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The director reorientation of a thermotro ic nematic liquid crystal in electric and magnetic fields has 
been investigated by means of 'H and F nuclear magnetic resonance. A new method which uses 
electric fields to set the desired initial angle of the nematic director with respect to the magnetic field 
is described. Using this method it was possible to perform reorientation experiments in the magnetic 
field starting in a large number of initial angles and to investigate the transition from homogeneous to 
inhomogeneous reorientation processes in detail. It is shown that reorientation processes in the pres- 
ence of both electric and magnetic fields remain homogeneous for initial angles close to 90". An anal- 
ysis of the 'H and I9F NMR spectra shows inhomogeneous processes in the magnetic field beginning 
at considerably smaller angles. An intermediate region of about 6" where homogeneous and inhomo- 
geneous processes take place at the same time has been found. 

Keywords: inhomogeneous dynamic processes; electric fields; fluorinated liquid crystal; nuclear 
magnetic resonance 

g 

1 INTRODUCTION 

The director reorientation of nematic liquid crystals (LCs) depends strongly on 
the initial angle between the director and the external field. From theoretical pre- 
dictions [I ,  21 a qualitatively different relaxation behaviour can be expected for 
initial angles cpo c 45" and 'po > 45", where the critical angle 'pc = 45" is a typical 
threshold to distinguish homogeneous from inhomogeneous processes. In the 
first case a uniform director distribution can be assumed and the Ericksen-Leslie 
theory [3] describes the reorientation process very well. The latter case is repre- 
sented by a director distribution which changes during the reorientation process. 

* Author to whom correspondence should be addressed: Tel.: +49-341-97-32573; fax: +49-341- 
97-32497; e-mail: bender@physik.uni-leipzig.de 
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86 MICHAEL BENDER ef ul. 

A lot of nuclear magnetic resonance (NMR) results dealing with liquid crystal- 
line polymers have been published [ 1,2,4-101 but due to the difficulty to change 
the director orientation data about low molar mass LCs are scarce [ 11-14]. While 
a critical angle close to 45" can be found in most LCPs this value is much higher 
for low molar mass LCs (2 70"). In this work we investigate the transition from 
homogeneous to inhomogeneous flow in a fluorinated low molar mass LC by 
observing a large number of reorientation processes with initial angles near the 
critical angle. The NMR experiments have been carried out using a recently 
developed method [15-171 where pulsed electric fields have been used in addi- 
tion to the static magnetic field of the NMR spectrometer to induce dynamic 
processes in the LC. Time resolved 'H NMR experiments with a resolution in the 
order of 10 ps yield spectra which represent different orientational states of the 
LC during the reorientation process. These experiments have been extended to 
19F NMR investigations which have the advantage of a large chemical shift ani- 
sotropy. The high sensitivity of 19F NMR compared to 13C and 2H NMR is a fur- 
ther advantage because thin LC cells have been used. Angle dependent 19F NMR 
spectra of oriented systems provide therefore information about local order and 
dynamics without the need of 'H decoupling or magic angle spinning [ 181. The 
spectra of partially fluorinated LCs represent therefore specific molecular sites 
and are a complementary approach to 2H NMR which has extensively been used 
to investigate various director distributions [7-91. An analysis of the time and 
angle dependent 'H and 19F NMR lineshape provides the critical angle and infor- 
mation about the transition process. 

2 THEORETICAL 

A nematic liquid crystal well aligned in the strong magnetic field of a NMR 
spectrometer can be described by a director field n(r)  which is homogeneous in 
space (Vn = 0). In homogeneous dynamic processes the condition V n  = 0 holds 
true while the angle between the director n and the magnetic field Bo changes. 
Such processes can be understood in terms of a simplified form of the Les- 
lie-equation with the well known solution [3, 171 

tan(cp0 - pea) . exp 

where cp is the angle between the nematic director n and the magnetic field B,, 
cpo is the initial angle cp(t = 0), cpes is the equilibrium established for t -+ 00 and T 
is the time constant describing the process. 
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FLUORINATED LIQUID CRYSTAL 87 

Dynamic processes in the magnetic field start in an initial angle cpo and relax 
back to the equilibrium cpcs = 0”. Processes taking place in the presence of both 
electric and magnetic fields start in the equilibrium defined by the magnetic field 
(cpo = 0, E = 0) and evolve into the equilibrium established by both fields (~p,,~, E 
> 0). For strong electric fields the director aligns nearly parallel to the electric 
field and cpcs is only slightly less than the angle a between both fields. 

In  the pure magnetic case ( E  = 0) the time constant c is given by 

where po is the permeability of free space, y l  is the rotational viscosity and A x  is 
the diamagnetic anisotropy. In presence of an additional electric field T is a more 
complicated function of E ,  Bo, A&, Ax  and a [ 171. 

The critical angle cp, separates the region of homogeneous dynamics (cpo < cp,) 
from the region cpO > cpr where the dynamics behaves more complicated and can- 
not be described by equ. 1. Inhomogeneous processes are characterized by a 
director field n(r) with Vn + 0 and a director distribution which changes during 
the reorientation process. 

The reorientation process can be investigated by acquiring NMR spectra at dif- 
ferent states of the process. In case of a homogeneous director reorientation it is 
possible to obtain the angle between the director and the magnetic field by ana- 
lyzing the line width or line position. The dipolar splitting of a pair of homonu- 
clear spins in a nematic liquid crystal is given by 

where y is the gyromagnetic ratio of protons, Zi is Planck’s constant divided by 
2n, S is the order parameter and (r& is the mean distance between adjacent reso- 
nating nuclei. As the dipolar broadened ‘H NMR spectrum is a superposition of a 
large number of such doublets the line width is under certain conditions [ 191 pro- 
portional to equ. 3 and cp can be calculated from Av. 

While the chemical shift can be neglected in ‘ H  NMR spectra at low fields it 
has the same order of magnitude as the dipolar interaction in I9F NMR spectra. 
19F NMR spectra of LCs with a small number of 19F nuclei consist therefore of a 
few well resolved lines with a superimposed dipolar broadening or splitting of 
some kHz. The position of each line changes according to equ. 4 and due to the 
large chemical shift anisotropy the angle cp can be obtained from the line position 
with high precision. The angle dependent chemical shift S ( q )  varies according to 
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88 MICHAEL BENDER eta!. 

where 6;,, is the isotropic chemical shift and 60 is the nematic chemical shift at 

In case of an inhomogeneous reorientation the line shape changes not only due 
to the time dependent angle between the director and the magnetic field but also 
due to the director distribution. A detailed analysis of the director distribution 
based on 'H NMR spectra has been done by Martins et. al. [ 1, 21, Spiess et. al. 
published similar *H results [7-91. 

n II Bo. 

3 EXPERIMENTAL 

A fluorinated form (Figure 1 ) of a 4,4'-disubstituted biphenyl cyclohexane (BCH-5 
F.F.F., Merck) has been investigated by means of 'H and 19F NMR. The diamag- 
netic anisotropy Ax as well as the dielectric anisotropy A& of BCH-5 FET is posi- 
tive and the director aligns parallel to the external field. The liquid crystal has been 
filled in a 500 pm capacitor cell which is connected to a laboratory made high volt- 
age supply. High voltage pulses of different shape, voltage and duration can be pro- 
duced by this setup and are driven by the NMR pulse program. With this 
experimental setup it is possible to investigate different static and dynamic orienta- 
tional processes by means of NMR [17]. A l00MHz spectrometer (Bruker 
MSL100) has been used because of its comparatively low magnetic field of 2.35 T. 
Higher magnetic fields would require high voltages above 500 V to overcome the 
torque of the magnetic field acting on the director. The spectrometer is equipped 
with a laboratory built 'H/19F NMR probe with special high voltage connections 
for reduced radio frequency noise [ 161 and a goniometer. The latter is essential for 
any quantitative data analysis because the electric torque depends on the angle a 
between the electric and magnetic field and has to be set carefully. Electric pulses 
of constant voltage but increasing duration have been used to investigate the direc- 
tor reorientation in the electric field and to set initial angles between the director 
and the magnetic field. The reorientation in the magnetic field starting in different 
electrically set angles has been investigated to find the critical angle. 

Short electric pulses have been used to avoid electrical currents inside the cell 
which often occur in static electric fields. Most LCs contain impurities or charge 
carriers which can lead to turbulent flow inside the cell. The director field caused 
by this flow would overlap with the dynamic processes described above and it 
would be difficult to distinguish both processes. The switching processes in the 
electric field have therefore been checked with optical methods and it turned out 
that electric pulses with a duration of a few hundred milliseconds do not cause 
electric turbulence as long as the voltage does not exceed several hundred volt 
and the delay between the pulses is longer than the duration of the pulse, e.g. 
100 ms and 1 s. 
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F 
FlGURE 1 Thematropic nematic liquid crystal BCH-5 FFF, T,, = 25.OoC, T,., = 54.8"C. A&, Ax z 0 

While equ. 1 is strictly valid only in the homogeneous case inhomogeneous 
processes with an effective viscosity ye#< y l  which is only slightly less than the 
rotational viscosity y l  also give acceptable fits to equ. 1. This behaviour is typi- 
cal for some low molar mass LCs [ 111 and measured q(t) data cannot be used to 
identify homogeneous processes. On the other hand processes which cannot be 
described by equ. 1 are certainly inhomogeneous. 

Homogeneous processes are therefore identified by comparison of the NMR 
lineshape. The electric field can be used to establish an equilibrium in any angle 
cp between 0" and a < 90" [ 171. NMR spectra can be taken in different angles in 
respect to B, with the director statically aligned in this direction. Using these 
spectra and especially the spectrum in the magic angle (54.7') as a reference for 
a homogeneous director distribution it is possible to distinguish spectra taken 
during a homogeneous process from spectra taken in a inhomogeneous one. By 
variation of the initial angle qo the critical angle cpc can be obtained. 

As can be expected from Figure 1 the isotropic 19F NMR spectrum consists of 
two lines with intensities in a ratio of 2: 1. In the nematic phase the line of the two 
magnetically equivalent 19F nuclei splits in the dipolar field of the adjacent pro- 
tons and gives a doublet as indicated in Figure 3 (left). The dipolar splitting can 
be demonstrated by comparing I9F NMR spectra taken with and without 'H 
decoupling (Figure 3, insert). 'H decoupling removes the heteronuclear dipolar 
interaction [20] and the doublet changes into one line. The reorientation experi- 
ments have been carried out without decoupling and consist therefore of three 
lines which can be analyzed independently using equ. 4. A further method to 
describe the reorientation is the dipolar splitting from the heteronuclear interac- 
tion using equ. 3. 

All "F chemical shifts have been referenced relative to CFC13 (8 = 0 ppm). 
The I9F NMR data are given in Hertz because the chemical shift anisotropy and 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

45
 1

6 
A

ug
us

t 2
01

2 



90 MICHAEL BENDER e ta / .  

dipolar effects have to be discussed. The experiments have been carried out at 
94.3 MHz I9F frequency and 10000 Hz correspond to 106.1 ppm. 

3.1 Dynamics in the electric field 

Dynamic processes in the presence of both electric and magnetic fields stay 
homogeneous even up to angles cpo 5 88". The spectra shown in Figure 2 ('H) 
and Figure 3 (I9F) have been taken with 237 V pulses on a 500 pm cell and a 
= 84.4'. Comparison of the 'H NMR spectra in the magic angle (Figure 2, 
insert) with a static 'H NMR spectrum does not show any line broadening due to 
the director dynamics. The I9F NMR spectra are also well resolved and nearly 
identical to static spectra taken in the same angles. The line width ( 'H,  Figure 2) 
and the line position ( 19F, Figure 3) can be very well fitted to equ. 1 by replacing 
cp in equ. 3 and equ. 4. The results from the 'H and I9F NMR data are identical 
within the experimental error: The time constant TH = 10.5 ms obtained from the 
'H NMR spectra is very close to rFI = 10.3 ms obtained from the I9F line calcu- 
lated from the two dipolar split lines. A fit to the dipolar splitting yields T~ = 
10.4 ms. The result T F ~  = 10.9 ms of the I9F line starting at - 1 I800 Hz is less 
accurate due to the overlap of two lines. 

1 

0 8  

0 

p 7 9  9' 

20 40 MI 80 100 
reonentation time [msl 

FIGURE 2 BCH-5 FFF, 42OC. 'H  NMR data - homogeneous reorientation in the electric field. ' H  
NMR spectra (left) taken after 237 V pulses of increasing length (0 ms ... 150 ms) and the relative 
line width as a function of the reorientation time (right). A fit of equ. I and equ. 3 gives r = 10.6 rns. 
The 54.7O spectrum (left. insert, solid line) taken during the reorientation has nearly the same line- 
shape as a spectrum with the director statically aligned in the magic angle (dashed line) 

The electrically driven reorientation process is therefore homogeneous for 
angles cpo at least up to 84.4" and can be used to set the initial angles which are 
required for the investigation of reorientation processes in the magnetic field. 
The angles given in Figure 2 (right) have been calculated with equ. I and 
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FLUORINATED LIQUID CRYSTAL 91 

FIGURE 3 BCH-5 FFF, 42°C I9F NMR data - homogeneous reorientation under exactly the same 
conditions as in Figure 2. The "F NMR spectra (left) can be analyzed using equ. I and equ. 4. The 
results (right) are T' = 10.3 ms, T? = 10.9 ms and T,, = 10.4. The line position (v) and the dipolar 
splitting (+ )  of the first line has been calculated from two lines at the left side of the plot. The insert 
(left) shows the spectrum at cp = 0 with (dashed line) and without (solid line) 'H decoupling 

rH = 10.5 ms for different reorientation times. Electric pulses with a duration of 
tE = 37.7 ms ... 150 ms corresponding to angles cp = 70.6" ... 79.9" have been 
used to set the initial angles for the reorientation experiments in the magnetic 
field which are described below. 

3.2 Dynamics in the magnetic field 

Homogeneous reorientation processes in the c c t r i c  field have been used to turn 
the director into different angles in respect to Bo. The reorientation process in the 
magnetic field starting in these angles can easily be investigated. As the electri- 
cal switching can be done automatically by changing the duration of the electric 
pulses applied to the LC cell it is possible to study magnetic reorientation proc- 
esses starting in a large number of different initial angles cpo in a short time. 20 
experiments with 63" 2 cpo I 79.9" have been done using 237 V pulses with a 
duration between 33 ms and 150 ms. As an example the spectra of a homogene- 
ous reorientation process in the magnetic field starting in an initial angle 
cpo = 70.6" are shown in Figure 4 ('H) and Figure 5 (19F). 

The data analysis can be carried out in the same way as in the electric case and 
leads to a time constant z H =  14.2 ms ('H) and ZFI = 13.9 ms (19F). The dipolar 
splitting gives rD = 13.7 ms. The analysis of the second line is again less reliable 
and gives rm = 15.1 ms. An inhomogeneous process is shown in Figure 6 ('H) 
and Figure 7 ("F). While the 'H NMR spectra do not much differ from Figure 4 
the linewidth changes in a way which cannot be described by equ. 1. The poor fit 
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92 MICHAEL BENDER et al. 

T - 

molhwm uml Irnl 
lDm0 b -rdooo 6 & - -100000 -1- 

m 

FIGURE 4 BCH-5 FFF, 42°C. 'H NMR data - homogeneous reorientation in the magnetic field start- 
ing at an initial angle 'po = 70.6'. The 'H NMR spectra (left) have been taken taken 0 ms . . . 130 ms 
after a 237 V, 37.7 ms pulse. A fit of the linewidth (right) using equ. 1 and equ. 3 with 'pes = 0 gives 
T = 14.3 ms 

. _ _  . 

~ ~ ~ - 1  509 . . _ _  . -. . . . . . . . . . . . . - -. -. . . . . . . . . . . -. . -. . -. . . 
il -rsm 

FIGURE 5 BCH-5 FFF, 42°C. "F NMR data - homogeneous reorientation under exactly the same 
conditions as in Figure 4. The "F NMR spectra (left) can be analyzed using equ. 1 and equ. 4. The 
results (right) are 'cI = 13.9 ms, = 15.1 ms and TD = 13.7 ms. The line position (V) and the dipolar 
splitting (+ )  has been analyzed as in the electric case 

in Figure 6 (right) also shows that the introduction of a constant effective viscos- 
ity yeff # y l  does not solve the problem. An angle dependent viscosity yefd(p) 
would be required [ 11 which leads to a somewhat smaller viscosity yeff c y l  at the 
beginning of the process and to larger values yeff > y l  at the end. The constitutive 
director distribution has a much more impressive effect on the I9F NMR spectra. 
The lines decompose at their initial positions and reappear near their equilibrium 
positions with no well resolved peaks in between (Figure 7). 

It seems that the sharp I9F line at - 12000 Hz behaves in a different way but 
this is not the case. According to equ. 4 the line position can only vary in a range 
given by So - Siso. With SO = -12378 Hz and S,, = -12266 Hz the position is 
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0 

FIGURE 6 BCH-5 FFF. 42" C. 'H  NMR data - inhomogeneous reorientation in the magnetic field 
starting at an initial angle (pO = 79.9". The ' H  NMR spectra (left) have been taken taken 0 ms . . .  65 
ms after a 150 ms. 237 V pulse. The fit has been performed in the same way as in Figure 4 but cannot 
describe the data (T = 13.0 ms) 

. . . .  . . . . . . . .  ..,, , . < I ,  

g - 1 2 W  1...-... . . .  
-1m j 

-IMMo, ..... 
s 

b ..... 
0 1 0 2 0 3 0 U ) M  

-1BM)o 

reorlenlmo" urn* [mq 

FIGURE 7 BCH-5 FFF. 42°C. "F NMR data - inhomogeneous reorientation under exactly the same 
conditions as in Figure 6 .  A f i t  according to equ. I is not possible 

limited to a range of a few hundred Hz. As the director distribution is also limited 
to this range the line remains nearly unaffected while the two other lines broaden 
by a factor of - 10. 

Between the two processes which are definitely homogeneous and inhonioge- 
neous the behaviour changes continously showing attributes of both types at the 
same time. It  is therefore difficult to define the critical angle for such a complex 
behaviour. An analysis of the 'H NMR lineshape in the magic angle is shown in 
Figure 8. In the magic angle (54.7') the dipolar interaction is nearly averaged out 
(equ. 3 )  and the line broadening due to the director distribution can easily be 
identified. The lineshape of homogeneous processes can be compared with the 
lineshape found in different inhomogeneous processes (Figure 8, insert). The 
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0.1 1 

0 
CI) 
C m 

- 

.Y 0.09 

2 
0 

C 
r, 

-D 
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.- F - - 
!?! 0.05 

0.03L---- I ' ' ' ' ' ' ' ' ' I ' 1 -- 
60 65 70 75 80 85 

initial angle 'po [ "1 
FIGURE 8 BCH-5 FFE 42OC. 'H NMR data - minimal linewidth of the 'H NMR spectra as a func- 
tion of the initial angle cpo. In the magnetic case ( 0 )  the line width increases above the critical angle. In 
the electric case (W) the critical angle is greater than 85" and the line width stays constant for cpo < 
85' 

linewidth of homogeneous processes in the electric and in the magnetic field as 
well is constant and independent of the initial angle. Beginning at an angle of (po 

= 68" the linewidth increases indicating the beginning of inhomogeneous proc- 
esses. The quality of the fits also decreases but the first noticeable effect appears 
at a larger angle of about cpo = 74'. Observation of the I9F NMR spectra and the 
analysis of the line position also supports the higher value of cpo = 74" but it is 
difficult to find a parameter which can be plotted as a function of the initial angle 
cp 0. 

4 CONCLUSION 

It has been shown that reorientation processes in simultaneously present electric 
and magnetic fields stay homogeneous for initial angles up to 85". The reorienta- 
tion in magnetic field turns from homogeneous to inhomogeneous at a critical 
angle cpc = 74" with a preceeding intermediate region of about 6" where proc- 
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FLUORINATED LIQUID CRYSTAL 95 

esses of both type seem to overlay. Reorientation experiments using an electric 
field to establish initial angles for dynamic processes in the magnetic field of the 
NMR spectrometer have proved its worth as an powerful tool for fast and precise 
cpc measurements of low molar mass LCs. Exployting the thorough reversible 
reorientation processes in nematic LCs it is possible to collect a large number of 
data and to run different experiments with the same setup. Since the critical angle 

in the electric field is larger than the critical angle @ in the magnetic field 
the second field must have a stabilizing effect on the reorientation process. 
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