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Deformation of Nematic Liquid 
Crystals in Electric and Magnetic 
Fields as seen by Proton 
Nuclear Magnetic Resonance 
A. FRIESER, H. SCHMIEDEL, B. HILLNER and A. LOSCHE 
Sektion Physik der KMU, 7010 Leipzig Linnestr. 5, DDR 

( Rereitled Notiemher 23, 1983; in final form March 9, I984) 

We have calculated the deformation of the director field within a nematic liquid-crystal 
cell when both external electric and magnetic fields are present. It can be proved 
experimentally that the line shape of proton nuclear magnetic resonance is strongly 
affected by the orientational distribution of the director. 

The analysis of the NMR-line shape of LC-sandwich cells in this manner can yield 
various parameters relating to the liquid crystalline material. 

1. INTRODUCTION 

The orientation of the director in electrically nonconducting liquid 
crystal cells is determined by the elastic forces, the aligning action of 
the cell surfaces, and by external electric or magnetic fields. 

By means of the elastic continuum theory, Saupe' was the first to 
calculate the orientational distribution of the nematic director caused 
by external magnetic fields in a LC cell. Later, Gruler et al.' and 
Deuling3 studied the deformation of the homogeneous or homeotropic 
alignment of the director caused by a voltage applied to the cell. The 
results have been verified in different types of experiments such as 
measurements of capacitance or optical birefringence2 in LC-sand- 
wich samples. 

In section 2 of this paper, we give an extension of the theory above, 
which allows us to calculate the orientational distribution of the 
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246 A. FRIESER, H. SCHMIEDEL, B. HILLNER AND A. LOSCHE 

nematic director if both external fields, i.e., magnetic and electric, are 
present and make an arbitrary angle with each other. 

In section 4 theoretical results are compared with experimental data 
obtained from proton nuclear magnetic resonance (NMR) spectra of 
LC sandwich samples. It is shown that in t h s  case a deformation of 
the director field within the cell leads to a change of the NMR-line 
shape, thus providing an additional method for the determination of 
various LC parameters, e.g., the elastic constants. 

2. THEORY 

2.1. Deformation of nematic liquid crystals in electric and 
magnetic fields 

We assume the nematic liquid crystal to be enclosed between two glass 
plates separated by a distance d.  Let us first regard the case of 
homogeneous orientation depicted in Figure 1. 

The orientation of the director at a distance z from the wall is 
described by the angle 6 ( z ) .  

For the density of free energy of the nematic LC in Figure 1 we 
have the expression 

1 u2 E l  Felecrr.’ - - 2 d 2  r ( l  + {sin2#) 

Felast, contains the elastic constants K ,  and K,, and the magnetic 
energy Fmagn depends on the angle ( 6  - @) between the magnetic field 
H and the director n. xo = xll - x I  is the anisotropy of the diamag- 
netic susceptibility and po = 477 . lo-’  Vs/Am. The expression (2.4.) 
for the electric energy has been derived by Gruler’ and Deuling3. U is 
the voltage applied to the cell and { = (E, ,  - c L ) / ~  I , with the dielec- 
tric constants c,, parallel and E~ perpendicular to the director. The 
integral 
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PMR STUDIES OF NEMATIC DEFORMATIONS 241 

I 

2 

FIGURE 1 Cell geometry in the case of homogeneous orientation of the nematic 
director (strong anchoring). Electric field E, magnetic field H; the normal to the glass 
plates and the nematic director are assumed to be in one plane. 

is the ratio between the capacitance C, of the undeformed LC-cell 
(director perpendicular to the normal to the plates) and the capaci- 
tance C in the case of deformation (9, # 0). To obtain the deforma- 
tion 6 ( z )  of the nematic liquid crystal in the case where one has 
simultaneously strong electric and magnetic fields, we integrated the 
Euler-Lagrange equation 

with F containing all three terms of Eq. (2.1.). Using the boundary 
conditions indicated in Figure 1 we get 

(2.7) 
1 + qsin26 

( sin2$, - sin’%) R 
with q = ( K ,  - K , ) / K ,  and 

are natural units of voltage and magnetic field. 
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248 A. FRIESER. H. SCHMIEDEL. B. HILLNER AND A. LOSCHE 

To perform the integration in Eq. (2.7), one has to fix the maximum 
angle of deformation 6, and the value of 7 in such a manner as to 
obey simultaneously the equations 

= 1 (2.11) :” 2 ” d a  1 + qsin2i? 
lr 4 { (sin%, - sin26)R 

and 

= 7. (2.12) 
1 + qsin’8 

(sin%, - sin’6)R 
z / o ” d 8  lr 

Eqs. (2.7). (2.11) and (2.12) can be simplified to the pure magnetic 
case’ or the pure electric c a ~ e ~ . ~  putting U = 0 or H = 0 in Eq. (2.8). 
If only the magnetic field H is present, Eq. (2.11) is sufficient to 
determine H / H c  as a function of a,’, and in the pure electric case 
( H  = 0), from Eq. (2.12) alone we can calculate 6, for given values of 
U/Uc.3 In our case both U and H are different from zero and the 
determination of 6,  as a function of U/U,  and H / H ,  is more 
complicated. 

Assuming U # 0 we define a parameter 3 as 

(2.13) 

Eqs. (2.11) and (2.12) then can be rewritten 

(2.14) 

1 + q sin2a,sin2q U i (1 - sin26,sin2q) R 
(2.15) 
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PMR STUDIES OF NEMATIC DEFORMATIONS 249 

with 

1 
1 + [sin26,sin2rp 

R =  

sin 2@ 
tan[ 6, + arcsin(sin 9,sincp)I 

+ P I (  -C0S2Q, + 

Now, with fixed values of 9, and 2, Eqs. (2.14) and (2.15) give U/U, 
and 7. Then from Eq. (2.13) H / H c  can be obtained. In Figures 2, 3 
and 4, some results for the numerical evaluation of 6, as function of 
parameters U/U,, H / H , ,  'P, 11 and [ are shown. 

Figure 2 shows the angle 9, versus U/UC with @ = 0" and 3 = 1, 
7) = 0.5 for different values of H / H c .  It is clear that the threshold 
voltage, with higher ratios H / H c ,  is shifted to higher values. 

From Figure 3 the changes of 6, with variation of the LC-parame- 
ters 9 and [ can be seen. H / H ,  was fixed to be H / H ,  = 3.82 and 
Q, = 2". 

22 25 30 H/%-1,91 35  
* 

30 LO L 5  H/Hc-3,82 50 

6.8 70 75 H l l i c  -6,75 80 

75 8.0 i i / k - 7 , 5  a5 u/u, 
FIGURE 2 
performed for @ = O", 5 = 1 and I) = 0.5. 

1 9 ~  versus U/U< for various values of H/H,. Calculations have been 
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250 A. FRIESER, H. SCHMIEDEL, B. HILLNER AND A. LOSCHE 

goo-' 

60"- 

30"- 

20 P- 1,+~0.5 

I L 

3 L 5 u/uc 
-6; ; 

FIGURE 3 Calculated values of 9, p e r m  V / V ,  for different parameters q and 5 .  

In Figure 4, 6, is plotted versus U/U, for different directions CP of 
the magnetic field with strength H / H c  = 3.82 and = 1, 77 = 0.5. 
The orientation 6 ( z )  of the director for H / H c  = 3.82 with CP = 2" 
and CP = 35.3" can be seen in Figure 5. At the glass plate ( z  = 0) we 
have always 6(0) = 0, followed by a monotonous growth of 8 ( z )  to 
6 ( d / 2 )  = 9, in the middle of the cell. The formula and graphics given 
above apply also to the case of homeotropic orientation by replacing 
the angles 6 --* n / 2  - 8,  CP -+ x / 2  - CP, which is equivalent to the 
substitution of E , ,  - E I and K ,  tf K ,  as was pointed out by Deuling3 
in the pure electric case. 

FIGURE 4 

1 .n4 

31 - 
1 5 10 u/uc 

8, ciersus U / u  for some different directions @ of the magnetic field. 
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PMR STUDIES OF NEMATIC DEFORMATIONS 251 

9,' 

0.5 1.0 2zld 

'W H/$-3,82 @-35,3O 

UIU, =6,06 

Furthermore, the weak anchoring case can be obtained by a scaling 
procedure in the z-coordinate and fixing the z-origin at the point zo 
where 9( zo) = 9ssurface whch depends upon the surface energy.4 

2.2. Proton-NMR line shape 

Proton NMR absorption at a frequency v in nematic and LC-phases is 
determined by the intramolecular dipolar Hamiltonian XD which 
can be written in the form' 

XD = s+sx; (2.17) 

where S is the molecular orientational order parameter, 2: is the 
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252 A. FRIESER. H. SCHMIEDEL, B. HILLNER AND A. LOSCHE 

2 0 KHz +I -oo - 
H/H, -3,82 

(a) s-1 
FIGURE 6 Theoretical (6a) and experimental (6b) proton-NMR line shapes for a 
nematic LC-sandwich cell (NPOB). The orientational order parameter S can be ob- 
tained by S = & exp(U/q. = 0, CP = Oo)/& theor(9, = 0. CP = 0"). The calculation 
of the NMR-line shape has been performed using the expenmental values of H / H , ,  
C / / L : , ~ = l a n d ~ = O 5 .  

The narrow central peaks in the experimental spectra are caused by a statistically 
onented region in the sample (see section 4.1). 

intramolecular dipolar spin hamiltonian for S = 1, and S, depends 
upon the angle J ,  between the director n and the external magnetic 
field H. 

(2.18) 

As a consequence of Eq. (2.17), the NMR-line shape &(Y) of a LC 
sample, with the director inclined at an angle J ,  with respect to the 
magnetic field, is obtained from the line shape &(Y) of a LC sample, 
with its director along H, simply by a scaling procedure5 

(2.19) 
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PMR STUDIES OF NEMATIC DEFORMATIONS 253 

U-l,95V 

10 KHr - 
H/% 3,82*402 

(b) + I "  

FIGURE 6 (Continued) 

In the case of the deformed LC-layer (c.f. Figure l), the angle 
I) = @ - 9 depends upon the coordinate z ,  and the NMR-line shape 
is a weighted superposition 

(2.20) 

where w ( 6 )  is the probability density function of the angle 6. 
Thus, the analysis of the proton NMR-line shape of a LC-sample 

gives information about the orientational distribution w(  S) of the 
director in a LC-cell. 
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+ - 2 o  

H/Hc - 3,82 
7 -0.5 

c 
L 5 6 7 u/u, 

FIGURE 7 Relative splitting Av versus U / L ; .  for various values of dielectric anisot- 
ropy {. Av is defined as the ratio of the splitting 5 actually observed to the splitting h; 
( 4 = YO") which would be measured for an undeformed LC-sample where the director 
is exactly perpendicular to the magnetic field. 

As an example. in Figure 6 the theoretical PMR-line shape f o (  v )  of 
NPOB well aligned along the magnetic field is given, together with 
some spectral patterns fm for deformed nematic layers. 

The theoretical spectrum 9 = 0" and + = 0" was obtained from the 
molecular structure using the perturbation method described in ref. 5.  
fm has been calculated according to Eq. (2.20) using the scaling 

procedure (2.19) of to( v )  in Figure 6. The distribution function w( 8) 
was obtained by the method described in the previous section. It can 
be seen that the splitting or the half width of the NMR-line is 
strongly affected by the values U/U,, H/H, ,  and 0. In Figures 7 and 
8, the theoretical dependence of the relative splitting Av = A v / ( A v (  II, 
= 90")) on U/U, is shown for H / H ,  = 3.82 and various directions (p 
of the magnetic field. If the LC-sample were uniformly aligned at the 
angle a,, the relative width should be 

_ _  

Av = 13cos'(a, - @ )  - 11 (2.21) 

From Figure 7, in the case @ = 2", the influence of the nonuniform 
orientation of the director in the nematic cell forces the difference in 
line width to reach about 15%, which should be measured experimen- 
tally. The slope of Av is rather strongly dependent on the dielectric 
anisotropy c I I  - c I as can be seen from Figure 7 in the region of 
U / U ,  giving the minimum line width Av. 
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I a3 

H/y-3,82 
f-1 , ~ 0 . 5  

1 -  

- 

I I I I c 

L 5 6 7 u/u, 
FIGURE 8 Normalized splitting Av versus U / U c  for various directions (D of the 
magnetic field. 

3. EXPERIMENTAL 

Proton measurements have been performed using the Bruker NMR 
pulse spectrometer B-KR 322 s at resonance frequencies of 16, 32 and 
60 MHz. To improve the S/N-ratio, in the case of LC-sandwich 
samples of 4 . .  .30 pm thickness (i.e. 0,75.. .6 mg of liquid crystal), 

I_-- rotation axis 

Bmm x16mmxd 

top view 

glass plate 
T - E  liquid crystal 

-spacer (El --I- 
d 

FIGURE 9 Principle construction of the NMR-cell. The slze of the glass plates is 12 
mm X 24 mm X 1.2 mm. 
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256 A. FRIESER. H. SCHMIEDEL. B. HILLNER AND A. LOSCHE 

rectangular rf-coils have been used which gave a filling factor of about 
lo-- '  to 8 . Figure 9 shows the main construction. 

Accumulation of the FID signal with a number of sweeps between 
1000 and 4000 followed by a Fourier transformation yielded S/N- 
ratios of about 10. 

The proton-NMR signal of the empty cell (caused by protons in the 
spacers. glass plates etc.) had to be subtracted from the signal from the 
cell filled with the liquid crystal, in order to obtain the pure NMR- 
absorption signal of the nematic. 

We used glass substrates with a conducting layer (ca.  100 C?/cm2) 
and, for planar alignment of the liquid crystal, a second layer of 
obliquely (60") evaporated SO6 .  

The quality of the parallel orientation of the liquid crystal has been 
proved by microscopic observation with polarized light and measure- 
ments of capacitance in a magnetic field. 

In most experiments with electric fields, we used sinusoidal voltage 

The sample in the temperature-stabilized probe-head could be 
rotated about an axis perpendicular to the magnetic field. The liquid 
crystal material used in our experiments was 4-nitrophenyl 
4-octyloxybenzoate (NPOB) the liquid crystalline properties of which 
are well known7. 

(0 - 8V) of 340 Hz. 

4. RESULTS AND DISCUSSION 

4.1. NMR-samples without electric fields 

To study the orientational distribution of the director. we have used 
LC-sandwich cells with thcknesses d of about 4 pm, 7 pm, 20 pm and 
30 pm. The glass-surfaces had been treated to yield planar orientation 
of the director near the glass plates. 

In  Figure 10a. h ,  one can see the proton-NMR spectra at 32 MHz 
of a smectic-A NPOB-cell with d = 20 pm for C#I = 0" and 90". The 
sample had been cooled from the isotropic state ( T  > 69°C) to the 
smectic-A phase ( T  = 59 O C) without a magnetic field. The central 
peak in both spectra comes from a region in the LC-cell where the 
director is randomly oriented. The relative size of the region (whch is 
in Figure 10a. b about 30%) can be reduced if the sample is cooled 
from the isotropic phase to the S,-phase in an orienting external 
magnetic field (@ = 0"). As can be seen from Figure 1Oc. d,  the 
central peak is much smaller, but still present (c.f. Figure 6b). 
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PMR STUDIES OF NEMATIC DEFORMATIONS 257 

FIGURE 10 
phase. B is 
T = 59.e. 

a +-SOo 10KHZ 

Proton NMR spectra of a NPOB-cell with d = 20 pm in the 
the value of the polarizing magnetic field (see text). yo = 32 

smectic A 
MHz and 

10 KHz 
H 

FIGURE 11 Experimental ( l l a )  and theoretical ( l lb )  angular dependence of PMR-line 
shape of a 4 pm-NPOB-cell at 32 MHz. Number of sweeps 4096, 7' = 63.5"C. Central 
peak see text). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
23

 2
0 

Fe
br

ua
ry

 2
01

3 



258 A. FRIESER. H.  SCHMIEDEL. B. HILLNER AND A. LOSCHE 

10 KHz - 

cp -300 

+ -10 

The dependence of the experimental PMR-line shape at 32 MHz on 
direction CP of the magnetic field is shown in Figure 11 for the 4 
pm-cell. The changes in the line shape are caused by deformations of 
the director field. Theoretical line shapes have been calculated accord- 
ing to Eq. (2.20) using values H / H ,  = 0.478, 71 = 0.5. In Figure 12. 
the dependence of the relative splitting Av and the maximum defor- 
mation angle 9, upon the direction CP of the magnetic field is shown 
for the same sample. 

I t  can be seen that the normalized experimental splitting Av differs 
very little from the dependence Av = (icos2+ - f), because in t h s  
case H / H <  = 0.48 and 9, remains small. For higher values of cell 
thickness d at the same resonance frequency vo = 32 MHz, the 
LC-layer becomes more deformed and the angular dependence of Av 
is strongly changed. 
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4 * J  

259 

30 60 

FIGURE 12 Relative splitting Av and ir, uersw @ for the 4pm-NPOB-cell at 
T = 63.5"C and vo = 32 MHz. Circles correspond to experimental values; the solid 
line is the theoretical dependence for H / H ,  = 0.478 and q = 0.5). 

10 KHz 

cb -900 

- 70° 
+- 5 5 O  

+ -00 

FIGURE 13 
cell of 7 p n  thickness at T = 67 O C. 

Angular dependence of the PMR-line shape of NPOB at 32 MHz for a 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
23

 2
0 

Fe
br

ua
ry

 2
01

3 



260 A. FRIESER. H. SCHMIEDEL. B. HILLNER AND A. LOSCHE 

Figure 13 shows the angular dependence of the proton NMR-line 
shape at 32 MHz for d = 7 pm and NPOB in the nematic phase 
( T  = 67 "C). The spectrum at CP = 0" can be interpreted as the signal 
of a sample with 75% parallel-oriented LC, the remaining 25% being 
randomly distributed. Parts with random orientation are caused most 
probably by some surface alignment effects near the edges of our 
NMR samples and partially by faulty surface treatment. 

4.2. NMR samples with electric fields 

In Figures 14 and 15, the PMR-line width Av is plotted as a function 
of the voltage U/V,.  at the LC-cell for vo = 16 and 32 MHz, where the 
direction of the magnetic field has been chosen to be lo, 5" .  lo", and 
35". The LC-sample thckness is d = (30 f 1) pm. Similar results 
have been obtained for v,, = 60 MHz. It can be seen that there is a 
small but distinct difference between the experimental values of Av 
and the simplified dependence given by Eq. (2.21), whereas the 
experimental points are adequately described by means of the theory 
developed in section 2. 

FIGURE 14 Experimental values of relative splitting Art wnia l ' / 'L:  for a NPOB-cell 
of 30  prn thickness at T = 63.5 O C  and E ' , ~  = 16 MHz. Theoretical fi t  with ( = 1 and 
7 = 0.5. 
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2 

L 5 u/uc 2 4  6 U/Y, 

. 
0 6 12 u/uc 

FIGURE 15 The same as in Figure 14 except Y,, = 32 MHz ( H / H ,  = 3.82). The 
dotted lines correspond to the simplified dependence (2.21). Experimental values 
(circles) are adequately described by the theory developed in section 2 (solid lines). 
Similar results have been obtained for d = 9 pm and 19 pm. 

4.3. Conclusion 

As was pointed out in section 2.2, the proton NMR-line shape fm of 
a LC-sample (consisting of regions with different orientations of the 
nematic director) contains information about the relative size w( 4) of 
the regions where the director forms the angle JI with the direction of 
the external magnetic field. Therefore, by means of NMR-line shape 
analysis it should be possible to obtain the distribution function w(#) 
of the director in the sample. Whereas the measurement of the 
capacitance C or the optical phase-difference angle 6’ in LC-samples 
gives as a result a number (C  or 8 )  depending in an integral manner 
on the distribution function of the director, the result of the NMR- 
measurement is the function fm, i.e., a whole’ set of integrals fm 
(Eiq. 2.20). We have seen that the experimental proton NMR-line 
shape of nematic sandwich cells could be simulated using the theory 
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described in section 2. Thus, by means of a fitting procedure, various 
parameters of the liquid crystal such as elastic constants ( K l ,  K , )  
and/or dielectric or diamagnetic permittivities, can be obtained from 
NMR-line shape analysis. 
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