix formalism. The spin Hamiltonian
employed considers quadrupolar or dipolar interactions.
Evolution and relaxation in zero field are described by the
stochastic Liouville equation,?*> which is solved using a
finite grid point method.**** Diffusive and jump motions are
explicitly considered in the calculation. This approach is a
direct extension of previous high field*'* and zero field"'
treatments.

A. Zero field Hamiltonian

The spin Hamiltonian, representing quadrupolar inter-
actions in the laboratory frame x, y, z, defined by the polariz-
ing field B,, is conveniently written as a scalar product of
two irreducible spherical tensors:

+2

%Q(Q)z z (‘—I)MFz,*M(Q)Tz,My (1)
2

where T, 5, and F, _,, (2) denote laboratory frame spin op-
erators

T,o =631 -1'I),

Loy =F/2)d, L +11,),

T, o=/, 1, (2)
and spatial operators, respectively. In high field, it is usual to
neglect the nonsecular terms, T, ,, with M #0. The orienta-
tion dependence of the spatial operators can be evaluated by
a twofold transformation from the principal axis system X ,,
Y,, Z, in which

Fio=6""%h4,

F; ,=0,

Fi i o=hdn, (3)

where 4 and 7 are defined in Sec. I B. The zero field Hamii-
tonian, in its PAS, is explicitly written as follows:

o =hA[67 Ty +(To, + Ty )] 4

The Hamiltonian is transformed from the PAS to a molecu-
lar, or diffusion, tensor system X,,, Y,,, Z,,, using the
Wigner rotation matrix 2% (¢6)?° and, finally, into the
laboratory frame using 2@ (POW), see Fig. 1. The spatial
operators are then given by

+2
Fu(@) = Y DR POVYD R0 (SO} 5. (5)
M'M"= —2

Diagonalization of the zero field Hamiltonian, Eq. (1),
is achieved by the similarity transformation

R™1(Q)-#,(Q) R(Q) =F, (6)

where 77, o and R() denote the constant eigenvalues
hA(1 £ 1), — 2hA, and the orientation-dependent eigen-

Principal axis system
Xpr Yp Zp)

(¢. 6. ¥)
Y

Molecular (diffusion tensor) system
K Yo Zi)

(®,0, ¥)

Y
Laboratory system
xy 2)

FIG. 1. Notation for coordinate systems and Euler transformations used in
the relaxation model. The coordinate systems are: (X,, Y, Zp ), principal
axis system for magnetic interaction tensor; (X,,, Y,,, Z,,), molecular axis

system with diagonal diffusion tensor; (x, y, z), external laboratory system
to create the initial condition.

vectors related to the twofold coordinate transformation
[Eq.(5)], respectively.

B. Stochastic Liouville equation

Formally, the observable zero field NMR signal ob-
tained from the sudden experiment is given by
L(t"y=Tr[<p(Qt)>"1], (7

where p(£,z ) is the time-dependent full spin density matrix,
assumed to obey the stochastic Liouville equation®'~**

%p(ﬂ,t') — (/R (Q) p(t")
*I‘Q'[P(Q,t’)_Peq(Q)]; (8)

7% () denotes a superoperator”® associated with the zero
field Hamiltonian #° of ). I'y, is the stationary Markov
operator for the various motional processes with the equilib-
rium distribution P, ({1) obeying

Iy P,(2)=0 9
and

Peq (1) =R(Q)-{(1/3)P,(Q)

[E— (I/kD) ¥ 1} R™1(Q) (10)

is the equilibrium density matrix.

C. Stationary Markov operator

In the finite grid point method, the Markov operator is
represented by a transition rate matrix W(£,Q), the ele-
ments of which give the transition rate between discrete sites
of (1. The values of the transition rates depend upon the
model used to describe the motion. For a continuous diffu-
sive process, rotation through a sequence of infinitesimally
small angular steps is assumed and the transition rates must
satisfy the following®”:

W(QM’QM+1) + W(QM’QMA1) =KR/3A2,
W(Qy,Qy) P (Qy) = W(Qy, Q)P (Qy),
W( Q4 Qp) = — kg /347, (11)

where A is the angular separation of adjacent grid points.
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Solving Eq. (11), one can establish values for all “diffusive”
transition rates in terms of two rotational exchange rates x5,
and k|, and the equilibrium population P, (1) of the sites.
Ky, is the exchange rate for reorientation of the symmetry
axis of the diffusion tensor and « | refers to rotation about
it.

In arandom jump process, reorientation occurs through
arbitrary jumps between various orientations. Consequent-
ly, the “jump” transition rates are given by*®

W(Qy,Qy) =k, [Peq(QN) —b6un] > (12)

where «; is the jump exchange rate.

D. Numerical evaluation

By introducing the reduced density matrix, defined as
follows:

G(Q,tl)':p(ﬂ’tl) _peq(ﬂ) L (13)

Eq. (8) can be rewritten as
g;o'(ﬂ,t') = — [(/BIHQ) +Tq]-0(Q1"),
(14)

Eq. (14) integrates to

o(Qt") =exp{ — [(/BHH(Q) + T ]t }e(Q,0),
(15)

where ¢(,0) is the initial condition of the reduced density
matrixat ¢’ = 0.

In the sudden zero field NMR experiment, the initial
condition results from the sudden switch-off of the interme-
diate applied field, yielding

p(Q,0) = (1/3)P, (Q) (E —5L,) . (16)

The initial condition of Eq. (16) does not commute with the
quadrupole Hamiltonian and is, therefore, nonstationary
and evolution under the zero field Hamiltonian is initiated.

The exponent of Eq. (15) can be diagonalized using a
similarity transform:

S™HQ) [ — (/DI (Q) — Ty ]-S(0) = AQ) .
(17

The matrix A(£) is diagonal and contains the eigenvalues of
the exponent of Eq. (15). Substitution of Eq. (17) into Eq.
(15) results in

o(Qt') =S(Q) -exp[A(Q)2']-STI(Q) 0(0,0) .
(18)

In a suitable basis the representation of the exponent of Eq.
(15) yields a complex-symmetric matrix. Thus, the numeri-
cal evaluation of Eq. (18) is readily accomplished by em-
ploying the Rutishauser algorithm.?® Evaluating the trace of
[(a(,t") + pe (2)) -1, ], according to Eq. (7), gives the
zero field interferogram L{t’). Fourier transformation of
L(t') yields the zero field NMR spectrum. The correspond-
ing high field spectrum is obtained by evaluating the same
expression with I, yielding the signal function for a simple
90° pulse followed by acquisition.

E. Extension to previous zero field treatment

The previous analytical approach to dynamic effects in
zero field NMR!! can be modified to calculate the zero field
NMR spectra for arbitrary orientations of the magnetic ten-
sor with respect to the molecular diffusion axis by merely
evaluating the frequency matrix elements and performing a
further transformation which converts imaginary frequency
elements into reals. Expressions for the frequency elements
and this transformation are presented in the Appendix. This
method yields matrices of dimension eight per site. This is
because the magnetization component of T, is dropped as
the trace of quadrupolar and dipolar Hamiltonians is zero.
This method requires a single diagonalization in the molecu-
lar frame. The general theory described earlier produces ma-
trices of dimension nine per site and the diagonalizations are
performed in the laboratory frame. The full dimensionality
is retained as the theory is applicable to both zero and high
field dynamics problems, including continuous diffusive
processes.

Ill. COMPUTATIONAL METHODS

For the jump models, dedicated programs for zero field
and high field motions simulations were used, the zero field
program based upon the approach of Jonsen e al."' For the
continuous diffusion models, a program package based on
the general theory was used to simulate both zero and high
field NMR spectra.'® All program packages were written in
FORTRAN 77.

A. Discrete jump simulations

The analytical program of Ref. 11 was used to simulate
the motional effects on the spectra for the two-site jump
models. The larger site dynamics problems were modeled
using the extended numerical approach. Both the dedicated
high and zero field NMR programs were executed on a DEC
VAX 11/730.

B. Continuous diffusion simulations

The program package based upon the general theory
was run on a HP 1000 F series computer (planar diffusion)
and on a CRAY 2 computer of the Computer Center, Uni-
versitat Stuttgart (spherical diffusion).

C. Computer simulation parameters

Calculations were done for powder samples, e.g., an iso-
tropic distribution for the molecular system with respect to
the external laboratory frame was considered. In the case of
a static powder (jump motion) the number of grid points in
the Euler angle spheres was a function of sin(0) to efficient-
ly use computing time. In case of a dynamic powder distribu-
tion (diffusive motion) the number of grid points was subse-
quently increased until convergence of the calculated line
shapes was achieved. The final number of sites per sphere
varied with the value of the exchange rate, a typical value
being 25.

All displayed spectra were underlayed with a residual
line broadening a = 4 /100.
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IV. SIMULATIONS

Here are presented the zero and high field dynamic
NMR simulations for some representative motional models.
The models considered include both discrete jumps and con-
tinuous diffusion. They are planar jumps (two and three
sites), tetrahedral jumps (equal and unequal populations),
and planar and spherical diffusion.

A. Discrete jump processes

The Euler angles which are the arguments of the Wigner
rotation matrix used to make the transformation of the PAS
into the molecular diffusion frame are ¢, 6, and ¢. For planar
jumps the jump angle is ¢ = 360°/number of sites. The angle
@ is the angle between Z, and the molecular axis Z,, (see
Fig. 1). ¢ determines the orientation of the X, and Y, axes.
If ¢ = O° then the Y, axis is in the plane of rotation. X is in
this plane if = — 90°.

1. Two-site jumps

The two models discussed here are for ¢ = 180",
¢ = —90°,and @ = 125.3° and 161.4°. These models pertain
to the jump motions of water molecules in crystalline hy-
drates®®? and the exchange of hydrogen bonded protons in
centrosymmetric carboxylic acid dimers,*? respectively.

a.6 = 125.3°. Only the rapid and rigid motional regimes
have been accessible to NQR,***! whereas H NMR has
been used to study the entire motional range.* Figure 2 de-
picts the zero and high field NMR spectra, for every motion-
al regime, predicted for a deuteron in a crystalline water
molecule which is hopping between two equivalent sites. The
asymmetry of the rigid EFG tensor is assigned a value
77 = 0.1, this value being typical for static crystalline water
molecules.*® When molecular motion begins to average the
quadrupolar interaction, the zero field lines broaden. This
broadening is at a maximum in the intermediate motion re-
gime, «;/4 = 1. As the exchange rate increases, sharp reson-
ances appear at frequency positions characterized by the ten-

(@) (b)
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) 0.001
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FIG. 2. Computed zero field (a) and high field (b) powder NMR spectra
for two-site jumps, 6=1253°, in the dynamic range
0.001<k,/A<10%, 7 =0.1.

sor values of the time-averaged quadrupole coupling tensor.
With the parameters listed here, the effective asymmetry pa-
rameter obtained, in the rapid motional limit, is 5,, ~0.8.
This value is similar to that observed experimentally.?®3!
The high field spectra remain broad over the entire motional
regime, no appreciable differences in the spectra being ob-
servable for «,/4>3. The asymmetry parameter is not as
easily determined from the high field spectra compared to
the zero field analog. It is apparent from Fig. 2 that the zero
field NMR spectra display more pronounced changes com-
pared to the high field NMR spectra.

b. 8 = 161.4°. This model pertains to two dipolar cou-
pled protons which are each hydrogen bonded to the carbox-
ylic acid group of the other in a centrosymmetric dimer.
Molecular dynamics of this kind have been investigated for
the carboxylic acid protons in toluic acid.>® The static regime
in this system, toluic acid, may not be attainable as tunneling
effects may become dominant at lower temperatures.

The change in direction of the internuclear vector, aris-
ing from a concerted jump of the protons, is 37.2°. Figure 3
illustrates the high and zero field simulated NMR spectra
for this model in the motional regimes 0<«,/4<10* The
dipolar Hamiltonian gives three lines, for the zero field simu-
lation, in the rigid regime at v, v, = 34, — 34 and v, =0.
As the motion increases, the dipolar interaction is partially
averaged and the lines broaden. With «,/4 values greater
than 3, a small asymmetry is observed. In the rapid motional
limit, this asymmetry is 7 ,,, =0.2. The high field simulations
exhibit little change between the rigid to intermediate and
the intermediate to rapid motional regimes. The most pro-
nounced spectral changes occur between 0.1<«;/4<3. The
zero field NMR experiment provides a significantly more
sensitive technique over a broader range of x,/A4.

2. Three-site jumps

For the simulations presented here ¢ = 120°. The other
parameters for the models are: (a) 8 = 90°, ¢ = 0° or — 90",
=0, (b) 6=90°, g = —90°, =0.1, (c) 8 =109.4°,

_L L . A,M_,g,g_
A A " e A U
AN A _ s A W
AL AN s AN
RN ‘ e U
L(»JLﬁ» 0.5 ﬁ_,/—J%.,__
\gj_ J 03 .M_)_
LLiw- .Jj’t\_, o I
- 0.01 ﬁ_g——]\"‘“L___;
k J oo ,4%) .
S S B
_ 1o - — A

FIG. 3. Computed zero field (a) and high field (b) powder NMR spectra
for two-site jumps, @ = 161.4°, in the dynamic range 0<«,/4<1000, » = 0.
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FIG. 4. Computed values of the value of 34, in terms of the rigid quadru-

pole coupling, for various rigid asymmetry parameters with respect to the
angle 8: (a)¢ = 0% (b)¢ = — 90°. The magnitude value of the scaling fac-
tor of the quadrupole coupling is on the right of the plots.

¢=0°,17=0, and (d) 8= 144.7°, $ =0, 7 = 0. Figure 4
illustrates the dependence of the rapid motionaily averaged
quadrupole coupling, 4,,, for various rigid asymmetry pa-
rameters with respect to the angle 8. Figure 4(a) isfor ¢ = O°
and Fig. 4(b) isfor ¢ = — 90°. These results were calculated
via the zero field program and agree with those calculated
analytically by a weighted time average of the EFG tensors
of each site. The relevance of these plots will be discussed
below.

a. =90, 7=0. These parameters describe the reorien-
tation of Z, and Y in the rotation plane and X, coincident
with the molecular diffusion axis. Figure 5 presents the
NMR spectra predicted for the motional range
0.01<x, /A< 100 for both zero and high field.

The singularities of the high field spectra broaden as the
motional rate approaches «;/4 = 1 and then sharpen to
yield a powder pattern with 5,, = 0 and 4,, = 0.54. The
zero field NMR spectra give effective quadrupole coupling
constants and asymmetry parameters in total agreement
with the high field case. The v, and v, lines, + 34, broaden
and begin to shift towards the center of the spectrum,
x;/A < 1. The v, line (at zero frequency) simultaneously
broadens and begins to split. The v, and v, lines become the
effective v2" line in the rapid limit and, conversely, the v,
line becomes the v2" and v," lines. In the motional range
1<k,/A<3, the v, and v, lines are so broad they cannot be
observed. For k;/A4>10, the v, and v, lines begin to sharpen
and show intensity in the center of the spectrum as v2. At
«;/A4 = 100, the intensities are not yet equal, the motion not
yet totally in the rapid motional regime. The rigid v, line

! A M
Jak ® P
D O\ U I et N
NN TN
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TANN e
NN e
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1 1 1 ! 1 1
~3A 0 3A - BA vy v+ A

FIG. 5. Computed zero field (a) and high field (b) powder NMR spectra
for three-site jumps, ¥ = 120°, 8 = 90°, ¢ = 0°, » = 0 and for the dynamic
range 0.01<«,/4<100.

does not shift as far as the rigid v, and v, so it does not
broaden to the same extent. Separation of the v, and v, lines
from the v, lines can be achieved by using a correctly orient-
ed single crystal.

The spectra given in Fig. 5 are identical to those ob-
tained for six-site exchange, ¥ = 60°, 8 = 90°, and ¢ = 0° for
both high and zero field NMR. Therefore, the spectra pre-
sented in Fig. 5 are relevant to jump rotations of benzene and
hexamethyl benzene about their symmetry axis.

b. 6=90, n=0.1. This model is equivalent to that in q,
except 7 = 0.1. The simulated zero and high field *H NMR
spectra, for 0.01<«,/4<100, are presented in Fig. 6. The
asymmetry is averaged to zero by the rotation and the princi-
pal axis of the EFG tensor, in the rapid limit, is coincident
with the molecular axis Z,,. The individual lines broaden
and shift in a similar manner described in the previous sec-
tion [see Fig. 5(a)]. However, for = 0.1, it is possible to
discern v2" for «,;/A4 = 3, this extremely broad resonance
arising from the rigid v, and v, resonance. The effective

(@) (b)

,,,,,, lLLlL\ M
Y

FIG. 6. Computed zero field (a) and high field (b) powder NMR spectra
for three-site jumps, ¥ = 120°, 8 = 90°, ¢ = — 90°, » = 0.1 and for the dy-
namic range 0.01<«,/4<100.
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FIG. 7. Computed zero field (a) and high field (b) powder NMR spectra
for three-site jumps, ¢ = 120°, 8 = 109.4°, ¢ = 0°, » = O and for the dynam-
ic range 0.01<«,/A4<100.

quadrupole coupling is larger than that obtained for 7 = 0,
its value being 34,, = 1.64 [see Fig. 4(b)].

c. =109.4°, 7=0. Figure 7 depicts the zero and high
field NMR simulated spectra for the motional range
0.01<«,/A<100. This model can be used to describe the
jump of a methyl deuteron between equivalent sites.>* The
effects of the motion are similar to those observed in Fig. 5.
However, the value of A, is much smaller than that in Fig.
5. Therefore, the v, resonance does not have to shift as far as
in Fig. 5 and remains sharper in the intermediate regime.
The v, line begins tosplitatx,/4 = 0.3. Atx,/4 = 1, thev,
and v, lines are very broad but centered at higher frequen-
cies than the v, resonances. This gives the component of the
doublet an asymmetric appearance with a sharp edged mini-
mum in the center of the spectrum. Atx,/4 = 3, therigid v,
and v, resonances have intensity in the center of the spec-
trum as v2" and this steep edged feature is not present. Such a
feature should easily be distinguished, even in the broad
spectrum. The zero field NMR simulations display much
more pronounced changes, compared to their high field ana-
logs, over the motional range.

d. 6=144.7, n=0. Figure 8 depicts the simulated zero
and high field NMR spectra for 6 = 144.7°. For this value of
6 and 7, it can be realized from Fig. 4 that the value of 4,,,
will be identical to that for & = 90° and = 0. However, the
spectra of Fig. 8 differs from the corresponding spectra in
Fig. 5 for the intermediate motional regime. These differ-
ences arise from the shifts of the v, v,, and v, resonances as
K;/A increases. In this case the v, and v, lines become the
v2" and v}"" lines and the v, line becomes the v line. There-
fore, no sharp edged minimum is observed at the center of
the spectrum. The intermediate regime is obviously useful in
the determination of which side of the magic an-
gle(8,,, where A,, = 0) 0 is for the range 90°<6<144.7".

3. Tetrahedral jumps

Two examples of tetrahedral jumps are presented.
These are: (a) equally populated sites and (b) unequally

\ A | 0.03 A
[— - - — X,_";
001 AJ%
J— 1 Il L

v

FIG. 8. Computed zero field (a) and high field (b) powder NMR spectra
for three-site jumps, ¥ = 120°, 8 = 144.7°, ¢ = 0°, » = 0 and for the dynam-
ic range 0.01<x,/4<100.

populated sites. These situations give rise to totally different
rapid regime results.

a. Isotropic tetrahedral jumps. Figure 9 illustrates the
zero and high field NMR spectral simulations for
0.01<«,/4<100. This motional model averages the quadru-
pole coupling to zero. Hence, only a sharp line at zero fre-
quency is observed in both the zero and high field spectra.
The zero field NMR spectra broaden as «,/4 is increased
from the static regime. The resonances then coalesce at the
center frequency and sharpen as the exchange rate ap-
proaches the rapid motional limit. The high field NMR spec-
tra change as follows: (1) the singularities broaden, (2) at
x;,/4=0.1, a peak appears at zero frequency becoming
more dominant as «,/A increases, and (3) the broad base
loses intensity and a single line is resolved in the center of the
spectrum. The zero field NMR spectra exhibit far broader
lines in the intermediate range than the high field analog.
However, in the rapid motional limit, the linewidths of these

(@ (®)
‘\ « /A = 100
- _J’\ 30 )

FIG. 9. Computed zero field (a) and high field (b) powder NMR spectra
for isotropic tetrahedral jump motion in the dynamic range of
0.01<«,/A<100. 7 = 0 and the relative populations of the tetrahedral sites
are P({);) =025,i=1,2,3,4.
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FIG. 10. Computed zero field (a) and high field (b) powder NMR spectra
for anisotropic tetrahedral jump motion in the dynamic range of
0.01<k;/4<100. 7 = 0 and the relative populations of the tetrahedral sites
are P(Q2,) = 0.1, P(Q,) = 0.2, P(Q,) = 0.3, and P(Q,) = 0.4.

two lines should be comparable. As the line narrowing is
greater in zero field, one would predict the zero field experi-
ment to be more sensitive in determining exchange rates
above the intermediate regime.

Examples of tetrahedral motions include the four *N
nuclei and the three interpenetrating sets of tetrahedrally
arranged “H nuclei in hexamethylene tetramine.*®*” The
work of Alexander et al.® considered spin—lattice relaxation
of the "N nuclei in the intermediate regime, where they
found the spin-lattice relaxation rate is equal to the exchange
rate.

b. Anisotropic populations with tetrahedral jump. Figure
10 depicts the simulated zero and high field NMR spectra
for 0.01<«,;/4<100 with unequal site populations. For the
parameters chosen here, the rapid motionally averaged qua-
drupole coupling has an asymmetry parameter 77,, = 1. The
zero and high field NMR line shape of the rapid motional
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FIG. 11. Computed zero field (a) and high field (b) powder NMR spectra
for planar rotational diffusive motion in the dynamic range of
0.01<k /A<100. 77 = 0 and 8 = 30",
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FIG. 12. Computed zero field (a) and high field (b) powder NMR spectra
for planar rotational diffusive motion in the dynamic range of
0.01<kg) /A<100. p =0 and 6 = 60°.

regime is characteristic of these averaged quadrupole pa-
rameters. For values of k,/4<0.3, the linewidths of the zero
field NMR spectra are far more sensitive than the corre-
sponding high field analogs in the same ways as discussed for
Sec. IVA 3a.

B. Continuous diffusion
1. Planar rotational diffusion

This motion refers to a rotation about the symmetry axis
of the diffusion tensor. The orientation of the rotation axis is
fixed within the laboratory reference frame. Furthermore,
an isotropic equilibrium distribution P, (£2) is assumed.
Different orientations of the magnetic tensor with respect to
the diffusion tensor have been selected. These orientations
are specified by the angle ©. The different series of zero and
high field spectra are shown in Figs. 11-14. This motion
yields a fast motion spectrum with 7,, = 0, which is identi-
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FIG. 13. Computed zero field (a) and high field (b) powder NMR spectra
for planar rotational diffusive motion in the dynamic range of
0.01<xz, /4<100. 7 =0 and 8 = 70.6".
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FIG. 14. Computed zero field (a) and high field (b) powder NMR spectra
for planar rotational diffusive motion in the dynamic range of
0.01<xg/4<100. p =0 and 6 = 90°.

cal to the rigid limit spectrum scaled by a frequency factor
fav = (1/2)(3 cos? @ — 1). For 8 <arc cos[ (1/3)/2], the
zero field lines do not cross in the intermediate motion re-
gime (Fig. 11), whereas for 8> arc cos[ (1/3)'/?], they do
cross yielding characteristic broad spectral patterns (Figs.
12-14). The situation in high field is similar but more
involved since there is always an overlap between the
two lines according to the frequency spread of
+ (3/2)A(3 cos?> © — 1) arising from the spatial anisotro-
py. The different geometrical situations chosen here are rel-
evant for rotational diffusion of alkyl chains and phenyl
groups when dealing with deuterons or dipolar coupled pro-
tons.

2, Isotropic spherical diffusion

This motion completely averages any second rank ten-
sorial magnetic interaction when the motion is rapid, giving
rise to a single zero frequency and a single Larmor frequency
line in zero and high field NMR, respectively (see Fig. 15).
On decreasing the exchange rate, one sees three lines emerg-
ing from the broad coalescence region in zero field, whereas
the high field case will gradually change to the rigid limit
Pake pattern. These situations arise when symmetric mole-
cules such as deutero-chloroform continuously diffuse in an
isotropic environment,

V. DISCUSSION AND CONCLUSIONS
A. Two-site jumps

The linewidths of the resonances for the intermediate
motional regime for 8 = 161.4° (see Fig. 3) are much nar-
rower than those in the same regime for 8 = 125.3° (see Fig.
2). In the @ = 125.3° model, there is a resonance line cross-
ing where the rigid v, = 247 becomes the rapid regime
V)" = (3 — 14, )4, resonanceand thev, = (3 — 77)A4 res-
onance moves to the v =24, 7,, position. These
changes involve large frequency shifts in which the reso-
nance must broaden to the extent of the frequency differ-
ence. The larger the frequency shift, the larger the broaden-
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FIG. 15. Computed zero field (a) and high field (b) powder NMR spectra
for spherical rotational diffusive motion in the dynamic range of
0.01<Kg /4<100. 77 = 0.

ing. This broadening may be different for each individual
resonance line. This implies that each resonance line, or
component of magnetization, has its own characteristic re-
laxation time. The resonances in the zero field NMR spectra
for 8 = 161.4° and x,/4 = 1 are narrower as the frequency
shifts are smaller. The different relaxation times are appar-
ent in the zero field NMR spectra for 3<«,/4<10in Fig. 3.
Each line arises from a component of magnetization, gy, as
described in Ref. 11. In the rigid regime, the sudden experi-
ment gives the frequencies: 2'%g ,=v,; g, =v.; 8, =v,.
It is expected, therefore, that each of the eight components of
magnetization may have a characteristic relaxation time.
Different relaxation times should, therefore, be recorded by
appropriate choice of the preparation and detection condi-
tions.'”2° Analysis can be simplified by the use of an orient-
ed single crystal. Zero field NMR is a technique that can
measure the spin relaxation of particular components of
magnetization. Relaxation in zero field will be considered in
greater detail in a future publication.*

B. Planar jumps and planar continuous diffusion

We now discuss zero field NMR simulations with
¥ =360°/n, 0 = 90°for n = 4, 5, 6, 10. In all cases, identical
asymmetry parameters and quadrupole couplings were used
and, as expected, identical averaged quadrupole parameters
were obtained for the rapid motional limit. The high field
spectra exhibit minor differences in the intermediate mo-
tional regime, however, no such differences were observed
for their zero field analogs. All zero field simulations give
identical spectra at different exchange rates for different val-
ues of n. This suggests that zero field NMR may not be able
to determine the numbers of sites in the plane for 8 = 90°.
Spectra in Fig. 5 have already been described as being identi-
cal to the spectra for n = 6. Comparison of Fig. 5 with Fig.
14 which is for planar diffusion yields a surprising result.
Both the zero field and high field NMR spectra in Fig. 14 are
identical to their corresponding spectra in Fig. 5. This im-
plies that both zero field NMR and high field NMR cannot
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distinguish between three-site jump (¥ = 120°), six-site
jump (¥ = 60°), and planar diffusion. Of course the two-
dimensional NMR experiment of Schmidt et al. could be
successfully used to determine between the jump process and
the continuous diffusion process.® Other 1D techniques such
as the quadrupolar echo or spin alignment experiment®'?
could also be used. Dipolar coupling of adjacent deuterons
may give additional spectral features, the dipolar coupling
being sensitive to the relative orientations of the EFG ten-
sors.>**® However, the dimension of the calculations in-
creases rapidly and will not be discussed here. The insensiti-
vity of zero field NMR for multisite exchange processes is
not found for 8 #£90°, as will be seen below.

For 8 #90°, someinteresting results are found. In Figs. 5
and 6, @ = 90°; Fig. 7, 0 = 109.4°; Fig. 8, = 144.7°; Fig. 11,
6 = 30%; Fig. 12, 8 = 60°; Fig. 13, 8 = 70.6° important fea-
tures are observed which can be explained by referring to
Fig. 4. For Figs. 5, 6,7, 12, and 13 the v, and v, lines cross v,
to become the v2" lines. The opposite situation is true for v,
which becomes the v4" and v lines. For Figs. 8 and 11 the
rigid v, and v, lines do not cross with v,. This can be simply
explained. For 7 =0, the scaling parameter f,,
= (1/2)(3 cos® & — 1). Figure 4 also gives the absolute val-
ue of f,, as a function of 8. When £, is negative the lines
cross. Conversely, when £, , is positive the lines do not cross.
Such an effect can also be observed in the high field
spectra. The Pake patterns consist of two broad lines,
denoted v, and v_. The frequency spread of these
lines is given by + (3/2)4(3cos’© — 1) for v, and
— (3/2)A(3 cos®> © — 1) for v_. For Figs.5-7, 12, and 13
where the v, and v, lines cross with the v, lines, the high
field v and v_ lines become the averaged v** and +v#" lines,
respectively. For these cases the spectra are broad humps in
the intermediate regime. For Figs. 8 and 11, the v__ line is
averaged into the v%" line and the same for v_. Therefore,
the intermediate spectra in high field retain an appearance of
a broad powder pattern, the xy singularities observable
throughout the entire motional range. The determination of
the value of 8, as it can be realized from Fig. 4 that two values
of & can produce the same value of 4, , , is more easily carried
out in zero field due to the high resolution character of the
spectra.

Comparison of Fig. 7, three-site jumps for ¥ = 120",
6 = 109.4° =70.6°, ¢ = 0°, with Fig. 13, & = 70.6°, give very
similar spectra for the high field regime. The zero field NMR
spectra in the intermediate range are, however, very differ-
ent. The sharp edged minimum at the center of the spectrum
of the jump case is not visible in the planar diffusion case.
Also, in Fig. 13, no splitting has begun for /4 = 3 com-
pared to that in Fig. 7 for «,/4 = 3. The zero field NMR
technique should, therefore, prove invaluable in distinguish-
ing between jump motions or continuous diffusion for
6 #90°.
C. Tetrahedral jumps and spherical continuous
diffusion

Figures 9 and 15 are of the tetrahedral jump and the
continuous spherical diffusion spectra. The high field NMR
spectra of these two processes are very different. All the
spectra in these figures give a single line at the center of the

spectrum for xk/A4 = 100. The zero field spectra have more
pronounced changes as they start, in the rigid regime, with
sharp lines, broaden and coalesce and resharpen. However,
the high field spectra just progressively narrow. The differ-
ence in the zero field NMR spectra for k/4 = 1 is great, the
width of the broad resonance in Fig. 15 being 64. The partic-
ular consequences for relaxation will be discussed separate-
ly.* Zero field NMR is obviously more sensitive to these
motions than high field NMR.

D. Conclusions

Zero field NMR is applicable to the study of molecular
dynamics. The changes in the spectra involve not only the
line shape and width but also the frequency of the reson-
ances. As zero field NMR spectra have “high-resolution”
character, they are, in general, more sensitive to subtle
changes in exchange rates and motional models. Systems
with 770 can be identified more precisely due to this high
resolution character and should prove extremely useful in
the accurate determination of the jump angle for two-site
problems and the determination of the orientation of the
EFG tensor and exchange rates in many site dynamic prob-
lems.
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APPENDIX

The frequency matrix elements for an arbitrary orienta-
tion of the EFG tensor with respect to the tilt frame (in the
convention of Ref. 11) is given by

k'k
Vg = 3 W1 52(0)d 5. (0) DL (@BY)

9= — k'
g =k

XD (@B'YVH oI T,

949>

(1%

(A1)

where the d %’ (8) are elements of the k th rank reduced
Wigner rotation matrix; the angles 6, '3 'y’ being defined in
Ref. 11. If the transformations are made as in Ref. 11 which
make the special case (o’ 'y’ = 0), then the matrix of ele-
ments described in Eq. (A1) has real diagonal 4 X4 blocks
and imaginary off-diagonal 4 X 4 blocks. This matrix is made
totally real, and is diagonalizable to give the correct eigen-
values, by using the following transformation:

814+=1g14
272 107= — l-21/2g20 > (A2)
&= —lig_,

8224+ =822+ -
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For the special case (a’'8'y’ = 0) of Ref. 11, motion
only mixes (2/2g,0, g2+, 820, §,_) of the sites and (g, ,,
2'%g,0, 8>, 82,4 ) of the sites. For B’'£0and 8'#£90°, then
all the components of magnetization are mixed by motion.
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