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Abstract

Fast electrically driven reorientation processes of thermotropic nematic liquid crystals were investigated by means of 1H NMR.

The reorientation time is determined by the electric field and can be varied between several hundred milliseconds and less than 50 ls.
Although the reorientation of the nematic director is limited to an angular range of 90�, echoes occur for reorientation times below

4ms. It turned out that the separation of the sidebands is up to two orders of magnitude higher than it would be expected in MAS

experiments. This behaviour can be understood in analogy to MAS by means of a time-dependent dipolar Hamiltonian; an exact

description of the echo position is given for the heteronuclear dipolar interaction. The homogeneous sample rotation of the MAS

experiment must be replaced by a more complex term which describes the director reorientation. Due to the non-linearity of this

term, the separation of the sidebands is no longer proportional to the frequency of the sample rotation but can reach up to 20 times

the maximum director frequency. The experimental results are presented together with a theoretical interpretation.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The macroscopic reorientation of the NMR sample

results in a time-dependent Hamiltonian. In most cases,
the Hamiltonian can be separated in two terms A and T ,
where T describes the spin system and A describes the

interaction with the lattice. Macroscopic motion affects

A only while T remains unchanged. This has been widely

exploited in MAS experiments [1–3] but is also true for

other kinds of dynamic processes, such as mechanical

flips of oriented smectic-A liquid crystals [4].

The reorientation process described in this work is the
homogeneous director reorientation of thermotropic

nematic liquid crystals (LCs). The reorientation of the

LC molecules in external fields can be understood as

the rotation of a macroscopic quantity which describes

the mean orientation of the molecules in the sample and
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is called the director n. Due to the symmetric properties

of most nematics there is no difference between n and �n
and the reorientation is restricted to angles between 0�
and 90�.

Another property of LCs is the anisotropy of the

sample, which leads to broad solid-like 1H NMR spectra

for orientations parallel or perpendicular to the mag-

netic field and liquid-like 1H NMR spectra with a well-

resolved chemical shift in the proximity of the magic

angle [5,6]. The reorientation process can be character-

ised as follows: (1) The sample is anisotropic and the

spectra change significantly with the angle between B0

and n. (2) The angle between the rotational axis of the

director and B0 is 90�. (3) The director reorientation is

described by a non-periodic non-linear function with a

well defined start and end point.

Even though this behaviour is quite different from the

MAS experiment with a powder sample rotating uni-

formly under magic angle conditions, it can be described

by the same formalism. One important difference has
to be taken into account when the transformation from

the MAS frame to the laboratory frame is carried out:

mail to: bender@physik.uni-leipzig.de
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the Euler angle a ¼ xMASt, describing the rotation of the
MAS rotor in the probe, has to be replaced by a func-

tion uðtÞ which gives the time-dependent angle between

the director and the magnetic field.

One noticeable consequence is a modification of the

sideband separation. Due to the non-linearity of uðtÞ the
separation is no longer determined by the frequency of

the sample rotation but can increase up to significantly

higher values. The experiments described here show
sideband separations between several hundred hertz and

7 kHz for maximum director frequencies between 20 and

500Hz. The sideband separation is therefore several

times higher than the MAS sideband separation for

rotor frequencies comparable to the maximum director

frequency.

The investigation of such fast dynamic processes in

LCs has been facilitated by the introduction of an
electric field in addition to the magnetic field of the

NMR spectrometer [6–8]. The director reorientation can

be controlled in a very flexible way by the application of

electric pulses of various shapes, voltages, and dura-

tions. The time-dependent angle between the director

and the magnetic field is adjusted by the shape of the

electric pulse and can be arbitrarily chosen, with the

only restriction being that the director cannot be forced
back into the direction of the magnetic field

(De;Dv > 0). Another advantage of electrically induced

reorientation experiments is the possibility to vary the

director frequency over several orders of magnitude by

changing the applied voltage. Therefore, frequencies

between a few hertz and several kilohertz can be inves-

tigated with similar accuracy. The analysis of the side-

band separation enables the observation of the LC
dynamics without disrupting the reorientation process.

This is especially useful for fast processes which are

otherwise difficult to investigate by NMR experiments.
Fig. 1. Frames of reference: The director reorientation is equivalent to

the rotation of a rotor with its axis X perpendicular to the magnetic

field and the molecules oriented along an axis n perpendicular to the

rotor axis.
2. Theory

The director reorientation leads to a time-dependent
Hamiltonian which can be described with the same

formalism as the sample rotation in MAS experiments.

Like the first MAS experiments, only 1H NMR spectra

are available and we discuss therefore the rarely used

case of the dipolar interaction [2,9]. The time-dependent

Hamiltonian is derived together with an exact solution

of the FID for the heteronuclear dipolar interaction.

The echo position follows directly from this solution.
The time-dependent Hamiltonian can be derived by

considering a single molecule with its long molecular

axis aligned parallel to the director n. The director re-

orientation is controlled by the electric and magnetic

field and is therefore restricted to the (E;B0)-plane. The

‘‘rotor axis’’ X of such a process is perpendicular to E,
B0, and n. The Hamiltonian in the laboratory frame
(LAB) can be obtained by transformation from the
principal axis system (PAS) of the interaction tensor to

the director frame (DIR) and finally to the laboratory

frame which is defined by the B0 axis (see Fig. 1):

PAS !/;h;w DIR !a;b;c LAB:

The director frame has been defined with the z-axis
parallel to X, i.e., eDIR

z kX ? n. This type of rotational

transformations can be performed with the Hamiltonian

H expressed in terms of irreducible spherical tensors

[10]:

H ¼ C �
X2
k¼0

Ak � Tk ¼ C �
X2
k¼0

Xþk

q¼�k

ð � 1ÞqAk
qT

k
�q: ð1Þ

The Hamiltonian separates into a term Ak which de-

scribes the interaction with the lattice and in a second
term Tk which describes the spin system. The director

dynamics affects only Ak and leaves Tk unchanged. It is

therefore sufficient to find Ak LAB in the laboratory sys-

tem. This has been done in Appendix A. The result with

no restrictions to the angles a and b is given by Eq.

(A.4). However, as shown in Fig. 1, the director reori-

entation is restricted to the (E;B0) plane with its ‘‘rotor

axis’’ X perpendicular to B0 and b is therefore 90�. The
Euler angle a describes the rotation about the z-axis of
the director frame and has to be replaced by the time-

dependent angle uðtÞ between the director and the

magnetic field B0. In this case, Eq. (A.4) simplifies con-

siderably:



�

Fig. 2. Basic LC reorientation experimentwith an electric pulse (bottom)

of variable duration tE which starts the director reorientation. The angle

uðtÞ between n and B0 (top) is shown with 1H NMR FIDs taken

with different delays t1 for a process with s ¼ 438ls (top). The FIDs

with t1 ¼ 0 � � � 400 � � � 760 � � � 1310 � � � 2000ls are taken from Fig. 4.
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Að2ÞLAB

0 ¼ Að2Þ PAS

0

3

4
sin2 h cosð2uðtÞ þ 2wÞ

þ 1

4
ð3 cos2 h � 1Þ

�
: ð2Þ

The angle uðtÞ in a homogeneous director reorientation

of a nematic liquid crystal in static external fields can be

described [6,11] by:

uðtÞ ¼ arctan tanðu0

n
� uesÞ exp

�
� t

s

�o
þ ues; ð3Þ

where u0 is the initial angle between n and B0 for t ¼ 0,

ues is the equilibrium position where the reorientation

ends (t 
 s), and s is the time constant which cha-

racterises the dynamic process. The experiments de-

scribed here always start with the director aligned
parallel to the magnetic field, i.e., u0 ¼ 0. The equilib-

rium ues depends on the competing torques of the elec-

tric and magnetic field and therefore on the strength of

both fields and the angle between them.

With the results of Appendix A the representation of

the dipolar Hamiltonian in the laboratory frame is

known and the evolution of the system can be de-

scribed. The time evolution of the density matrix . is
described by the von Neumann equation with the

formal solution:

.ðtÞ ¼ UðtÞ.ð0ÞU�1ðtÞ: ð4Þ
The propagator UðtÞ of a Hamiltonian which is not

explicitly time-dependent (oH=ot ¼ 0) is of the form:

UðtÞ ¼ e�iHt: ð5Þ

The term Ht has to be replaced by an integral
R
Hðt0Þdt0

if the Hamiltonian changes in time. The NMR experi-

ments described in this work can already be understood

by a simple p=2 experiment: the initial state .ð0Þ is

therefore given by Ix, assuming a ðp=2Þx-pulse. The time

evolution [Eq. (4)] can be written as:

.ðtÞ ¼ exp

Z t1þt

t1

Hðt0Þdt0

 �

.ð0Þexp


�
Z t1þt

t1

Hðt0Þdt0
�
:

ð6Þ

The time axes of HðtÞ and .ðtÞ are different. The Ham-

iltonian as derived in Eqs. (A.5) and (A.6) depends on

uðtÞ, i.e., a time axis which is defined by the reorienta-
tion process. The time axis of the FID starts with the

p=2 pulse and is shifted by t1 relative to the reorientation

process (see Fig. 2). The integral
R t
0
Hðt0Þdt0 has therefore

to be replaced by
R t1þt
t1

Hðt0Þdt0 in order to evaluate the

Hamiltonian at the correct time.

Eq. (6) can be solved for a time-independent Hamil-

tonian and leads for the heteronuclear dipolar interac-

tion to the time signal:

MxðtÞ � cosðxIStÞ ð7Þ
with the transition frequency:

xIS ¼
l0�h
4p

cIcS

ffiffiffi
2

3

r
Að2ÞLAB
0 : ð8Þ

A solution for the homonuclear dipolar interaction does

not exist, due to the multi-particle character of the

Hamiltonian. The Hamiltonians HðtÞ do not commute

for all times and the integrals in Eq. (6) cannot be

evaluated. However, there are approximations [9,12]

which also lead to a cosine-law and give comparable

results.

The time signal [Eq. (7)] can be obtained from Eq. (8)
with Að2ÞLAB

0 replaced by Eqs. (A.4) or (2). In the time-

dependent case, the product xISt has to be replaced by

the integral
R

xISðt0Þdt0. This integral can be solved as

shown in Appendix B. In case of the director reorien-

tation (b ¼ 90�) the argument of the cosine is given by

Eq. (B.10); with I2ðtÞ replaced by Eq. (B.7), the time

signal has the form:

MxðtÞ � cos

Z t1þt

t1

xISðt0Þdt0

 �

� cos
l0�h
4p

cIcS
r3ij

� f ðtÞ
 !

ð9Þ
with

f ðtÞ¼ 1

4



þ3

4
cosð2uesÞ

�
tþ3

4
cosð2uesÞs





ln

�
1þ tan2ð�uesÞexp �2ðt1þ tÞ

s


 ��

� ln

�
1þ tan2ð�uesÞexp �2t1

s


 ���

þ3

4
sinð2uesÞ2s arctan tanð

n�
�uesÞexp

�
� t1þ t

s

�o
�arctan

�
tanð�uesÞexp � t1

s

� ���
: ð10Þ

It is obvious that the time signal depends not only on the

parameters u0, ues, and s of the reorientation process
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but also on the delay t1 between the beginning of the
reorientation process and the start of the NMR experi-

ment. It is therefore possible to obtain different echo

positions or sideband separations from the same dy-

namic process by changing the delay t1.
An echo occurs at times where the state .ðtÞ becomes

equal to the initial state .ð0Þ. Regarding Eq. (9) this is

the case where the argument of the cosine
R t1þt
t1

Hðt0Þdt0
vanishes (f ðtÞ ¼ 0). Roots of Eq. (10) exist between
uðt ¼ 0Þ ¼ 0 and uðtMAGÞ ¼ 54:7�, i.e., in the interval

½0; tMAG� with the magic angle passage of the director at:

tMAG ¼ �s ln
tanð54:7�� uesÞ

tanð�uesÞ


 �
: ð11Þ

The echo maximum shifts therefore to the beginning of
the FID as t1 increases. At t1 ¼ tMAG the echo coincides

with the FID itself and for times t1 > tMAG no echo ex-

ists. As a consequence the sideband separation which is

given by 1=techo approaches infinity as techo ! 0.

So far only one isolated spin pair with an internuclear

vector rij has been considered. The molecules in nematic

liquid crystals are oriented along a preferred axis which

defines the director n. The orientational order is de-
scribed by a distribution function f ðh;wÞ which gives the

probability of finding a molecule with its long molecular

axis in an orientation ðh;wÞ with respect to the director.

The NMR spectrum is determined by the average of all

molecular orientations. This process can technically be

described by averaging over ðh0;w0Þ during the trans-

formation from the molecular system (MOL) to the

director system (DIR). One more transformation has
therefore to be added between the PAS and the LAB:

PAS !g;n;f MOL !/0 ;h0;w0

DIR !a;b;c LAB:

Using the same formalism as above results in:

V ð2ÞLAB

0 ¼
Xþ2

q¼�2



Xþ2

q0¼�2

V ð2ÞPAS

0 dð2Þ
0q0 ðnÞ eifq

0 hei/0q0dð2Þ
q0qðh

0Þi eiaqdð2Þ
q0 ðbÞ:

ð12Þ

The angles c and /0 have been dropped for the same

reasons as in Eq. (A.3) and g can arbitrarily be chosen

for uniaxial liquid crystals. Eq. (12) is of the same type

as Eq. (A.3). The quantities hei/0q0dð2Þ
q0qðh

0Þi are related to

the Mayer–Saupe order matrix [13]. The above results

can therefore be applied to liquid crystals, provided that
the scaling of the dipolar interaction by the order pa-

rameters is taken into account. In particular, the side-

band separation is independent of the distribution

function and represents a general feature of this reori-

entation process.

The LCs investigated in this work can be described as

uniaxial rodlike LCs. In this case, only the diagonal
elements of the order matrix have to be taken into ac-
count and due to the complete cylindrical symmetry,

only one scalar order parameter S remains. The angles

ðh;wÞ in Eq. (A.4) have therefore to be set to h ¼ 90�
and w ¼ 0�.
3. Experimental

The 1H NMR experiments were carried out on a

Bruker MSL 100 spectrometer working with a 2.35-T

magnetic field at 100MHz. The probe used was a lab-

oratory-made single-channel 1H/19F probe designed for

high voltage experiments. A goniometer facility allows a

very precise setting of the angle between the sample and

the B0 field. A single p=2 pulse with a duration of 2 ls
was used in all experiments. The FID was recorded with
a dwell time of 3 ls and 2048 data points. The spectra

were analysed with the Gifa NMR processing software

[14].

The director reorientation of the nematic liquid

crystals is controlled by an additional experimental

setup which is connected to the NMR spectrometer.

Initially, the director aligns parallel to the magnetic field

but the application of electric fields perpendicular
(De;Dv > 0) to the spectrometer field allows reorienta-

tion experiments in the range between 0� and 90� with

respect to B0. High voltage pulses on thin capacitor

samples provide electric fields up to several MVm�1.

These samples are filled with the LC under investigation

and placed in the 8mm NMR coil of the probe. A

computer-controlled setup based on a programmable

function generator and a high voltage amplifier provides
high voltage pulses up to 1000V. Shape, duration, and

voltage can be chosen as required. The duration of the

pulses is limited only by the rise time of approx. 10 ls.
The LC switching experiment is synchronised with

the NMR spectrometer. The combination of NMR ex-

periments and LC switching makes it possible to set the

voltage and duration of the electric pulses within the

NMR pulse program and therefore to change the state
of the sample during the course of the NMR pulse se-

quence. A detailed description of the experimental setup

and the design of the LC cells can be found elsewhere

[6,7,15].

The low-molar-mass thermotropic LC used is the

well-known 4-(trans-4-pentylcyclohexyl)benzonitrile

(PCH-5) [16,17]. This LC is particularly suitable for fast

switching experiments in electric fields because of its
high dielectric anisotropy (De ¼ 12:7, c1 ¼ 0:1337 Pas at
22.1 �C) and its small rotational viscosity. The LC is

filled in a 150-lm capacitor cell. At room temperature,

reorientation times between s ¼ 4:4ms and s ¼ 40ls
could be achieved with high voltage pulses between 100

and 1000V, i.e., electric fields between 0.67 and

6.7MVm�1. The angle between E and B0 has been



Fig. 3. 1H NMR spectra of PCH-5 taken in different orientations. The

start of the NMR experiment (t1) relative to the reorientation experi-

ment is given on the left side of the spectra, the angle between n and B0

at t1 on the right side. The spectra taken in a static state (dashed line)
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chosen as 70� for all experiments. An angle close to 90�
would provide a larger angular range but because s in-

creases with this angle considerably higher voltages

would have been required.

The basic experiment is described in Fig. 2. The

director reorientation is started by a square pulse of

duration tE. The time constant s [Eq. (3)] of the reori-

entation process depends on the applied voltage, the

angle between the electric and magnetic field and some
material properties [11,15] and decreases with increasing

voltage. After a delay t1 from the beginning of the

electric pulse, the p=2 pulse is applied to the sample and

the FID is taken.

This basic experiment can be varied in several ways.

One option is to investigate the director orientation after

the application of an electric pulse of duration tE. The
p=2 pulse is applied after the electric pulse and, provided
that the reorientation back into the magnetic field of the

spectrometer can be neglected, the FID represents

the static orientation of the sample at the time t1 ¼ tE.
The different intermediate states of the dynamic process

can be investigated with this kind of experiment by

changing the duration tE of the electric pulse. The time

constant s can be determined in this way [7,15]. s is an

important parameter in Eq. (10) and has therefore been
measured independently with such an experiment. Each

reorientation process with a given s (or given voltage)

was sampled using a series of tE values in the range of

tE ¼ 0; . . . ; 5s. Furthermore, the analysis of these spectra

provides the information if the reorientation process is

homogeneous. Eq. (3) is only valid in this case [18].

Another type of experiment can be carried out if the p=2
pulse is started while the electric field is still applied
to the sample (t1 < tE). In this case, the director reori-

entation continues during the data acquisition and the

FID represents the macroscopic dynamics of the sample.

Square pulses with a duration tE > t1 þDW � ND, where

ND is the number of data points and DW is the dwell

time, were used in order to guarantee that the dynamics

during the data acquisition can be described by Eq. (3).

One advantage of this experiment is that the dynamic
process can be investigated without being disturbed as in

the above case. Different parts of the reorientation

process were investigated by changing the delay t1.

are shown together with the spectra obtained while the reorientation

process is in progress (solid line). The first spectrum is a static spectrum

of PCH-5 with nkB0.

4. Results

A number of reorientation processes of PCH-5 with
time constants s varying from 4.4ms down to 104 ls
were investigated. For every given value of s, 30 spectra

were taken and analysed. Fig. 3 shows some selected 1H

NMR spectra of a reorientation process with s ¼ 155ls.
The top spectrum was taken with the director aligned

parallel to the B0 field (E ¼ 0). The spectral width

changes during the director reorientation according to
the second Legendre polynomial P2ðcosuÞ (dashed lines

in Fig. 3). They were taken with tE ¼ t1, i.e., with the

director frozen at the specified angle. The minimum

linewidth is obtained near the magic angle (Fig. 3,

t1 ¼ 353ls) where the dipolar interaction is nearly

completely averaged out and 1H chemical shift patterns

appear [6]. These spectra were used to obtain the time

constant s.



40 M. Bender et al. / Journal of Magnetic Resonance 164 (2003) 35–43
The second set of spectra in Fig. 3 (solid lines) was
taken while the electric reorientation was in progress

(tE > 5s) and shows pronounced sidebands. It can be

seen that the sideband separation increases significantly

with t1 and that no sidebands can be found for

u > 54:7�. The central peak in the first spectra and the

broad wings in the last spectra are due to the epoxy resin

which was used to seal the LC cells. This component

does not take part in the reorientation and can be ig-
nored. However, it is possible to remove these compo-

nents by special background suppression techniques [7].

Sidebands in the spectra are equivalent to echoes in

the FIDs. The echo position techo depends on the time

constant s of the reorientation process and the delay t1
between the start of the reorientation experiment and
Fig. 4. 1H NMR FIDs (top) and spectra (bottom) of PCH-5 for two differen

(e), the echo position and sideband separation is shown together with the theo

(d) and sideband separation (r) is shown in (b) and (e) and can be compar
the beginning of the FID. The acquisition of the FIDs
relative to the electric pulse and the director reorienta-

tion uðtÞ is indicated in Fig. 2. As an example, five FIDs

with different delays t1 are plotted together with the

time-dependent angle uðtÞ between the director n and

B0. Fig. 4a and d show the FIDs of two complete re-

orientation processes, where s is constant (a) s ¼ 438ls
(294V), (b) s ¼ 155ls (498.5V)) while t1 increases from
bottom to top. The echo position shifts to the beginning
of the FID as s decreases or t1 increases. First echoes

could be found in a process with s ¼ 4:44 and

t1 ¼ 7:68ms at 3.5ms. This is large compared with the

spin–spin relaxation T2 of approx. 200 ls. The insert of

Fig. 4a shows a series of FIDs taken with tE ¼ t1 while

all other experimental conditions were unchanged.
t time constants: s ¼ 438ls (a–c), s ¼ 155ls (d–f). In the plots (b) and

retical predictions according to Eq. (9). The experimental echo position

ed with the theoretical predictions (solid and dashed lines).
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In these static situations, no echoes appear, but T2 in-
creases as the director draws near to the magic angle.

The decay of the magnetisation can be observed over

more than 4ms in the vicinity of 54.7�. The spectra

(Fig. 4c and f) show equally spaced sidebands. The

number of sidebands decreases with decreasing techo
while the sideband separation increases. The frequency

range in Fig. 4c and f has been chosen to visualise the

sideband separation. An example of the full spectra was
given in Fig. 3 which is a subset of Fig. 4f. The echo

position techo (d) and the sideband separation (r) as a

function of t1 are shown in Fig. 4b and e.

The distortions in the FIDs and spikes in the spectra

are caused by the wires connected to the capacitor cell.

These wires form a closed circuit through the NMR coil

which transfers noise from the surroundings to the re-

ceiver of the NMR spectrometer [5,19].
The development of the sideband separation as a

function of t1 is by no means related to the frequency of

the director reorientation. The director frequency mðtÞ
shows a maximum at mmax ¼ ð4psÞ�1 and decreases for

t > tmax ¼
s
2
lnðtan2ðu0 � uesÞÞ ð13Þ

while the sideband separation increases continuously

until the magic angle has been reached (see Eq. (11)).

Furthermore, the sideband separation is higher than the

director frequency. Values of� 3mmax have been found for

short delays t1 which increase up to � 20mmax for t1 � s.
The results of the theoretical section [Eq. (9)] are

needed to describe the echo position. Even though these

results have been obtained by treating a heteronuclear

two-spin-system they can be applied to the experimental

data of a homonuclear multi-spin-system. As shown in

Fig. 4b and e the experimental data are close to the values

predicted by the theory (solid line, left scale). The graph

was computed numerically from the roots of Eq. (10)

for different values of t1. Theory and experiment match
almost ideally for the 155 ls process (Fig. 4e). In the other
case (Fig. 4b), the best conformity with the experiment

could be found for s ¼ 394ls (dashed line) which is

somewhat faster than the result of the static experiments

(tE ¼ t1) leading to s ¼ 438ls (solid line). Nevertheless,

both results agree within the margins of the experimen-

tal error which is about 5% in static experiments with

long electric pulses [15]. In the case of short pulses, the
rising time and imperfect pulse shapes lead to errors above

10%. The shape of the graph is in all cases (155 ls
6 s6 4:4ms) nearly identical to the experimental data

even though the s data differ in some cases slightly from

the static results. There are no indications for multiple

echoes in the FIDs, which also supports the theory.

The sideband separation can be computed from the echo

position: the sidebands can be found at 1=techo. The
measured sideband separation and the calculated 1=techo
values can also be found in Fig. 4b and e, right scale.
The fit to the measured sideband separation is less
accurate for large delays t1 in particular. This is caused

by the echo which moves to the beginning of the FID as

t1 increases. According to the theory, techo becomes zero

as the magic angle is reached. Sidebands with a sepa-

ration tending to infinity would follow but cannot be

seen for experimental reasons: for t1 close to the magic

angle passage (see Eq. (11)), the echo maximum is lo-

cated at the beginning of the FID and therefore cannot
be well resolved. This leads to a line-broadening near the

magic angle, where only one weak pair of sidebands can

be identified.
5. Conclusion

It was possible to investigate echoes and sidebands in
fast non-periodic director reorientations. The time-de-

pendent Hamiltonian and a theoretical description of

the non-linear dynamic process was given. The echo

position was calculated and experimentally verified also.

The effect of sample anisotropy is described and the

theoretical predictions are in good agreement with the

experimental results.

This work describes the effect of the director reori-
entation on the spectrum which is not only useful for

investigating dynamic processes without disrupting

them but is also important for estimating its influence in

‘‘static’’ situations where slow reorientation processes

cannot always be avoided. The results already provide a

new technique for measuring the time constant s which

is particularly useful in high magnetic fields where the

reorientation back in the magnetic field is too fast to
allow static experiments in different orientations to be

performed. These techniques could also be applied to

non-liquid-crystalline materials using molecules dis-

solved in liquid crystalline solvents. Furthermore, the

nematic reorientation in electric and magnetic fields

provides a model system for a well-known non-linear

dynamic process which may be useful beyond LC

research.
In this work, only the dipolar interaction has been

considered. Extension of the theory to other interac-

tions, e.g., the chemical shift or quadrupolar interaction,

should lead to comparable results. In case of the

chemical shift, a discussion of the spectral shape should

be possible and would lead to more detailed results. It

might also be possible to combine the manipulation of

the spatial part of the Hamiltonian with pulse groups
which act on the spin part.
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Appendix A

The dipolar Hamiltonian in a rotating frame of ref-

erence (see Fig. 1) can be described in terms of irre-

ducible spherical tensors. The transformation into a
system which rotates with the director (DIR) can be

expressed by the Wigner rotation matrices Dð2Þ
qq0 :

Að2ÞLAB
0 ¼

X
q0

X
q00

Að2Þ PAS

q00 Dð2Þ
q00q0 ð/hwÞDð2Þ

q00ðabcÞ; ðA:1Þ

together with the reduced rotation matrices dð2Þ
qq0 ðkÞ

[10,20]:

Dð2Þ
qq0 ðdkrÞ ¼ eidqdð2Þ

qq0 ðkÞ eirq
0
: ðA:2Þ

The Euler angles ða; b; cÞ and ð/; h;wÞ as defined
by Rose [21] specify the rotations. The angle c can

arbitrarily be chosen as 0� because all interactions

are invariant to rotations about the B0 axis. In case

of the dipolar interaction, this is also true for the

angle / which performs a rotation about the in-

ternuclear vector rij. Considering Að2ÞPAS
0 ¼

ffiffi
3
2

q
r�3
ij and

Að2ÞPAS
�1 ¼ Að2ÞPAS

�2 ¼ 0 for the dipolar interaction, Eq.

(A.1) simplifies to:

Að2ÞLAB

0 ¼ Að2Þ PAS

0

X
q0

e�iq0ðaþwÞ dð2Þ
0q0 ðhÞ d

ð2Þ
q00ðbÞ: ðA:3Þ

The reduced rotation matrices dð2Þ
qq0 ðkÞ provide the angle-

dependent irreducible spherical tensor Að2ÞLAB
0 [9]:

Að2ÞLAB

0 ¼Að2ÞPAS

0

3

4
sin2bsin2 hcosð2a

�
þ2wÞ

�3

4
sin2bsin2h � cosðaþwÞ

þ1

4
ð3cos2b�1Þð3cos2h�1Þ

�
: ðA:4Þ

This result simplifies in case of the director reorien-

tation (Eq. (2)).

Considering that only tensors of rank 2 contribute to
the Hamiltonian, it can be obtained from Eq. (1) using

the appropriate values for C and T ð2Þ
0 :

H IS ¼ CT ð2Þ
0 Að2ÞLAB

0 ¼ �
ffiffiffi
8

3

r
l0

4p
cIcS�h

2IziSzjA
ð2ÞLAB

0 ðA:5Þ

in the case of heteronuclear dipolar interaction and:

HII ¼ �
ffiffiffi
2

3

r
l0

4p
c2�h2 3IziIzj

�
� I iI j

�
Að2ÞLAB

0 ðA:6Þ

in the case of homonuclear interaction. Að2ÞLAB
0 is given

by Eqs. (A.4) or (2).
Appendix B

The time signal of a reorienting nematic liquid crystal

depends on the integral:Z t1þt

t1

xðt0Þdt0; ðB:1Þ

where the transition frequency is given by Eqs. (8) and

(A.4). Neglecting constant factors the integral:Z
3

4
Acos 2w

�

þ2uðt0Þ

�
� 3

4
Bcos w

�
þuðt0Þ

�
þ1

4
C
�
dt0;

ðB:2Þ
with

A ¼ sin2 b sin2 h; ðB:3Þ

B ¼ sin 2b sin 2h; ðB:4Þ

C ¼ ð3 cos2 b � 1Þð3 cos2 h � 1Þ; ðB:5Þ
and uðtÞ given by Eq. (3) has to be solved. The integralsR
cosð2a þ 2uðt0ÞÞdt0 and

R
cosða þ uðt0ÞÞdt0 can be di-

rectly evaluated by means of the trigonometric identities

and standard techniques:

I1ðtÞ ¼
Z

cos 2ðw
�

þ uesÞ

þ 2 arctan F e�t0=s
n o�

dt0

¼ D t
�
þ s ln 1

�
þ F 2e�ð2tÞ=s��

þ E2s arctan F e�t=s
� �

ðB:6Þ

and

I2ðtÞ ¼
Z

cos w
�

þ ues þ arctan F e�t0=s
n o�

dt0

¼ Gsarctanh 1
�h

þ F 2e�ð2tÞ=s��ð1=2Þi
þ Hs ln F e�t=s

h
þ 1
�

þ F 2e�ð2tÞ=s��ð1=2Þi ðB:7Þ

with

D ¼ cosðw þ uesÞ; G ¼ cosð2w þ 2uesÞ;

E ¼ sinðw þ uesÞ; H ¼ sinð2w þ 2uesÞ; ðB:8Þ

F ¼ tanðu0 � uesÞ:

Combining all the above provides:Z t1þt

t1

xðt0Þdt0 ¼ CD

3

4
A I2ðt1
�


þ tÞ � I2ðt1Þ
�

� 3

4
B I1ðt1
�

þ tÞ � I2ðt1Þ
�
þ 1

4
Ct
�
:

ðB:9Þ

The experiments described in this work are charac-

terised by b ¼ h ¼ 90� (A ¼ C ¼ 1, B ¼ 0), w ¼ 0� and

u0 ¼ 0� which leads to a simplified result:



Z 
 �
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t1þt

t1

xðt0Þdt0 ¼ CD

3

4
I1ðt1ð þ tÞ � I1ðt1ÞÞ þ

1

4
t ;

ðB:10Þ

where CD is given by:

CD ¼ l0�h
4p

cIcS
r3ij

: ðB:11Þ

Except for the constant factor CD, this solution is

identical to f ðtÞ in Eq. (10) and has been used to com-
pute the echo position.
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