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Influence of substituent length in dichroic dye molecules
on the orientational properties of guest-host
liquid crystal mixtures

by DANUTA BAUMAN,* TOMASZ MARTYNSKI and EWA MYKOWSKA

Institute of Physics, Poznaii University of Technology,
Piotrowo 3, 60-965 Poznan, Poland

(Received 26 June 1994; accepted 24 September 1994)

The polarized absorption spectra of eight dichroic dyes, alkyl derivatives of 4-amino-
(N-ethylnaphthalimide) dissolved in the nematic liquid crystals SCB and 6CHBT have been
measured as a function of temperature. On the basis of these spectra, the guest order parameter
has been evaluated. The influence of the alkyl chain length of the dye molecule on the molecular
orientation has been examined. Moreover, the nematic—isotropic transition temperatures for the
dye-liquid crystal mixtures have been determined. The experimental results have been compared
in some detail with calculations made on the basis of the mean field theory for binary mixtures.

1. Introduction

Since the report of Heilmeier and Zanoni [1] of the
‘guest-host’ effect in nematic liquid crystals there has
been much interest on phenomena associated with the
addition of dichroic dyes (guests) to liquid crystalline
matrices (hosts). Dye-liquid crystal mixtures have found
applications in two important scientific areas, one in order
to obtain information concerning the electronic spectra of
the dyes [2-7], and the other to study the interactions
between guest molecules and their anisotropic environ-
ment [8—13]. Furthermore, such mixtures are utilized in
the construction of the electro-optical liquid crystal
display (LCD) devices working both in passive and active
modes [14-18]. A number of dyes of different chemical
classes containing various extended chromophore systems
have been examined as guests in liquid crystalline hosts
[17] with the purpose of effecting improvements in colour
contrast, brightness and viewing angle of LCDs. Recently,
it has been found, that some derivatives of 4-amino-(N-
ethylnaphthalimide) can be used successfully both in
passive and active ‘guest-host’ LCD devices [19-20].
These dyes have a brilliant yellow colour, which is
important not only as one of the three primary colours, but
also as an ingredient for preparing a practically useful
black or green colour; the dyes orientate well in technolog-
ically important liquid crystalline mixtures, have very high
fluorescence quantum yields in the spectral region advan-
tageous for the human eye, are stable to the sunlight, and
do not significantly destabilize the nematic phase of the
host.

* Author for correspondence.

In this paper, a detailed study has been made of the
influence of derivatives of 4-amino-(N-ethylnaphthal-
imide) with various lengths of the alkyl chain on the
orientational order and on the nematic—isotropic phase
transition temperatures of the guest—host mixtures. More-
over, an attempt to find a correlation between the geometry
of the guest molecules, the degree of molecular order and
the mesophase existence region for the nematic liquid
crystal doped with the dichroic dye has been undertaken.

2. Experimental
The alkyl derivatives of 4-amino-(N-ethylnaphthal-
imide) studied have the molecular structure:

— CO
O = s
(5

The alkyl substituents R, the molecular weights Myw and

Table 1. The alkyl substituent R, the molecular weight, My and
the length to breadth ratio, //d of the dyes investigated.

Dye R My Ud
1 —CH; 254 1.52
2 -CH,CH; 268 1-66
3 —(CH,),CH; 282 177
4 —(CH,):CH, 296 191
5 _(CH,)CH; 310 201
6 —(CH,)sCH; 338 227
7 —(CH);|CH; 407 283
8 (CH,,CH(CHy), 310 1388

0267-8292/95 $10-00 © 1995 Taylor & Francis Ltd.
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Table 2. Concentration of dye, ¢, and guest order parameter,
S at 300 K for the dye-liquid crystal mixtures investigated.

5CB 6CHBT

Dye L[Mwlll S(‘, C[Mw/l] SG

20X 1072 040 — —
20x107% 034 50x107°% 041
31%10 2 032 1-0x 1072 040
4.0x1072 037 5.0x 1073 041
40x107% 040 50x107°% 046
40x10°% 040 50x10°3 045
40x1072 042 50x 107 046
40x107% 034 50x107% 045

XU A W=

the ratios of the molecular length to the breath, I/d of each
of the dyes investigated are listed in table 1. The sizes of
the dyes were estimated from the known bond lengths and
the configurations of the molecules [21] including the van
der Waals radii of the terminal atoms [22]. The dyes were
synthesized and chromatographically purified in the
Institute of Dyes at Lodz Technical University, Poland.
The details of the synthesis are given in [19,23]. The
commercial nematogens SCB (4-n-pentyl-4’-cyano-
biphenyl), (K15, Merck Ltd, UK) and 6CHBT (4-trans-
4'-n-hexylcyclohexyl)isothiocyanotobenzene), (POCH,
Lublin) were used without further purification as host
matrices. The dyes were initially screened for their
solubility in the liquid crystal in the nematic phase and
were dissolved in 5CB and 6CHBT at the concentrations
given in table 2.

The polarized absorption spectra of the guest—host
mixtures in the visible spectral region were obtained using
a SPECORD M40 (Carl Zeiss Jena) double beam
spectrophotometer equipped with neutral polarizers. The
measurements were made as a function of temperature
using ‘sandwich’ cells of 20 um (dye—5CB mixtures) and
80 um (dye—6CHBT mixtures) thickness. The temperature
of the cells was regulated and controlled with a practical
accuracy of = 0-1° using a Temperature Controller 660
(UNIPAN). After changing the measurement temperature,
the cell was left for approximately 20 min to reach thermal
equilibrium. The planar orientation of the guest and host
molecules was achieved by treatment of the glass surfaces
of the cells with polyimide and by an additional rubbing
process. This procedure gives a good homogeneous
molecular orientation in a thin layer, and this was
controlled with the aid of the crossed polarizers. The
absorption spectra of the dyes dissolved in the liquid
crystals were recorded for two positions of the cell, that is,
with the orientation axis of the liquid crystal sample at
angles of 0° and 90° with respect to the polarization plane
of the light beam. Additionally, the base line spectra for
the pure liquid crystals were recorded for the same two

positions of the cell. After correction for the base line, two
components of absorbance, A and A |, as a function of the
wavelength were obtained.

The temperatures of the nematic—isotropic phase tran-
sition, both for the pure liquid crystals and the dye-liquid
crystal mixtures were determined with an accuracy of
+(-1° by means of a polarizing microscope, BIOLAR PI
(PZO, Warsaw), equipped with a heating stage.

3. Results and discussion

3.1. Order parameter of dyes in liquid crystals
The long range orientational order which is a character-
istic feature of the nematic phase of liquid crystal materials
can be described by the order parameter, as proposed many
years ago by Zwetkoff [24] who suggested

S=1{cos? ) — 1). (1

Equation (1) is valid, assuming the liquid crystal
molecules to be cylindrically symmetric objects. 0 is the
angle between the molecular long axis of one of these
objects and the preferred direction of the molecular
alignment (the director).

The order parameter of the guest oriented in the nematic
host, Sg can also be determined from equation (1), but in
this case  means the angle between the director and the
long axis of the guest molecule. Experimental evaluation
of Sg is possible through measurement of the polarized
absorption spectra of the guest dissolved in the nematic
host. The absorption of light by the guest in relation to a
certain electronic transition is determined by the transition
moment . If we assume for simplicity that there is a single
transition from the ground to the excited state and that the
direction of this transition deviates from the direction of
the molecular axis at an angle a, the order parameter, Sg
can be obtained from the measured absorbance for the
incident polarized light using the following formula
[25,26]

_A—AL 2

S - ’
G Aj+2A, 3cos?a— 1

(2)

where Ajand A ; are the absorbances of the light polarized,
respectively, paraliel and perpendicular to the director.

In equation (2) it is implicitly assumed that the guest
molecules are cylindrically symmetric. For non-cylindri-
cal molecules, there exists a more complicated relation
between Sg and the absorbance measured in the experi-
ment. In the case of biaxial guest molecules for example,
the second order parameter, Dg, which depends on the
angle of rotation about the director should be introduced
[27,28]. An investigation of the order parameters of
dichroic dyes with molecular structures similar to that of
the dyes studied in this paper has shown that the values of



10:19 26 January 2011

Downl oaded At:

Orientation of guest-host mixtures 609

Dg are small with respect to Sg [7]; therefore we neglect
the biaxiality order parameter Dg in our considerations.
The alkyl derivatives of 4-amino-(N-ethylnaphthal-
imide) have only one absorption band in the visible region.
The position of the maximum of this band does not depend
on the length of the alky! chain within the experimental
uncertainty, and is equal t0 Ams =435nm in 5CB and
Amax = 425 in 6CHBT. This means that the origin of the
absorption is the central part of the dye molecules and the
transition results from charge transfer between the
nitrogen atom at the substituent R (donor) and the imide
carbonyl oxygen atoms (acceptors). The difference in the
Amax position in the two liquid crystals is caused by the
different polarities of the solvents. Therefore, the terminal
groups should not affect the direction of the transition
moment, g and will influence only the order parameter, Sc.
This allows us to assume for simplicity that the direction
of the transition moment is parallel to the director,
although the symmetry group of the dyes investigated is
not high enough to fix x = 0°. We do not know, however,
up to now the angle « for the novel synthesized dyes
studied in this paper. However, it seems that although we
cannot determine the absolute value of Sg, we can compare
values for the dyes with different terminal substituents.
Figures 1 and 2 show the order parameters, Sg of the
chosen dyes in 5CB (see figure 1) and 6CHBT (see
figure 2) as a function of the reduced temperature
T* = T/Tn;, where Ty is the average clearing temperature
of the guesi-host mixture and 7 is the temperature of
the measurement in K. Additionally, the temperature
dependence of the host order parameter, Su for pure 5CB
and 6CHBT, estimated on the basis of the refractive index
measurements [12,29], are presented in the figures. For
the calculation of Sg from equation (2), the values of the
absorbance were taken at the wavelength corresponding to
the absorption maximum. At least three and usually five
cells were used to determine each order parameter. The
results presented here are average values. The uncertainty
in the determination of Sg is estimated to be = 0-01.
From figures 1 and 2, it is seen that the order parameter
changes with temperature and drops to 0-15-0-38 just
below the nematic—-isotropic transition. This transition is
first order, and in the isotropic phase the value of the order
parameter is zero. The temperature dependence of S in the
nematic phase is different for the various dye-liquid
crystal mixtures. This suggests that the mixtures investi-
gated are differently resistant to thermal fluctuations
(vibrations, librations, and possible internal reorientations
of the molecules) and indicates strong individual solute—
solvent interactions. The latter is confirmed by the
significant difference between the S and Sy values at
the same reduced temperature.
Table 2 summarizes the guest order parameters, Sg
obtained at room temperature (300 K) for all the mixtures

S 0.4‘ v UU—

that have been studied, whilst figures 3 and 4 present the
dependence of Sg on the alkyl chain length of the
substituent R at the reduced temperatures 0-967, 0-985 and
at the nematic—isotropic phase transition temperature for
5CB and 6CHBT, respectively. Dye 1 does not dissolve in
6CHBT at a concentration sufficient to measure the

0.7 ﬁ T T T

0.6 | |
0.5 ¢ ° ]

e

0.3 o * . v v, A
0.2 r _

0.1

0.0 —

0.96 0.97 0.98 0.99 1.00

T

Figure 1. Order parameter as a function of reduced tempera-
ture, 7* for pure SCB [12] (squares), dye 2 in 3CB (circles)
and dye 6 in 5CB (triangles). T* = T/Tn:.

07 Y —T T T T
0.6 . .
0.5} T e,
S 0.4 _ hd [ o . T 'vi%u,%
0.3 | Tl
..‘
0.2 - .
0.1} ]
0.0 { L L L L
0.94 0.96 0.98 1.00

*
T
Figure 2. Order parameter as a function of reduced tempera-
ture, T* for pure 6CHBT (28] (squares), dye 3 in 6CHBT
(circles) and dye 7 in 6CHBT (triangles). T* = T/Tn.
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Figure 3. Sg versus alkyl chain length of dye molecules
dissolved in SCB at three reduced temperatures: 0-967
(triangles), 0-985 (squares) and 1-0 (circles).
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Figure 4. Sg versus alkyl chain length of dye molecules
dissolved in 6CHBT at three reduced temperatures: 0-967
(triangles), 0-985 (squares) and 1-0 (circles).

absorption in the thin layer. From the results presented in
table 2 and figures 3 and 4, it follows that the values of the
order parameter, Sg for the various dyes in the same liquid
crystal matrix are different, and this illustrates some
influence of the end groups on the orientation of the guest
in the nematic host. For dyes 1-7 dissolved in the liquid
crystals, we had expected the occurrence in the changes of

the order parameter with alkyl chain length of the so-called
odd-even effect [30], due to alternation of the interaction
between the terminal groups of the dye and liquid crystal
molecules: the guest order parameter for the dyes with an
odd number of carbons in the alkyl chain should be greater
than that for the preceding even member of the series. The
results presented in figures 3 and 4 show that the dyes
investigated do not reveal an odd—even effect. As the
temperature rises, the odd—even effect begins to appear
only for SCB. Generally, however, some tendency to an
increase of Sg with lengthening of the dye molecule is
observed. The lack of regular alternation in the S¢ values
can be attributed either to a flexibility of the alkyl chain
caused by rotation about its single bonds [31] or to the
incomplete alignment of the dyes in the liquid crystal
matrices. This latter can be confirmed by the relatively low
values of Sg for the 4-amino-(N-ethylnaphthalimide)
derivatives in the liquid crystals used.

3.2. Nematic—isotropic transition temperatures of guest—
host mixtures

Recently, results in many papers [11-13, 18-20, 32, 33]
have shown that addition of a dichroic dye to a liquid
crystal matrix changes the range of the mesophase of the
nematic host, caused by either a decrease or an increase in
the clearing temperature of the pure liquid crystal. As has
been shown in [12], the change of the nematic—isotropic
transition temperature is dependent on the size and shape
of the dye molecule and on the dye concentration, as well
as up on the mutual intermolecular interactions among the
guest and host molecules. Moreover, according to thermo-
dynamic laws and the first-order nature of the nematic—
isotropic phase transition [34], in the vicinity of the
clearing point, a two-phase region for binary dye-liquid
crystal mixtures appears. In this region both nematic and
isotropic phases coexist in equilibrium.

Tables 3 and 4 present the results of the temperature
investigations of the dye-liquid crystal mixtures. Here 7
is the temperature at which the first drop of the isotropic
liquid appears, T1 is the temperature at which the last trace
of the nematic disappears on sample heating; (71-7x) is the
range of two-phase region and ATy and AT are the shifts
of T and 77 with respect to T of the pure liquid crystal.
The average nematic—isotropic transition temperature T
for the mixtures studied is also given.

Data presented in tables 3 and 4 indicate that the
derivatives of 4-amino-(N-ethylnaphthalimide) decrease
the temperature of clearing with respect to Ty of the pure
liquid crystal, which means that after dye addition,
destabilization of the nematic phase occurs. The destabi-
lization is greater in the case of 6CHBT, for which very
small amounts of the dye (about one order smaller than in
5CB) cause significant changes in 7x;. The appearance of
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Table 3. Thermal data for the dye—-5CB mixtures.

Substance Tn/K VK TTn ATn AT TN']

5CB 3083 3083 00 — — 308-30
SCB+1 3082 3083 01 -—01 00 30825
5CB +2 3076 3079 03 -—-07 —-04 30775
SCB+3 3071 3074 03 -—-12 —-09 30725
5CB +4 3066 3068 02 —17 —1.5 30670
SCB+5 3067 3070 03 -—-16 —13 30685
5CB+6 306-5 3069 04 —18 -—14 30670
5CB+7 3073 3075 02 -—-1.0 —-08 30740
5CB +8 3066 3072 06 —17 —11 30690

Table 4. Thermal data for the dye—-6CHBT mixtures.

Substance TN/K T[/K T[/TN ATN AT] TNI

6CHBT 3160 3160 00 — — 31600
6CHBT + 1 — — — — — —

6CHBT+2 3158 3159 01 —-02 -01 31585
6CHBT+3 3153 3156 03 —07 —04 31545
6CHBT +4 3155 3157 02 ~05 —03 31560
6CHBT+5 3154 3156 02 -—-06 —-04 31550
6CHBT+6 3156 3157 01 —-04 —-03 31565
6CHBT +7 3157 3158 01 —-03 —-02 31575
6CHBT+8 3151 3153 ¢2 —-09 —-07 31520

the two phase region in all investigated binary mixtures is
also observed.

The indicators of the destabilization or stabilization of
a nematic phase by a guest are the slopes of the changes
in the reduced temperatures, 7% and 71 with change in the
solute mol fraction, x, defined in the following way:

dT¥
Bn= de’ Ba)
and
daT¥
pr= E‘, (3b)

where Tﬁ = TN/TNI and TI = TI/TNI-

A positive § means the ability of a guest to improve, and
a negative f to disrupt the long range orientational order
in the nematic phase.

From thermodynamics it follows [34] that the limiting
slopes (x—0,7* —0) of the nematic and isotropic
boundary lines, 85 and Br, respectively, are given by

w_ ({0 _R;>

() e
and

= (1) as,) “b)

where R is the gas constant, ASy; is the nematic—isotropic

transition entropy of the pure nematic solvent, and 5 and
i are the infinite dilution (Henry’s law region) solute
activity coefficients in the nematic and isotropic phases,
respectively.

In order to determine the ratio of y5 /71", the experimen-
tally obtained 8 values have been corrected to infinite
dilution using the procedure described by Kronberg et al.
[35]. The corrected By and B values, as well as the ratios
yn/yt for the dye-liquid crystal mixtures investigated are
listed in tables 5 and 6. The ASni/R value for SCB was
assumed to be 0-253, following [36] and for 6CHBT it was
estimated from the heat of transition to be 0-267 [37].

A smaller ratio yx/y; implies a greater compatibility
with the nematic host and vice versa; thus a correlation
between the activity coefficients and the degree of order
of the guest in the liquid crystal matrix would be
anticipated. From tables 5 and 6 it is seen that for all the
mixtures investigated, yn/y; > 1, which means that the
derivatives of 4-amino-(N-ethylnaphthalimide) when
added to 5CB and 6CHBT cause destabilization of the
nematic phase. This effect correlates well with the
relatively low values of the order parameter of these dyes,
Sc, which are in all the cases smaller than the values of the

Table 5. Comparison of experimental values of 5.8 and
yn/vyr. with results of theoretical calculations for dye-5SCB

mixtures.
Experiment Theory
Dye X BT vNhr B B bt
1 —007 000 1.02 -010 -010 103
2 —-046 -—-027 112 —048 —043 112
3 —-051 —-038 113 -040 —036 1-10
4 -055 —-049 114 -057 —049 114
5 -—052 -—-042 113 —-047 —-042 112
6 —059 —046 1-15 -042 —-038 111
7 —-033 -026 108 -057 —050 1.5
8 —-055 —036 114 —0-58 —-051 1-15

Table 6. Comparison of experimental values of fy.f; and
yufyy with results of theoretical calculations for dye—
6CHBT mixtures.

Experiment Theory

Dye BN B whr Br B yN/w
1 _ — — — — —
2 —-041 -021 1.08 —-055 —048 115
3 ~-073 —041 1-16 -051 —045 1-14
4 —103 —-062 124 -0-55 —048 115
5 —124 -—-083 131 -057 —049 1-15
6 —083 —-062 121 —-049 —043 1-13
7 —-062 -—-041 115 —0-88 —071 124
8 —186 —145 1.57 -042 -038 1-11
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host order parameter, Sy at the same reduced temperature
(see figures 1 and 2). This suggests that the ratio afyr and
thereby the shift in the clearing temperature are affected
by the mutual orientation of the guest and host molecules
and indicates that the molecules of the derivatives of
4-amino-(N-ethylnaphthalimide) are not able to correlate
completely the alignment of their long axes parallel to the
long axes of the liquid crystal molecules.

3.3. Comparison of experimental results with theoretical
predictions

In this section, the relation between the behaviour of the
guest-host mixtures at the nematic—isotropic phase tran-
sition and the order parameter, as well as the molecular
geometry of the guest, is examined theoretically, and the
results are compared with those obtained experimentally.

According to the model based on the mean field theory
of nematics [38, 39] and proposed for binary mixtures by
Humphries, James and Luckhurst [40], the ratio of the
infinite-dilution guest activity coefficients in the vicinity
of the clearing point can be calculated from the following

expression:

o)) e

b R Lv by

where v, and v, are, respectively, the host and guest
molecular volumes, while the ratio b,2/b;; is a measure of
the relative strength of the guest-host and host-host
molecular interactions. The ratio bio/by; can be easily
estimated from the ratio Sg/Sy at the nematic—isotropic
phase transition [40].

Knowing yy/y; values, the slopes 85 and f;° can be
calculated from equations (4a) and (4b), respectively.

It has been shown previously [12,41] that instead of
molecular volume values, the ratio of the molecular length
(/) to the breadth (d) can be used successfully as a measure
of the host and guest sizes. Therefore, in the present
calculations, it was also assumed that vo/v| = m»/m,, where
m = l/d. The values of m, for the monomeric molecules of
5CB and 6CHBT were estimated similarly to those for the
dye molecules (see table 1) and are equal to 2-5 and 2-2,
respectively.

Tables 5 and 6 summarize the values of 83 and f;”, as
well as those for yy/y; obtained from experiment and
theoretical predictions. The data presented indicate that for
the SCB-dye mixtures, assuming v./v, = my/m,, one can
obtain satisfactory agreement between the theoretical and
the experimental results, both in the determination of the
sign and the magnitude of the f values, as well as in the
prediction of the range of the two-phase coexistence
region, measured from the difference between fy and S
However, the expected direct correlation between the
guest order parameter, Sg and the ratio y/y, is not
observed, indicating the significance of the relative

geometries of the guest and host molecules.

For the 6CHBT—dye mixtures, the agreement between
theory and experiment is considerably worse than in the
case of the SCB—dye mixtures. This disagreement is
difficult to explain. Perhaps due to the very poor solubility
of the dyes in 6CHBT and the necessity of using low
concentrations, the changes in Ty and Ty after the dye
addition are obtained with the greater uncertainty than for
5CB. The neglect of the flexibility of the alkyl chains, both
in the dyes and the 6CHBT molecules, may be an
additional reason for the very poor correlation between the
experimental and calculated data.

In conclusion, it is worth noting that the results
presented in this paper provide a new experimental
approach for the investigation of guest-host interactions
on the one hand, and for assessing the effect of additives
used in LCDs on nematic phase stability on the other. Our
study also provides evidence of the important role of
repulsive forces (steric effects) in the mutual orientation
of guest and host molecules.

This research was supported by Polish Research Project
No. 2 P302 001 04, coordinated by KBN.
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