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The polarized absorption spectra of seven dichroic azo dyes dissolved in
the nematogenic liquid crystal host 6§CHBT have been recorded as a function
of temperature. On the basis of these spectra, the guest order parameter
has been determined. Moreover, the influence of the dye addition on the
behaviour of the guest-host mixture in the vicinity of the nematic—isotropic
phase transition has been examined. The experimental results have been
compared in some details with the calculations done on the basis of the
mean field theory for binary mixtures.

PACS numbers: 61.30.Gd, 64.70.Md

1. Introduction

Liquid crystal displays (LCDs) are recently the fastest growing display tech-
nology because of such advantages as low power consumption, low voltage operat-
ing, flatness, easiness of fabrication, flexible design, low costs. The most common
LCDs used today are based on the twisted nematic (TN) principle [1]. An alterna-
tive display technique consists in incorporating a dichroic dye (guest) in a ]iquid
crystal matrix (host) and using the guest-host effect [2, 3]. Guest—host liquid crys-
tal displays (GH LCDs) can work with one, or even no polarizers [4] and therefore
the viewing cone is very wide and uniform and the brightness is significantly higher
than in the case of TN LCDs. However, in order to construct GH LCD possible to
the practical application, a number of factors must be taken into account.

It had been previously found that a dichroic dye added to a liquid crystal
affects the host order parameter [5-8)] and moreover, the molecular orientation
depends on the dye concentration [6, 7, 9]. It had been also observed that addition
of a dichroic dye to a nematic host changes the nematic—isotropic phase transition
temperature (1) causing either an increase or a decrease in Ty of the pure 11qu1d
crystal [6-14].
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In this paper, a detailed study of the influence of some dichroic azo dyes on
the nematic-isotropic phase transition temperature of liquid crystal 6CHBT —
4-(trans-4'-n-hexylcyclohexyl)isothiocyanatobenzene was made. This liquid crys-
tal has technological meaning, it is widely applied as a component of liquid crys-
talline mixtures used in LCDs [15]. An attempt to find a correlation between the
molecular geometry of the guest, the order parameter and the clearing temperature
of the azo dye-6CHBT mixtures was undertaken.

2. Experimental

Materials: Seven azo dyes of various molecular sizes and shapes were used
as guest species. The molecular structure, the wavelength of absorption maximum
in 6CHBT, Apax, the molecular weight, M, and the ratio of molecular length to
breadth, I/d, for the dyes investigated are gathered in Table I. I/d values were es-
timated from the known bond lengths and molecular configurations [16], including
van der Waals radii of the terminal atoms [17]. All the dyes were synthesized and
chromatographically purified in the Institute of Dyes, L3dZ University of Technol-
ogy, Poland.

The nematogen liquid crystal 4-(trans-4’-n-hexylcyclohexyl)isothiocyanato-
benzene was synthesized in the laboratory of Prof. R. Dabrowski, Military Academy
of Technology in Warsaw and used without further purification; the observed tran-
sition temperatures were in good agreement with those given in literature [18].

The dyes were initially screened for their solubility in 6CHBT in the nematic
phase and were added to the liquid crystal at a concentration changed from 0.3%wt
to either upper limit of the solubility or 3%wt. ‘

Apparatus: The polarized absorption spectra of the dye-6CHBT mixtures
were recorded in the visible spectral region by means of a SPECORD M40 spec-
trophotometer (Carl Zeiss Jena) equipped with polarizers. The measurements were
made as a function of temperature using “sandwich” cells of a 10 ym thickness.
The temperature of the cells was regulated and controlled with a practical accu-
racy of £0.1°. After changing the measurement temperature, the cell was left for
approximately 30 min to reach a thermal equilibrium. The homogeneous align-
ment of the liquid crystal and dye molecules was made by a treatment of the glass
surfaces of the cells with polyimide and by rubbing. The molecular alignment in
such a cell was parallel to the surfaces, and the quality of orientation was con-
trolled with the aid of the crossed polarizers. The absorption spectra of the dyes
dissolved in 6CHBT 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
pure 6CHBT were recorded for the same two positions of the cell. After correction
for the base line, two components of absorbance, Aj and A}, as a function of the
wavelength were obtained.

The temperatures of the nematic—isotropic phase transition, both for pure
6CHBT and for dye-6CHBT mixtures, were determined with an accuracy of +0.1°
by means of a polarizing microscope equipped with a heating stage.
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TABLE I
Dyes used in experiment. »
Dye Molecular structure M | Amax [nm) | 1/d
CHs
1 @—N _“N—@— =N— @ N\ 329 477 2.5
CHj;
CH3
2 NOZ—@— “N—@ N\ 270 481 2.2
CH;
Csz .
3 NOz—@—‘ ‘N—@ N\ 298 512 2.0
CqHs '
CzH5
4 NOz—@—i _N—@ N\ 375 505 2.5
e
' Cl .
Csz,
5 | NOs— —N-— @ N\ 333 495 2.0
C.Hs
Cl
: CzH5
6 | NO;— ”‘N—@ N\ 394 484 2.5
e
NO;
Csz .
7 | NOy— _N~@ N\ 343 537 1.7
CoHjs

3. Results and discussion

3.1. Order parameter of dye in liguid crystal matriz

A characteristic feature of the nematic phase of liquid crystalline substance
is the existence of the long range orientational order, which means that the elon-
gated liquid crystal molecules tend to arrange parallel to each other and parallel
to a certain preferred direction, described by the director, n. Owing to thermal
motion, this direction is an average value in space or time. The measure of the
efficiency of molecular orientation along the director is the order parameter, intro-
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duced by Zvetkoff [19] and defined through the Legendre polynomial of the second
order, (P,)

(P2) =Su = 5(3 cos?9—1), (1)
where the angular bracket represents the time or space average, and 6 is the angle
between the long molecular axis of the liquid crystal host molecule and the director.

Equation (1) can be also applied to determine the order parameter of the
guest dissolved in the liquid crystal matrix, but 6 is now defined as an angle be-
tween the director and the long molecular axis of the guest. Experimentally, the
order parameter of the dichroic dye, Sg can be estimated from the spectrophoto-
metric data by applying the following equation [20, 21]:

G=;1‘1u AL 22 . @
| +2AL3cos?a—1
where Ay and A, are the absorbances at Amax for the dye in the host medium,
when the light is polarized, respectively, parallel and perpendicular to the director,
and o is the angle between the linear absorption transition dipole moment, y, and
the long axis of the dye molecule.

In the case of the dyes, for which one can assume o = 0°, the order parameter
can be directly calculated from the equation given by White and Taylor [4]

§g = A=
A” + 2A 1

Figure 1 shows the polarized components of the absorption spectrum, A) and
Ay, for a 0.3% solution of dye 3 in 6CHBT. Such absorption curves are typical of
all azo dyes investigated — only one absorption band in the visible spectral region
is observed. However, the position of Apax depends strongly on the terminal and
lateral substituents. The substituents affect also the order parameter, Sg, which is
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Fig. 1. Spectra of polarized components of absorption, A) and Ay, for dye 3 in 6CHBT.
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Fig. 2. Temperature dependence of order parameter (a) for dyes 1 (circles), 2 (squares)
and 7 (triangles) in 6CHBT, (b) for dyes 3 (circles) and 4 (squares) in 6CHBT, (c) for
dyes 5 (circles) and 6 (squares) in 6CHBT and (a, b, c) for pure 6CHBT [22] (open
circles).

illustrated in Figs. 2. These figures present the order parameter Sg, estimated from
the polarized absorption spectra and Eq. (3) for azo dyes dissolved in 6CHBT at
a concentration of 0.3%wt as a function of the reduced temperature 7 = T'/Tny,
where T'np is the average clearing temperature of the guest—host mixture and
T is the temperature of the measurement in K. Additionally, the temperature
dependence of the host order parameter, Sy for pure 6CHBT, determined from
the optical birefringence measurements [22] is plotted in the figures. At least three
and usually five cells were used to obtain each order parameter, and the results
.presented here are average values. The uncertainty in the determination of Sg was
estimated to be +0.01.
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TABLE II
Guest order parameter of azo dyes dissolved in 6CHBT.
S
Substance at room at N—I
temperature transition

dye 1 in 6CHBT 0.62 0.44
dye 2 in 6CHBT 0.50 0.37
dye 3 in 6CHBT 0.52 0.27
dye 4 in 6CHBT 0.40 0.20
dye 5 in 6CHBT 0.58 0.31
dye 6 in 6CHBT 0.48 0.26
dye 7 in 6CHBT 0.45 0.25
pure 6CHBT . 0.58 0.37

* Table IT summarizes the values of the maximal guest order parameter found
for the dyes investigated in 6CHBT at the room temperature (300 K) as well as Sg
obtained in the vicinity of the nematic—isotropic phase transition. For comparlson,
Su for 6CHBT at the same temperatures are glven too.

From the results presented in Fig. 2 and in Table II it can be seen that the
order parameter decreases with the rise of temperature and drops to the certain
specified value at the nematic— isotropic transition. In all the cases this transition
is of the first order and in the isotropic phase the value of S is equal to zero. Only
in the case of dye 1 the order parameter Sg is greater than the order parameter
of 6CHBT at the same reduced temperature, which suggests that the dye with
two azo-linkage can improve the molecular orientation in the guest-host mixture.
The presence of the additional benzene ring in the end group of the dye causes
the decrease in the order parameter (compare Sg for dyes 3 and 4 and dyes 5
and 6). This can be due to the non-zero angle between the long molecular axis .
and the transition moment, p in this case and/or to steric effects, which reduce the
guest—host attractive interactions leading to the perturbation of the close align-
ment of the dye and liquid crystal molecules. The lateral Cl atom in the 3-position

~(dye 5 and 6) improves the efficiency of the molecular orientation. Such observa-

tions had been made also previously for other guest-host mixtures [12, 14, 23].
However, the presence of the nitro group (dye 7) in the 3-position leads to the
decrease in the order parameter and it means that this group is sterical hindrance
for the efficient dye molecular orientation in the liquid crystal medium. The tem-
perature dependence of Sg as well as of the Sg/Sy ratio is different for various
azo dye-6CHBT mixtures, which leads to the conclusion that the mixtures inves-
~ tigated are differently resistant to thermal fluctuations (vibrations, librations and
possible internal reorientations of the molecules) and indicates strong individual
molecular interaction of azo compounds with the liquid crystal host.
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3.2. Nematic—isotropic transition temperature of guest-host miztures

- A dichroic dye added to a nematic liquid crystal influences not only the
mesophase range of a nematic host, causing either a decrease or an increase in
the clearing point, but leads to the formation of a two-phase region in the vicinity
of the nematic—isotropic phase transition [7, 8, 12-14, 24]. The existence-of such
region is in accordance with the thermodynamic laws and the first-order nature of
the phase transition for binary mixtures [25].

TABLE III
Thermal data for dye-6CHBT mixtures (concentration 2%wt).
Dye |T1 K] [In [K] | T1 = Tn | ATy | ATN TN1
318.6 | 318.0 0.6 +2.6 | +2.0 318.30
316.9 | 315.8 0.1 -0.1 | -0.2 315.85
312.6 | 311.9 0.7 -34 | 4.1 312.25
310.9 | 309.4 1.5 -5.1 | -6.6 310.15
314.6 | 314.0 0.6 -1.4 -2.0 314.30
312.3 | 310.8 1.5 ~3.71-5.2 311.55
314.7 | 314.2 0.5 -1.3 | -1.8 314.45

N SO R W N

Table III and Fig. 3 gather the results of the thermal investigations of azo
dye-6CHBT mixtures. Here 71 and TN denote the temperatures, at which, on
cooling, the two-phase region begins (the first nematic drop appears) and ends
(the isotropic phase entirely disappears), respectively. (Tt — Tn) is the range of
the two-phase region and ATy and ATy are the shifts of 77 and Ty with respect to
Tii of the pure liquid crystal, whereas T'ny denotes the average nematic—isotropic
transition temperature for the mixtures. T¢ and T3, given in Fig. 3, are defined
as follows: Tj* = T't/Ti and T3 = T'n/Thi, and z is the dye mole fraction. T for
6CHBT is equal to 316 K.

The data presented in Table III and in Fig. 3 indicate that the changes of
the clearing temperature of SCHBT after the guest addition as well as the breadth
of the two-phase region strongly depend on the molecular structure of the dye and
on the dye concentration. Comparing the temperature data with the results in
Table II, one can also see that there exists some correlation between the shift of
Tivy in the presence of the dye and the relation of the guest order parameter with
respect to the host order parameter. For dye 1, which has Sg > Su, the shift of
T is positive, whereas for dyes 3-7 (Sg < Su) the clearing temperature of the
guest—host mixtures is always lower than for pure 6CHBT. In the case of dye 2,
for which Sg ~ Sy in the vicinity of the nematic-isotropic transition, the cledring
temperature remains almost constant up to the concentration of 3%wt. The largest
decrease in Ty is observed for dyes 4 and 6, which is probably connected with the
existence of the heavy end group in the molecular structure of these dyes, causing
the destruction of the orientation and the destabilization of the mesophase. For the
mixtures of 6CHBT with these two dyes also the widest two-phase region occurs.
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Fig. 3. Reduced temperature (T”) vs. dye mole fraction (z) diagram (a) for dyes 1
(circles), 2 (squares) and 7 (triangles) in 6CHBT; (b) for dyes 3 (circles) and 4 (squares)
in 6CHBT; (c) for dyes 5 (circles) and 6 (squares) in 6CHBT, T3 — open symbols,
T3y — filled symbols. '

3.3. Comparison of experimental results with theoretical predictions

The indicators of the order-destruction or the order-enhancement in the ne-
matic phase can be the slopes of the changes of T3 and T} lines with the change
in the guest mole fraction, z, defined in the following way:

d T} dTy '

B = d_zN’ fr= al- (42,b)
A positive # means the ability of a guest to the stabilization, and negative 8 to
the destabilization of the nematic phase of the liquid crystalline host.

From thermodynamics it follows [25] that the limiting slopes (z — 0, T* — 0)
of the nematic and isotropic boundary lines, BR and Bf°, respectively, are given
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by

00 wY R £ R ,

ﬂN = < N )AS I and ﬂfx’ = (% - l)m, (5a,b)
where R is the gas constant, ASni is the nematic-isotropic transition entropy of
the pure host, and 9 and ¥{° are the infinite dilution (Henry’s law) guest activity
coefficients in the nematic and isotropic phases, respectively.

In order to determine the ratio ¥ /¥§°, the experimentally obtained 8 val-
ues have been corrected to the infinite dilution using the procedure described by
Kronberg et al. [26]. The ASn1/R value for 6CHBT has been assumed to be 0.267,
following [13]. The corrected A% and ff° slopes as well as the ratios ¥ /v° for
azo dyes dissolved in 6CHBT are listed in Table IV. :

TABLE IV

Comparison of experimental values of 8§°, Af° and 4%°/+f° with theoretical calcula-
tions for dye-6CHBT mixtures.

Experiment Theory *
Dye ' l/d=3.1 : l/d=2.2
Y | B | W/ AR | B W/ | AR | B | W/
+0.34 | 4-0.42 0.89 +0.55 | 4+0.66 0.85 +0.27 | +0.28 0.93
0.00 | +0.01 1.00 +0.26 | +0.28 0.93 -0.04 | -0.04 1.01
-0.63 | -0.54 1.16 -0.12 | -0.11 1.03 -0.41 | -0.37 1.11
~1.33 | -0.99 1.36 -0.56 | -0.45 1.14 -0.94 | -0.74 1.25
-0.36 | —0.23 1.08 +0.04 | 4-0.04 0.99 -0.24 | -0.21 1.06 .
-0.98 | -0.71 1.23 -0.33 | -0.30 1.09 -0.70 | -0.60 1.19
-0.33 | -0.24 1.08 -0.12 | -0.11 1.03 -0.34 | -0.30 1.09

O 0RO

A smaller ratio v§ /7§° implies greater compatibility with the nematic phase
of the host and vice versa, thus correlation between the activity coefficients and the
ordering of the guest by the host would be anticipated. Comparing the results from
Table IV with those from Table II one can see that dye 1 which shows Sg > Su
has ¥ /9§° < 1, thus its molecular axes are able to align parallel to the long
axes of the liquid crystal molecules. This dye stabilizes the nematic host causing
the broadening of the mesophase region. However, for case where Sg < Sy the
dye added to the liquid crystal depresses the clearing temperature, leading to the
destruction of the host mesophase.

According to the model based on the mean-field theory of nematics [27, 28]
and the extension proposed by Humpbhries et al. for binary mixtures [29] the ex-
pression for the ratio of the infinite-dilution activity coefficients in the vicinity of
the clearing point is following:

L () A [ 1,1_2>2
In(’)’f"’)— R [Vl (511 ’ - (6)

where v; and vy are, respectively, the host and guest molecular volumes, while
ratio by5/by1 is a measure of the relative strength of the guest—host and host-host
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molecules interactions. The b;2/b11 ratio can be easily estimated from the measure-
- ments of the Sg /Sy in the vicinity of the nematic—isotropic transition [29]. Know-
ing the ¥R /7f° values, the slopes B and Sf° can be calculated from Egs. (4a)
and (4b), respectively.

Similarly as in the previous papers [7, 8, 13, 14], the ratio of the molecular
length to breadth was used as a measure of the host and guest sizes. It was assumed
that vy /vs = my/m2, where m = l/d. The value of l/d for the monomeric molecules
of 6CHBT has been estimated similarly to those for the dyes molecules (see Table I)
and is equal to 3.1.

The calculated values of A%, Bf° and ¥ /¥f° for azo dyes in 6CHBT are
gathered in Table IV. The comparison of the data presented in this table reveals
the fact that in some cases the correlation between experimental and calculated
results is not satisfactory, both for 8 and Y& /7f° values. Thus, in the next
fitting on, the flexibility of the alkyl chain of the liquid crystal molecules has been
taken into account [30, 31] and {/d value for 6CHBT has been assigned as 2.2. The
results are presented also in Table IV. In this case the much better correlation
between calculations and experiment has been achieved, which demonstrates that
the theoretical model which takes into account the flexibility of the host end chain
can describe well the behav1our of the guest—host mixtures at the nematic—isotropic
phase transition.

Finally, it is worth noting that the data obtained from the theoretical pre-
dictions confirm both the existence of the two-phase region observed experimen-
tally in the vicinity of the clearing point as well as the exact correlation between
the ability of the alignment of the elongated guest molecules parallel to the long
molecular axes of the host and the nematic—isotropic transition temperature for
the dye-liquid crystal mixtures.
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