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Infrared ATR measurements have been performed on a 90" twisted nematic 4-n-pentyl4-cyano- 
biphenyl (5CB) under an externally applied DC electric field. Analysis of polarized reflection ab- 
sorbances for the CEN stretching band at 2225 cm-' allows the characterization of the aniso- 
tropic structure of a boundary layer about 3000 A thick at the cell electrode surface. For instance, 
anisotropic absorption coefficients derived from the measured reflection absorbances at zero 
electric field confirm that molecular alignment at the boundary is substantially uniaxial. On the 
other hand, it is found from changes in the absorption coefficients with applied electric field that 
the threshold voltage for prodwing field-induced molecular reorientation is 5 V. The average di- 
rection of the cyano dipole with respect to the field direction is also obtained as a function of 
applied field strength. 

1 INTRODUCTION 

The anchoring properties of liquid crystal molecules have recently become of 
particular technological interest because they play a dominant role in deter- 
mining the performance of electro-optical displays. Actually this practical 
problem has spurred a few investigators to get some insight into the mecha- 
nism of surface-induced alignment of liquid crystal molecules' o r  t o  look at 
the very posture of liquid crystal molecules at solid surfaces.' Nevertheless, 

tPresented in part at the Eighth International Liquid Crystal Conference, June 30-July 4, 
1980, Kyoto (Japan). 
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196 [I7961 A. HATTA 

methods to measure directly the anchoring of the molecules at electrode sur- 
faces remain very limited. A related problem of importance is the response of 
the boundary molecules to a perturbation by an electric field, but information 
in this connection has not yet been obtained. 

In this series of papers the author and others have shown some important 
possibilities of infrared ATR spectroscopy for the study of the orientational 
structure of liquid crystals adjacent to electrodes.3s4 The present paper is con- 
cerned with an application ofthis technique to the observation of the molecu- 
lar reorientation of 4-n-pentyl-4‘-cyanobiphenyl (5CB)’ near a 90” twist cell 
electrode under the combined influences of anchoring forces and an applied 
DC electric field. 

2 EXPERIMENTAL 

ATR spectra were taken on a JASCO IR-G grating spectrophotometer in con- 
junction with double-beam ATR optics6 and with a polarizer consisting of six 
AgCl plates. Effort was made to adjust the alignments of mirrors on the optics 
to obtain the best fit in  energy between a sample and reference beam. To form 
a “field effect”cel1 a nematic 5CB film 14 pm thick was sandwiched between a 
Si ATR prism for a single reflection and a Si plate, both served as the elec- 
trodes. The infrared radiation was incident on the totally reflecting Si prism/ 
liquid crystal interface at a fixed angle of 40” from the normal. A DC electric 
field was applied normal to the liquid film, the Si prism electrode being made 
positive. 

To produce a 90” twist of homogeneous orientation in the cell, SiO films 
were previously deposited under 6 X lo-’ torr onto the electrodes by a well- 
known oblique evaporation technique.’ The electrodes were positioned ap- 
proximately 20 cm from the SiO source placed in an alumina-coated tungsten 
wire basket. The evaporation angle was 60” relative to each electrode surface 
normal. The thicknesses of the SiO films were estimated from the mass 
changes of the electrodes after SiO deposition by a micro-balance with a min- 
imum scale graduation of 5 pg. The density of the SiOfilms was taken as being 
equal to the bulk density of 2.24 g - ~ m - ~ .  

The sample of 5CB having a clearing point of 352°C was provided by 
Chisso Co. ATR measurements were made on the nematic phase super-cooled 
at 20°C as well as on the isotropic phase at 40°C. 

3 RESULTS AND DISCUSSION 

3.1 Transmission spectra of 5CB 
To establish the transition moment direction of the normal modes of 5CB vi- 
bration, a transmission analysis with polarized radiation was performed on a 
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INFRARED ATR SPECTROSCOPY OF LIQUID CRYSTALS [I7971 197 

5CB thin film about 2 pm thick between two KBr windows whose inner sur- 
faces were rubbed in one direction with a buff. The results are shown in Figure 1. 
In the figure, the solid and dotted lines refer to the electric vector of radiation 
polarized parallel and perpendicular, respectively, to the direction of rubbing. 
The bands at 2930 and 2860 cm-l are due to the asymmetric and symmetric 
CH;! stretching respectively and a sharp band at 2225 cm-l is attributed to  the 
CGN stretching vibration. The 1607 and 1498 crn-' bands are assigned t o  the 
phenyl ring modes which primarily involve C-C stretchings. Gray and Mosley 
have assigned most of thevibrational modes observed in the Raman spectra of 
5CB and its deuterated species (SCBdl I).' The absorption band at 8 12 cm-l 
probably corresponds to a Raman band at 806 crn-l which has been assigned 
by them as due to the phenyl ring breathing. The main contribution of this 
vibration is believed to  be the in-phase wagging of the two adjacent hydro- 
g e n ~ . ~  The vibrational assignments above are entirely compatible with the re- 
sults of infrared dichroism observed as well as with the basic assumption that 
the long axes of the molecules are oriented uniaxially around the rubbing 
direct ion. 

Assuming that the optical axis of the film coincides with the rubbing direc- 

1 
P O 3 0  

t, ! 
\ a  i 

"'i j 
\ /  m a d  
!I 

81E 

T = 25'c 

cm-' 
FIGURE 1 Polarized transmission spectra of a homogeneously oriented 5CB liquid crystal. 
The solid and dotted lines refer to the electric vector of radiation polarized parallel and perpen- 
dicular to the optical axis, respectively. 
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198 [I7981 A. HATTA 

tion, the relationship between the dichroic ratio dand the orientational order 
parameter s is" 

d -  1 
s = (d+2)& 

where S ,  = (3cos2@ - 1)/ 2and p i s  the angle between the molecular long axis 
and the direction of transition moment. Furthermore, d is given by A, , /A ,  
where A ,, and ALare the absorbances measured in radiation polarized parallel 
and perpendicular, respectively, to the optical axis. The values of dichroic 
ratio derived from Figure 1 are given inTable I, together with the assignments 
oftheobserved frequencies. It is evident from Table I that the812cm-' has the 
lowest d value. If one assumes that the transition moment of the 81 2 cm-' band 
is perpendicular to the long axis ofthe molecule, i.e., j3 = 90°, then the Svalue 
is obtained to be 0.46. Obviously, this value is the minimum permissible value. 
Values of p for the remainder of the vibrational bands were then calculated on 
the basis of the same S value. A summary of the results is given in the last 
column in Table 1. 

3.2 ATR analysis for a 90° twisted cell 
Polarized ATR spectra versus applied DC electric field measurements were 
performed on a 90° twisted cell," as shown schematically in Figure 2. The 
5CB molecules were aligned in such a way that the orientation axis of the 
molecules at the Si prism side is parallel to the y-axis. The SiO films deposited 
on the Si electrodes were about 1800 A thick; they were prepared by slow 
evaporation (deposition rate -200 A/ min) and, therefore, their optical prop- 
erties may more or less be different from those of true SiO." However, since 
the SiO thickness mentioned above remains very small compared to the wave- 

TABLE I 

Vibrational assignments and dichonc data for 5CB 

Wavenumber Assignment Dichroic ratio f l  

2930 CHI asym. str. 0.87 58.8" 
2860 CHI sym. str. 0.86 59.2" 
2225 C=N str. 2.83 20.0" 
1607 phenyl ring str. 3.06 16.1" 
1498 phenyl ring str. 3.09 15.5' 
855 pentyl chain' 0.57 72.5" 
830 pentyl chain' 0.50 78.0" 
812 phenyl CH wag. 0.44 90.0"' 

'The angle between the transition moment direction and the long axis of the molecule. 
'Ref. 8. 
'Assumed. 
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INFRARED ATR SPECTROSCOPY OF LIQUID CRYSTALS [1799] 199 

Z 

Si 
FIGURE 2 
of the coordinate system for the present ATR analysis. 

Schematicdrawing ofthe molecular orientation ina 90° twistedcellanddefinition 

length of incident radiation, it is assumed that electric fields of evanescent 
wave at the SiO/5CB interface are still defined by the Si/5CB indices of re- 
fraction. This is equivalent to assuming that the SiO film is regarded as a me- 
dium which contributes only to a reduction of the depth of the evanescent 
wave penetration into the liquid crystal. 

The reflection absorbance to be determined by ATR measurements is given by 

In (Ry/R,)  = p * k ,  (2) 

(3) 

for radiation polarized perpendicular to the plane of incidence (yz  plane) and 

In (RHIR,,) = q ' k ,  + r * k ,  

for radiation polarized parallel to that plane.13 In these equations, R,, and R, 
are the reflectivities measured with radiation polarized parallel and perpen- 
dicular, respectively, to the plane of incidence, R\ and R! being the back- 
ground reflectivities. Furthermore, k,, k,, and k ,  are the components of the 
absorption coefficient along thex, y, and zaxes andp, q, and rare  functions of 
three factors, the refractive index of Si, the refractive indices of 5CB, and the 
angle of incidence. Provided the refractive indices of 5CB are equally replaced 
by an average index of 1.59 in the visible region,14 the coefficients in Eqs. (2) 
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200 [I8001 A. HATTA 

and (3) are calculated to bep = 1.903, q = 1.310, and r = 2.747 for the radia- 
tion incident on the Si/5CB interface at an angle of 40" from the normal. 
Another important variable that determines reflection absorbances men- 
tioned above is the penetration depth of evanescent wave; the value is propor- 
tional to the wavelength of incident radiation." In the present study, the CEN 
stretching band was chosen as an indicator of the average amount of 5CB 
orientational order, because this vibration band is of strong intensity and is 
well isolated. In addition, it is obvious that the electric field exerts an orienting 
influence upon the molecules mainly through their CEN dipoles. Under the 
present measuring conditions, the penetration depth of evanescent wave re- 
sponsible for absorption of the CEN stretching can be estimated to  be about 
one-tenth the wavelength of radiation, i.e., 0.45 pm. If the thickness of SiO 
film on the Si prism is taken into consideration, information to  be derived 
from the CEN stretching band may be related to the boundary layer about 
2700 A thick at  the SiO/5CB interface. 

In Figure 3 is shown a selection of ATR spectra of the CEN stretching mea- 
sured as a function of applied D C  voltage. The upper and lower spectra refer 
to the electric vector of radiation polarized parallel and perpendicular, respec- 
tively, to the plane of incidence. The broken lines represent the spectra ob- 
tained for the isotropic liquid at 40°C. In order to  mark a small change in re- 
flectivity the ordinate scale was mangified 5 times on a chart recorder. The 
reflection absorbances obtained for the isotropic liquid are In (R&/R, , )  = 0.107 
and In (R!/ RJ = 0.049; these data lead to D = 2.18 where D is the "dichroic 
ratio" defined by In ( R & /  R,,)/ln (R!/ RJ The D value obtained above is in 
good agreement with the predicted value of 2.13 for a completely isotropic 
liquid, i.e., k, = k, = k,. As is shown in Figure 3, when the isotropic liquid 
was gradually cooled to  20" C the reflectivity R, increased, while the reflectiv- 
ity R, ,  remained almost unchanged. Quantitatively, the following values were 
obtained for the nematic phase: In (R&/ R, , )  = 0.107 and In (Ry/ RJ = 0.032. 
These data yield D = 3.34; the magnitude indicates that the molecules were 
aligned with their long axes parallel to they-axis, as was prescribed. It should 
be mentioned here that a slight twist of the unique axis about the z-axis can be 
disregarded, because the thickness sampled by the evanescent wave is esti- 
mated to be of the order of 2% of the actual cell thickness. For the above tex- 
ture, one finds k, = k,and then obtains kyJk, = 2.76. If one notices that k y / k ,  
exactly fits d i n  Eq. ( I )  and taking the value as 20.0" for the C=N stretching, 
the S value is calculated to be 0.45. Obviously, the magnitude of the aniso- 
tropy is rather low. Possibly, this is a reflection of the detailed nature of the 
substrate, viz., the geometry and size of the mountain-valley structure of the 
SiO film surface created by a self-shadowing mechanism. The thickness of the 
SiO film which is as large as 1800 A in the present case may be responsible for 
the imperfect orientation observed above. Moreover, the influence of a lami- 
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FIGURE 3 Polarized ATRspectraoftheC=Nstretchingofa nematic5CBliquidat 20"Casa 
function of the strength of DC electric field applied. The broken lines represent the spectra of the 
isotropic liquid at 4OOC. 

nar flow which is thought to dominate under weak anchoringconditions may 
also be significant because it can act on the surface alignment. 

As can be seen from Figure 3, on applying a DC electric field, R, ,  decreased 
with increasing field strength, whereas R ,  was virtually invariant. The former 
fact is considered as  a consequence of both the decrease ink, and the increase 
ink,, owing to the positive dielectric anisotropy of the  molecule^.^ The latter 
fact, on the other hand, indicates that the orientation of the transition moment 
o f the  CEN stretching with respect t o  theyzplane remained unaltered during 
the course of molecular reorientation by the field. A schematic model de- 
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202 [I8021 A. HATTA 

X X 

Y 

FIGURE 4 Schematic representation of theeffect of a DCelectricfield of sufficient strength on 
the cyano dipole shown at the left. 

scribing these observations is presented in Figure 4. In the figure p represents 
the transition moment of the CEN stretching which also describes the CEN 
dipolar axis. 8, designates the angle between the CmN axis and the z-axis or 
the field direction. The variation of 8, with rise of DC voltage will be described 
later. 

Measurements were also made with decreasing electric field though spectra 
are not shown here for the sake of space. In this case the observed change in R,, 
was not reversible even though the initial value before field application was 
attained. In addition, no significant change in R, was observed. The D values 
derived from the reflection absorbances were plotted as a function of applied 
field strength in Figure 5 .  The open and full circles represent the experimen- 
tal points obtained in the cases of increasing and decreasing electric field, re- 
spectively. As one can see, thevariation of D with increasing field is not sharp 
on the whole and so the threshold voltage for reorientation cannot be defined 
accurately; the quantitative details must await the analysis of the absorption 
coefficents as will be treated later. 

It is apparent from the discussion above that the measured amount of D can 
generally be related to the anisotropy. In the absence of any specific relation 
between k,and k,, however, theD value alone is not sufficient in order to specify 
the molecular orientation completely, because the experimental quantity, In 
(Ri /  R,,), reflects merely a sum of the terms of k,and k,. In what follows, there- 
fore, we shall describe a convenient approach to  separate these quantities and 
thereby obtain the complete set of anisotropic absorption coefficients. Im- 
plicit in this method is the assumption that the absorption coefficient k inde- 
pendent of molecular orientation remains unaltered at the transition from the 
isotropic to the nematic phase. In this connection, it should be noted that the 
absorption coefficient k is proportional to the square of the transition mo- 
ment which is invariant to  the choice of axes, i.e.. k o: p’ where p2 = p: 4- p: 

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
 0

2:
59

 2
3 

Fe
br

ua
ry

 2
01

3 



INFRARED ATR SPECTROSCOPY OF LIQUID CRYSTALS [I8031 203 

6 

5 

4 
n 

3 

0 5 10 15 2 0  25 30 
2 

Vrmn 
FIGURE 5 The “dichroic ratio” D of the CEN stretching band versus applied DC voltage. 

+ pt. Furthermore, since thej-th component of absorption coefficient, kj, is 
also proportional to p;, it can be easily shown that k = k, i- ky + k,. Ac- 
cordingly, if a k value can be evaluated from measured reflection absorbances 
for the isotropic phase, it is possible to determine the absorption coefficients 
for the nematic phase from the measured amounts of R,, and R,. 

To begin with, it may be of importance to obtain k ,  ky, and k, for the ne- 
matic phase at 2OoC in the absence of an electric field by the use of reflection 
absorbance data for the CEN stretching band which has already been men- 
tioned. Using Eq. (2), the quantity k can be evaluated directly from the reflec- 
tion absorbance In (R! /RJ for the isotropic phase. The result is k = 3 
k,  = 7.72 X lo-’. On the other hand, if k, is allowed to be equivalent to ky in 
Eq. (9, then k is calculated to be k = 3ky = 7.91 X lo-’ using the value of In 
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204 [I8041 A. HATTA 

( R i /  R , , ) .  To reflect these data best on k, however, it is convenient to express k 
in the form k = k, -4- 2k, where k, = k,. Thus, one finds k = 7.85 X If 
one notices again that thek value derived here is taken as the sum of k,, k,, and 
k,, then the combined use of the k value and the reflection absorbances ob- 
tained for the nematic phase provides k, = 1.68 X lo-'; k, = 4.35 X 
k, = 1.82 X lo-*. Since the values thus derived are accurate to a few per cent, 
the approximate equality of the values ofk,and k,is a strong confirmation of 
the uniaxial alignment of the molecules around the y-axis. 

In a similar fashion as above, the complete sets of anisotropic absorption 
coefficients changing with the strength of applied DC electric field were com- 
puted based on the measured reflection absorbances. The results are shown in 
Figure 6. From the figure the threshold voltage for causing an orientational 
change in the boundary layer may be taken to be about 5 V. Moreover, the 
simultaneous observation of increasing k, and decreasing k, with increasing 
electric field gives a powerful evidence in support of the positive dielectric an- 
isotropy ofthe molecules. This trend reaches saturation at 28 V, suggesting the 
completion of the molecular orientation along the field direction. Neverthe- 
less, it is very significant to note that the resulting texture is not uniaxial. On 
the other hand, a recent Raman study on a 5CB liquid crystal has shown that 

N 
'0 
7 
x 

Y 

V,,, 
FIGURE 6 Variations of anisotropic absorption coefficients with increasing DC electric field; 
0: k,, A: k,, 0: k,. 
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INFRARED ATR SPECTROSCOPY OF LIQUID CRYSTALS [I8051 205 

reorientation of the bulk liquid 14 pm thick between 90” twisted electrodes 
has a threshold of about 1 V and reaches saturation at 6 V.I6 Therefore it is evident 
that field-induced orientation occurs in the central area of the cell first, fol- 
lowed by propagating towards the boundary regions. 

The relative magnitudes of absorption coefficients in Figure 6 can then be 
used in the determination of the average direction of the cyano dipolar axis. If 
&is the angle between the ij-plane and the cyano dipolar axis, it is given by sin-’ 
(kk/k)”* (see Figure 4). Furthermore, the angle 8, which is measured between 
the cyano dipolar axis and the z-axis is written by co~-l(k,/k)”~. In Figure 7 
the values of &and 8, are plotted versus applied DC voltage. The constancy of 
OYr as the field is increased comes from the constancy of the k, previously men- 
tioned. On the other hand, 8, falls off gradually with the increase in field 
strength and comes close to the value of 8,, which is about 28”. Of course, 
since the value of 8, does not fall lower than the value of 8,,, the lower limit of 
8, is determined by 8,, and hence k,. 

20 - 

10 - 

I 1 1 1 1 I 

0 5 10 I 5  20 25 30 
VRllS 

FIGURE 7 Piotsofe,,(i,j = x,y,z)andO,against increasing DCvoltage;0:8,2,A:8,,,0:B,, 
.: &. For details see text. 
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/j 
'I; 

1 

I' r 

0 5 7 10 12 15 17 20  22 25 30 
V ~ ~ S  

FIGURE 8 Polarized ATR spectra of the E N  stretching of 5CB. The solid and broken lines 
have the same meaning as given in Figure 3, but note the unique axis at the prism side is parallel to 
the x-axis and the effective thickness is 3400 A. 
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ATR measurements were also performed on the case where the unique mo- 
lecular orientation axis at the Si prism side was specified to be parallel to the 
x-axis. Experimental conditions were the same as described before, except the 
thickness of the SiO films deposited on the Si prism and Si plate was 1100 A. 
A few of the spectra for the C=N stretching recorded with increas- 
ing DC voltage are shown in Figure 8. Information derived from the present 
analysis may be summarized as follows: the degree of orientational order for 
the boundary homogeneous texture in the field-off state at 20" C is 0.62, which 
is much larger than that found in the previous case; in spite of this, the thresh- 
old voltage for deformation ofthe texture is nearly the same; the results of the 
anisotropic absorption coefficient analysis are in further support of the valid- 
ity of the molecular reorientation model as was illustrated in Figure 4. 

Thus far particular attention has been paid to  the question to what extent 
5CB molecules in  contact with an obliquely evaporated SiO film respond to 
external DC electric field. However, one of the most important aspects of the 
present method of analysis is that polarized ATR spectra enable us to deter- 
mine the anisotropy of a liquid crystalline film in three dimensions. To en- 
hance its usefulness, the author has recently started ATR experiments on ne- 
matic liquid crystals using an experimental setup for continuous observation 
of reflectivity changes with the incident angle of radiation and thereby obtain- 
ing more information about the depth profile of liquid crystal structures. 
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