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A detailed 2H NMR study of a discotic monomer is reported in its columnar phase at 61.4 MHz. A simu-
lation of angular-dependent spectral patterns and/or signal intensities of the aromatic deuterons is shown to
provide information on the small step �or jump� diffusion rates in the low temperature region of the Dho phase,
where the motion is in the intermediate motion regime. In the high end of this phase, the motion falls into the
fast motion regime and spectral patterns become insensitive to the diffusion rate. In such a case, angular-
dependent NMR signal intensities were used to give the required dynamic information. The diffusive motion
about the columnar axis is found to be thermally activated with an activation energy of 69 kJ/mol. Deuteron
spin-lattice relaxation rates were measured at 61.4 MHz and interpreted by a conventional rotational diffusion
model in order to complement and compare with the above study when possible.
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I. INTRODUCTION

Self-organizing liquid crystals �LC� formed by disk-
shaped molecules �1� are of interest, since their columnar
phases exhibit special anisotropic physical properties such as
one-dimensional photoconductivity �2� and electron conduc-
tivity �3�, etc. The disk-shaped molecules are usually com-
posed of a rigid aromatic core surrounded by equatorial flex-
ible chains. A large degree of conformational freedom in the
“melted” hydrocarbon chains effectively decouples the or-
dering of the tails from the cores. There appears to be little
correlation among columns �separated by �2 nm�, and the
molecules exchange between columns at a rate of �105 s−1.
Among discotics, those of triphenylene derivatives have
been most studied, not only because their simple molecular
structures allowed flexibility in the molecular engineering,
but also because their aromatic cores conferred better ther-
mal stability �4�. In the discotic columnar phase, stacks of
molecular disks �separated by �0.35 nm� form columns,
which in turn aggregate into a two-dimensional lattice �e.g.,
hexagonal, or rectangular�. The �* shells of adjacent mol-
ecules in the stack tend to overlap. Because of the � overlap
between the electronically active transport units, the columns
provide one-dimensional pathways for charge and energy mi-
gration. One of the main factors affecting the charge trans-
port properties of discotic materials is expected to be posi-
tional disorder, i.e., the nonparallel arrangement of disks and
longitudinal and lateral displacements of molecular cores
within the stacks �5�. Deviations from an ideal stacking will
lead to the energy transport along the one-dimensional path-
way becoming incoherent, and the transport proceeds by suc-
cessive transitions from one localized site to another. In fact,
the temperature-dependent disorder is related to the
temperature-dependent broadening of density of states in the
“hopping” model �6�. For this reason, the relation between
the dynamical behaviors of the discotic LC and the under-
standing of the charge transport is an important issue. To this
end, nuclear magnetic resonance �NMR� has been shown to
be a powerful method �7� for investigating molecular dynam-

ics and ordering in columnar phases. Both order and dynam-
ics in LC promote dynamical transport processes. The charge
transport properties are potentially exploitable in applica-
tions ranging from sensing devices to high resolution xerog-
raphy.

Several NMR investigations of discotic LC compounds
have been reported in the literature �8–12�. 2H NMR has
often been used because of the relatively simple “planar
powder” spectra observed in aligned samples of discotics.
These spectra can be easily interpreted, and contain atomic
resolution due to specific deuteration �13�. Aligned columnar
phases can be achieved by a cooling from the isotropic phase
while in a sufficiently strong magnetic field �8�. In an aligned
sample, the column axis �director� is perpendicular to the
magnetic field direction. The spectrum of an aligned sample
at 0° orientation �i.e., the Z axis of the sample frame is along
the NMR field� shows a quadrupolar doublet for each distinct
deuteron. The quadrupole splitting of the aromatic deuterons
gives the orientational order parameter S at different tem-
peratures, usually ranging between 0.9 and 0.95. This reflects
that the molecular cores are highly ordered in the columns. It
is well known that the quadrupolar echo pulse sequence �14�
90x

° −�−90y
° −� may produce different spectral patterns if the

pulse separation � was varied �15�. When an aligned sample
is rotated from 0° to 90° in the NMR field using a goniometer
probe, one can also observe different spectral patterns. If the
system under study has motions in the intermediate regime
�rate of the order of the interaction responsible for the ob-
served spectral pattern�, these spectral patterns contain infor-
mation on the dynamic processes �16�. It is well known that
ultraslow motional processes �rate less than 103 s−1� cannot
be studied by deuterium line shape analysis, while the same
is true if the motional processes are fast �rate of the order of
the Larmor frequency, �107 s−1�.

Recently, dynamic information in chiral smectic phases
have been derived from the angular-dependent echo intensi-
ties and spectral patterns collected at fixed � values �17,18�.
The present study exploits the same approach to
gain molecular dynamic information from a triphenylene
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derivative 2,7,10,11-tetrapentyloxy 3,6-diacetoxy triph-
enylene �HAT5a�, in which two of the six pendant chains are
much shorter in length �19�. The system is chosen because it
shows a rather wide discotic columnar Dho phase. In particu-
lar, it is expected that at the low end of this phase, molecular
reorientations about the columnar axis would be in the inter-
mediate regime, while at the high temperature region this
process should likely approach the fast motion regime. In the
latter regime, a more preferred technique is to measure deu-
teron spin-lattice relaxation rates, from which rotational dif-
fusion constants can be derived based on a well-known mo-
tional �diffusive rotation� model �20�. In the present study, a
spin relaxation technique is used to complement and contrast
the technique of angular-dependent spectral patterns and
echo intensities. This paper is organized as follows. Section
II gives the relevant theory used to describe simulation of
experimental results and to interpret the spectral densities of
motion. Section III contains the experimental method, while
Sec. IV gives the results and discussion. The last section
gives a brief conclusion.

II. THEORY

It is known that discotic molecules possess a negative
anisotropic magnetic susceptibility ���=��−���. For a per-
fectly aligned sample, the directors in the columnar phase lie
in a plane perpendicular to the external magnetic field, and
the disk-shaped molecules can randomly reorient about their
columnar axes. To study the dynamics through simulation of
the experimental line shapes at different rotation angles, one
may consider either a symmetric threefold jump process �21�
or a planar diffusive process �22�. For threefold jumps in a
plane, the molecules jump by ±2� /3 about their symmetry
axes �which are nearly parallel to the columnar axis�, while
planar diffusion can be described as a reorientation mecha-
nism via infinitesimally small steps with a diffusion constant
DR. The details of the line shape calculation based on these
models are summarized in the Appendix. Here only the main
results are given. The spin-lattice relaxation theory appropri-
ate for discotics is also outlined to aid the discussion.

In aligned deuterated LC, the 2H spin�s� gives rise to a
spectrum of two lines with spectral frequencies given in the
director frame �XD ,YD ,ZD� by �23�

�± = ± 3
4 �̄Q�P2�cos �0��P2�cos �� +

	̄

2
sin2 �	


+ 3
4 sin2 �0�sin2 � cos 2
 +

	̄

3
�1 + cos2 ��cos 2
	

+� 3
4sin 2�0 �sin 2� cos 
 −

	̄

3
sin 2� cos 
	
 , �1�

where 	̄= �V̄XX− V̄YY� / V̄ZZ is a time-averaged asymmetry pa-

rameter, �Q̄=eQV̄ZZ /h is a time-averaged nuclear quadrupo-
lar coupling constant along the director, and �0 is the angle
between the magnetic field and the ZS axis of the sample

frame. The V̄ii are the principal elements of the electric field
tensor in the director frame �XD ,YD ,ZD�. If there is no

sample rotation, �0 will be 0. �
 ,� ,0� are the Euler angles
that give the orientation of the director in the sample frame
�XS ,YS ,ZS� �Fig. 1�. To analyze the effect of rotational dif-
fusion or jump on the observed deuteron spectra, one needs
to introduce a molecular frame. The Euler angles for coordi-
nate transformation from the director frame �XD ,YD ,ZD� to
the molecular frame �XM ,YM ,ZM� are �0,� ,0�, and
�� ,� /2 ,� /2� for a transformation from �XM ,YM ,ZM� to the
C-D bond frame �qX ,qY ,qZ�. Figure 1 shows the relevant
coordinate systems and the Euler angles describing transfor-
mations between them. Since

V̄ZZ = �2
3 �R2,0

D 
 = − 1
2eq��P2�cos ��
�1 + 	�

−
3 − 	

2
cos 2��sin2�
	 ,

V̄XX − V̄YY = �R2,2
D 
 + �R2,−2

D 


= − 3
4 �sin2 �
eq�1 + 	� + 1

4 �1

+ �cos2 �
�eq cos 2��3 − 	� , �2�

one obtains when � is small,

�̄Q = −
qCD

2
�1 + 	�S, 	̄ = −

�3 − 	�cos 2�

�1 + 	�S
, �3�

where S= �P2�cos ��
 is the orientational order parameter of

the molecule, qCD= e2Qq
h and 	 is the asymmetry parameter of

a nuclear quadupole interaction. From the quadrupolar split-
ting, S can be calculated to a first approximation �	̄=0 in Eq.
�1�� using

�� = 3
8qCD�1 + 	�S . �4�

To obtain the time-domain free induction decay �FID� sig-
nal, one needs to solve the equation of motion �24�

FIG. 1. Illustration of the sample frame �XS ,YS ,ZS�, the direc-
tion of the magnetic field, H0, the direction of the director, ZD, the
molecular frame �XM ,YM ,ZM�, and the principal axis frame of the
electric field gradient �qX ,qY ,qZ�. The Euler angles for the coordi-
nate transformation from �XM ,YM ,ZM� to �qX ,qY ,qZ� are
�� ,� /2 ,� /2�.
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d

dt
G��,t� = − RG��,t� , �5�

where G�� , t� is magnetization from the molecule with a
particular � orientation and R is the jump �or diffusive� ma-
trix which describes the reorientation process �see the Ap-
pendix�. The magnetization �25� obtained after a quadrupole
echo pulse sequence is

G��,t� = e−R��+t��e−R�G�0��*. �6�

The overall time-domain FID signal F is obtained by inte-
grating over 
 and �:

F��0,t� = �
��/2�−3�

��/2�+3� �
0

2�

F��0,
,�,t�� 1
�2��


e−�� − �/2�2/2�2	e−�2t2/2sin �d
 d� , �7�

where F��0 ,
 ,� , t� is related to G�� , t� as described in the

Appendix. e−�2t2/2 is used to account for the observed line
broadening, which is controlled by a fitting parameter �.
Although the sample is aligned, the directors do not in prac-
tice all lie perfectly on a plane perpendicular to the magnetic
field, but are distributed around it. In this equation a Gauss-
ian distribution has been assumed with a characteristic width
�. The absorption spectrum is proportional to the Fourier
transform of the FID signal:

S��0,2�� = �
0

�

F��0,t�e−iwtdt . �8�

By line shape simulation, the jump rate KJ or diffusion con-
stant DR can be obtained. An alternative method is to fit the
quadrupole echo intensity as a function of a sample rotation
angle by using Eq. �7� at t=0. Here, a minimization routine
can be used to minimize the sum-squared error f:

f = �
m

�Iexpt��0,2�� − Icalc��0,2���m
2 , �9�

where m is the number of different �0 and the superscripts
expt and calc denote experimental and calculated, respec-
tively. Icalc��0 ,2�� is given by Eq. �7� with t=0. The best fit
allows the determination of KJ or DR. This method is neces-
sary when the motional rates are �107 s−1.

For deuteron spin�s�, the standard spin relaxation theory
gives two spin-lattice relaxation times. One is for the Zee-
man order T1Z and the other is for the quadrupolar order T1Q.
For the director oriented at �=90° with respect to the mag-
netic field �in our aligned sample�, the relaxation rates are
given in terms of the spectral densities Jm�mw0 ,�� �13�:

T1Q
−1 = 3J1�w0,90°� ,

T1Z
−1 = J1�w0,90°� + 4J2�2w0,90°� , �10�

where w0 /2� is the Larmor frequency. The above measured
spectral densities can be written in terms of Jm�w ,0°�
=Jm�w�, m=0,1 ,2, for the director aligned along the exter-
nal magnetic field, as follows �13�:

J1�w,90°� = 1
2 �J1�w� + J2�w�� ,

J2�2w,90°� = 3
8J0�2w� + 1

2J1�2w� + 1
8J2�2w� . �11�

The spectral densities Jm�w� reflect the nature of the mo-
lecular motion which induces the nuclear spin relaxation. It
is well established �12� that for discotic mesogens, molecular
reorientations can be satisfactorily described by the aniso-
tropic viscosity model �AVM� �20�. In the anisotropic viscos-
ity model, one needs to solve the rotational diffusion equa-
tion

�

�t
P��,t� = ��P��,t� , �12�

where the diffusion operator �� contains the potential of the
mean torque U���, the rotational diffusion tensor D, and
P�� , t� is the probability of finding a molecule with the ori-
entation � at time t. At each temperature, the mean potential
is specified by the S value. In particular, the tensor D is
diagonalized in the director frame. If the molecular ZM axis
is taken to be close to the mesophase director �due to S�1�,
�� involves derivatives with respect to Euler angles 
� and
��, and the diffusion tensor D has two principal elements
D
� and D�� in the director frame �20�. The diffusion con-
stants D
� and D�� are for diffusive rotations of the molecule
about the director axis, and for rotations away or towards the
director, respectively. The spectral densities Jm�w� for the
ring deuterons can be obtained by the Fourier transform of
the correlation functions. In the notation given in Ref. �26�

Jn�w� =
3�2

2
qCD

2 �
m

�dm0
2 ��M,Q��2�

K

��mn
2 �K�
mn

2 �K

�
mn
2 �K

2 + w2 ,

�13�

where qCD=185 KHz, �M,Q=90° is the angle between the
C-D bond and the molecular ZM axis. �
mn

2 �K /D��, and
��mn

2 �K are the eigenvalues and eigenvectors obtained from
diagonalizing the diffusion operator matrix. Note that D
�
and D�� appear in �
mn

2 �K.

III. EXPERIMENT

A core deuterated sample of 2,7,10,11-tetrapentyloxy 3,6-
diacetoxy triphenylene �HAT5a-d6� is shown in Fig. 2�a�.

FIG. 2. �a� Molecular structure of a core deuterated HAT5a-d6.
�b� Typical 2H NMR spectra collected at different �0 values with
�=30 �s and at T=367 K.
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The reported transition temperature between the Dho and iso-
tropic phase of a protonated HAT5a sample is 442 K �19�.
This transition temperature was estimated at 438±2 K in our
deuterated sample based on the NMR spectra. The uncer-
tainty is mainly due to a significant biphasic region. The
sample was aligned by cooling slowly from the isotropic
phase to the desired temperature in the Dho phase. The deu-
terium spectral patterns were taken using a Bruker goinom-
eter probe equipped with a high precision pneumatic motor,
giving an angular resolution of 0 .1°, and a Bruker Avance
400 solid state system. The NMR magnetic field was 9.4 T
and the deuteron Larmor frequency was 61.4 MHz. The
sample temperature was controlled by an air flow and the
temperature gradient across the sample was estimated to be
better than 0.5°. A quadrupole echo pulse sequence was used
to generate 2H spectra, and to give the echo maximum inten-
sities at different rotation angles. The 90° pulse width was
2.6 �s. The number of scans needed to observe the FID or its
Fourier transform depends on the temperature. When the
temperature was lowered, the number of scans was increased
to achieve a good signal. The recycle time between scans
was 0.3 s. In the low temperature range, our experiments did
not show any observable field-induced sample reorientation
and columnar destruction in the studied �0 region of 0°–90°.
However, at high temperatures, the FID intensities at high
sample rotation angles ��50°� did show considerable devia-
tions from predictions of the theoretical model. This is per-
haps due partly to a small amount of impurity in the sample
and partly to the magnetic torque on the molecules. At high
sample rotation angles, the director�s� tends to reorient by
the magnetic torque due to the NMR field. The director re-
orientation is particularly easy at high temperatures where
viscosities are lower. Figure 2�b� shows some typical spectra
at T=367 K for different rotation angles. There was a dra-
matic spectral change when the sample was rotated from 0°

to 90°. Most spectra exhibit a small doublet, likely caused by
a small amount of impurity in the sample. When the sample
temperature was lowered, the intensity of the impurity dou-
blet tended to increase. But this signal did not affect our line
shape simulation. The T1Z and T1Q measurements were si-
multaneously collected in the temperature range up to
�393 K using a broadband Jeener-Broekaert sequence �27�.
Signal averaging required 1024 scans. No attempt was made
to measure T1s at higher temperatures, partly due to the fear
of further sample degradation and partly due to temperature
instability in our probe. The accuracy of spin relaxation mea-
surements was estimated to be better than 5%.

IV. RESULTS AND DISCUSSION

The quadrupolar splitting of the aromatic deuterons in
HAT5a-d6 is plotted versus temperature in Fig. 3. From the
quadrupolar splitting, S can be calculated using Eq. �4�
�Table I�. To obtain the dynamic parameters for the molecu-
lar motion, the threefold jump model and planar diffusion
model �PDM� are compared in the Appendix. The line shapes
calculated by these two models are quite similar and it is
hard to tell which model �jump or diffusion� is good or better

�22�. We therefore present the results based on the planar
diffusion model, partly due to the treatment of relaxation
data afforded by the AVM.

A. Study of the intermediate motion regime

Typical 2H NMR spectra collected with �=30 �s at dif-
ferent �0 for three temperatures are shown in Fig. 4. The
simulated spectra for these temperatures are also shown. The
same set of simulation parameters �Eq. �7�� was used for all
rotation angles. These are listed in Table I. In the simulation,
best results were obtained using �=15 kHz and 	=0.064. To
get quantitative information, the diffusion parameter DR is
varied to match the observed line shapes with the simulated

TABLE I. Parameters used in the simulation of experimental
NMR spectra of HAT5a-d6.

Temp. �K� DR �rad2 / s� S � �deg� 1/T2 �kHz�

332 �1.5±0.1�
106 0.956±0.005 9±1 4

337 �2.3±0.1�
106 0.954±0.005 9±1 4

342 �2.8±0.1�
106 0.952±0.005 9±1 1

347 �5.0±0.1�
106 0.948±0.005 9±1 1

352a �7.3±0.1�
106 0.945±0.005 11±1 0.1

357a �9.7±0.1�
106 0.941±0.005 11±1 0.1

362 �1.3±0.1�
107 0.939±0.005 9±1 —

367 �1.5±0.1�
107 0.937±0.005 9±1 —

aFitting parameters for both line shape and FID intensity �T2 is not
used�.

FIG. 3. Plot of the quadrupolar splitting versus the temperature
for HAT5a−d6.
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spectra at different rotation angles. The line shape at �0
=90° tends to control the DR value, and this is particularly
true at high temperatures �e.g., see the 357 K spectrum in
Fig. 4�.

As mentioned before, when the temperature increases, the
molecular motion becomes faster �DR�107 rad2 / s�. As a
consequence, the line shape simulation is unable to give a
reliable DR value �i.e., to achieve a good fit of 90° spectral
pattern, DR tends to be driven to higher values�. As seen in
Fig. 4, the powder spectral line shape at �0=90° and 357 K
could not be reproduced faithfully with the DR value of 9.7

106 rad2 / s. Instead, a DR value of 1.7
107 rad2 / s would
fit it better, while not affecting those at low angles. Hence an
angular-dependent study of the echo intensity is adopted. To
demonstrate this method and to extract the diffusion constant
from the intensities, Fig. 5 shows the normalized intensity
I��0 ,2�� / I��0 ,2��max versus the rotation angle �0°–50°� for

two different � values at two temperatures. The fitting param-
eters are also given in Table I. The � values seem to be
independent of the temperature. The diffusion constant DR is
plotted versus the reciprocal temperature in Fig. 6 to demon-
strate that the reorientational process is thermally activated.
From DR=DR

0exp�−Ea /RT�, the activation energy Ea

=69±3 kJ/mol is found. This value is consistent with the
results of the relaxation study of similar monomers �9,12�.

FIG. 4. Experimental �left� and corresponding calculated �right� 2H NMR spectra for different �0 at 337 K �a�, 347 K �b� and 357 K �c�
using planar diffusion model.

FIG. 5. Experimental and calculated normalized echo intensity
I��0 ,2�� / I��0 ,2��max at T=367 K �left� and T=357 K �right� with
�=15 �s ��� and �=30 �s ���.

FIG. 6. Plot of the planar diffusion constant DR versus the re-
ciprocal temperature for HAT5a-d6.
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B. Study of the fast motion regime

In the high temperature region, the molecular motion will
be fast, and one cannot get molecular dynamic information
by only fitting the FID intensity and spectral line shape. To
complement the above study, the spin-lattice relaxation tech-
nique is adopted to study dynamics at high temperatures. The
spectral densities J1�w0 ,90°� and J2�2w0 ,90°� derived from
the deuteron spin-lattice relaxation rates in Eq. �10� are plot-
ted as a function of temperature in Fig. 7. By using the AVM,
the spectral densities can be calculated from Eqs. �11� and
�13�. A minimization �AMOEBA� routine was used to mini-
mize the sum-squared error e:

e = �
k

�
m

�Jm
calc�mw0,90°� − Jm

expt�mw0,90°��k
2, �14�

where the sum over k is for nine temperatures, m=1 or 2. A
global target method was carried out by assuming Arrhenius-
type relations: D
�=D


0exp�−Ea

 /RT� and D��=D�

0exp�−Ea
� /

RT�. The fittings are good and the derived diffusion constants
D
� and D�� are plotted in Fig. 8. The activation energy for
the 
� motion Ea


�6.0 kJ/mol and for �� motion Ea
�

�31.8 kJ/mol. These activation energies appear to be low in
comparison with those found in similar compounds �12�,
most likely due to the unavailability of relaxation measure-
ments at another Larmor frequency.

Comparing the results of diffusion constants at the same
temperature derived from two different models �PDM and
AVM�, we find that D���DR�D
�. This seems reasonable
because in the AVM two parameters D
� and D�� are used to

describe the molecular motion: diffusive precession motion
and libration motion of the molecular plane, while in the
PDM only DR is used to describe the “planar” rotational
diffusive motion, which should mimic the combined effect of
the 
� and �� motion. However, it is noticed that the activa-
tion energy obtained from PDM is larger than those in AVM.
We believe that the activation energy of DR from PDM is
likely more correct, since the activation energies found from
the AVM are based on data collected at a single Larmor
frequency.

V. CONCLUSION

In summary, the present study has combined nuclear spin
relaxation and dynamic NMR spectroscopy to study axial
motions of a discotic monomer with dissimilar side chains as
a function of temperature in the columnar Dho phase. The
motional parameters derived from the two approaches are
compared. In particular, the present study has demonstrated
that angular-dependent echo intensities at fixed � in a qua-
drupolar echo experiment can be particularly sensitive in
pinning down the rate process when this rate approaches the
fast motion regime. The spinning motion of the molecular
core is found at a rate of �107 s−1 in HAT5a. This number is
significantly lower than the typical “hopping” rate of
electrons/holes �1010 s−1� in discotic LC. Thus, the dynamic
disorder in the columnar phases appears to be static as far as
charge transport process is concerned. The potential of ap-
plying the present methodology to study dimeric discotics is
real, especially when the sample alignment cannot be easily
achieved in an external magnetic field.

FIG. 7. Plot of spectral densities J1�w0 ,90°� ��� and
J2�2w0 ,90°� ��� versus the temperature for HAT5a-d6. Solid curves
represent calculated spectral densities based on an anisotropic vis-
cosity model.

FIG. 8. Plot of rotational diffusion constants D
� �− �−� and D��
�−�−� versus the reciprocal temperature for HAT5a-d6.
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APPENDIX A

1. Threefold jump model

In the threefold jump mechanism �24�, the magnetizations
G�� , t�, G��+2� /3 , t�, G��−2� /3 , t� are coupled by the
jump process with the jump matrix

R =�
i2����� + 2KJ +

1

T2
− KJ − KJ

− KJ i2���� + 2
3�� + 2KJ +

1

T2
− KJ

− KJ − KJ i2���� − 2
3�� + 2KJ +

1

T2

� , �A1�

where KJ is the jump rate and 1/T2 is an exchange indepen-
dent relaxation term. The echo intensity for certain �0, 
, �,
and � is computed by summing over all components Gi �us-
ing Eq. �6��, F��0 ,
 ,� ,� , t�=Re�1 •G� for a � angle, and
F��0 ,
 ,� , t�=�0

2�F��0 ,
 ,� ,� , t�d�. In practice, the integra-
tion was performed by summing over � and 
 at intervals of
2 .8° and summing over � at intervals of 3° between �

2 −3�
and �

2 +3�. The simulated spectrum is obtained by using
Eqs. �7� and �8� in the main text.

2. Planar diffusion model

For the random planar diffusive motion �24�, the diffusion
operator is

�� = DR
�2

��2 . �A2�

Then the transverse magnetization obeys the equation of mo-
tion

d

dt
G��,t� = �− iwQ��� − 1/T2 + DR

�2

��2	G��,t� , �A3�

where wQ can be expanded as a series of ein� �22�

wQ��� = 2��Q��� = A + B�ei� + e−i�� + C�ei2� + e−i2��
�A4�

with

A = − 3
4��Q�1 + 	�S�P2�cos �0�P2�cos ��

+ 3
4 sin2 �0sin2 � cos 2
 + 3

4 sin 2�0sin 2� cos 
� ,

B = 0,

C = 3
8��Q�3 − 	�� 1

2 P2�cos �0�sin2 � + 1
4 sin2 �0�1

+ cos2 ��cos 2
 − 1
4sin 2�0sin 2� cos 
� . �A5�

Here B is zero since the aromatic C-D bond is orthogonal to
the planar normal of the disklike molecule. The FID signal is
proportional to the real part of the integral over G�� , t�:

F��0,
,�,t� � Re�
0

2�

d� G��,t� . �A6�

To solve G�� , t�, it is expanded in a complete set of expo-
nential functions �22�:

FIG. 9. Comparison of simulated spectra at �0=90° calculated
for the threefold jump model �left� and the planar diffusion model
�right�.
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G��,t� = �
k�=−�

�

ak��t�exp�ik��� . �A7�

Substituting �A7� and �A4� into �A3�, and multiplying by
exp�−ik��, one gets, after integrating over �

dak�t�
dt

= − �iA +
1

T2
+ k2DR	ak�t� − iB�ak+1�t� + ak−1�t��

− iC�ak+2�t� + ak−2�t�� . �A8�

By adding the equations for ak�t� and a−k�t� and by defining

ā0�t� = �2a0�t� ,

āk�t� = ak�t� + a−k�t�, k � 0, �A9�

Eq. �A8� can be written as

dā�t�
dt

= − Rā�t� �A10�

or

d

dt�
ā0�t�
ā1�t�
ā2�t�

�
āk�t�

� = −�
iA +

1

T2
0 i�2C

0 iA +
1

T2
+ DR + iC 0 iC

i�2C 0 iA +
1

T2
+ 4DR 0 iC

�

iC 0 iA +
1

T2
+ k2DR

�� ā0�t�
ā1�t�
ā2�t�

�
āk�t�

� . �A11�

To find ā�t�, the matrix R can be truncated at some suffi-
ciently high k value �in our study, k=6 suffices�. For the
quadrupole echo experiment,

ā�t� = exp�− R�� + t��exp�− R��*ā�0�

= �Te−��t+��T−1��Te−��T−1�*ā�0� , �A12�

where T is a unitary matrix which diagonalizes R to give a
diagonal matrix � of its eigenvalues, �l. When t=0,
G�� ,0�=1 and is independent on �. Then āk�0�=0,k�0
and ā0�0�=1. Thus, one has

F��0,
,�,t� = 1 • ā�t� . �A13�

After F��0 ,
 ,� , t� is obtained, Eqs. �7� and �8� can be used
to get the spectrum. We note that in this case, the computa-
tion time is much reduced, because there is no integration

over the angle � in the simulation. The integration is still
needed over angles 
 and � as before.

3. Comparison of threefold jump model
and PDM

In the simulation, both the threefold jump model and the
planar diffusion model were used to fit the line shape. Since
the spectrum at �0=90° is sensitive to KJ or DR, we calculate
the spectra based on these two models at this angle, as shown
in Fig. 9. It may be seen that the pairwise matching of the
spectra is obtained for KJ /DR�1.3–1.5, so that if one prefers
to interpret the spectra in the main text by the threefold jump
model, the KJ may be found by scaling accordingly. It is also
demonstrated that in the fast motion limit �KJ�1.5

107/s or DR�1.0
107 rad2 / s�, the line shape will not
change regardless of either model.
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