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A composite nematic-cholesteric liquid crystal (LC) system based on a eutectic mixture of sat-
urated cholesterol esters designated as M29 and a non-aromatic hydrogen bond-formed nematic 
trans-4-butylcyclohexanecarboxylic acid (4CHCA) was studied in various DSC, optical spectros-
copy and microscopic experiments. In a wide concentration range, the helical pitch vs. concen-
tration and temperature were recorded. The general behavior was similar to classical systems 
with cholesteryl chloride, with the difference that the helical twisting was controlled not by the 
opposite twisting signs, but by the effect of specific steric interaction. An interesting feature of 
the system studied was the formation of the blue phase (BP) close to the isotropic transition, 
with the selective reflection spectra in the alleged BP region in a qualitative conformity with 
the Oton model for the blue phase. The fully non-aromatic character of the LC crystal mixture 
suggested its possible biomedical applications, with toxicity problems of cyanobiphenyl-based 
systems removed, and specific tuning for the physiological temperatures readily obtained in the 
concentration range studied.

 Keywords: liquid crystals, cholesterol esters, cycloxehanecarboxylic acid, differential scan-
ning calorimetry, blue phase, selective reflection, transdermal drug delivery. 

Неароматичні нематико-холестеричні суміші: утворення блакитних фаз і 
можливості біомедичних застосувань. П.В. Ващенко, І.А. Гвоздовський. О.М. Самойлов, 
Р.Є. Бродський, Н.О. Касян, О.В. Ващенко, М. Нестеркіна, Л.М. Лисецький

Композитна рідкокристалічна (РК) система на основі евтектичної суміші насичених 
естерів холестеролу, позначеної як М29, та неароматичної транс-4-бутилциклогексанкарбо
нової кислоти (4CHCA) досліджена за допомогою низки калориметричних, спектроскопічних 
та мікроскопічних експериментів. В широкому інтервалі концентрацій визначені залежності 
кроку холестеричної спіралі від температури. Загальна поведінка схожа на класичні системи 
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1. Introduction
The present study is on the crossroads of 

several directions of physico-chemical and bio-
physical studies of organic partially condensed 
media [1], reflecting both the general interest 
in understanding the supramolecular interac-
tions and arrangements in the LC-type media 
and a search for applications of such systems 
for biophysics-based biomedical uses.

In particular, it appears as a continuation of 
our efforts on LC systems where introductions of 
a non-mesogenic dopant caused an unexpected 
stabilization of the nematic phase [2,3], or where 
the emergence of various peculiar features was 
noted, such as formation of the “blue phase” in 
the mixtures of cholesterol esters and cyanobi-
phenyls [4]. On the other hand, our efforts were 
directly inspired by recent ideas that liquid crys-
tals in general [5] and cholesteric LC in particu-
lar [6] could be successfully used as convenient 
media for transdermal drug delivery. In the 
latter case, the temperature-induced changes 
in visible colors and the phase state during the 
drug release arise interest in such systems.

However, an important drawback of choles-
teric LC systems based on cholesterol esters is 
that mixtures forming non-supercooled meso-
phase at room and physiological temperatures 
require components with non-saturated hydro-
carbon chains (e.g., cholesteryl oleate or oleyl 
carbonate), with their use limited by insufficient 
chemical stability. Also, practically all known 
nematics with induced chirality contain aromatic 
fragments, making them hardly suitable for bio-
medical applications due to toxicity problems.

Our approach was to use a cholesteric sys-
tem comprising a mixture of saturated choles-
terol esters in a eutectic ratio and alkylcyclo-
hexanecarboxylic acids as non-aromatic nem-
atic components. The mixture of cholesteryl 
nonanoate, cholesteryl formate and cholesteryl 
butyrate in 65 : 30 : 5 mass ratios, which was 
used in our earlier studies [2,7] and designated 
as M5, had to be quantitatively modified to low-
er the melting temperature. To further widen 
the temperature range of the mesophase ex-
hibiting selective reflection properties, we used 
trans-4-butylcyclohexanecarboxylic acid as a 

non-toxic nematic component expected to be 
fully miscible with the cholesteric matrix. Thus, 
extensive calorimetric, spectrophotometric and 
microscopic studies were needed to character-
ize the new nematic-cholesteric composition. 

2. Experimental
Cholesterol butyrate was obtained from 

Kharkiv Chemical Reagents Plant and then ad-
ditionally purified up to 99.1 % as checked by 
differential scanning calorimetry (DSC). Cho-
lesterol formate of 97.7 % purity (TCI, Japan) 
and cholesterol nonanoate of 98.0 % purity (Ac-
ros Organics, USA) were used without further 
purification. The nematic component trans-4-
butylcyclohexanecarboxylic acid (4CHCA), a 
constituent of the well-known nematic mixture 
ZhK-805 [8], 99.9 % purity as checked by DSC, 
was purchased from TCI (Japan). 

Phase diagrams of M29 + 4CHCA systems 
were plotted on the base of DCS data obtained 
by means of a thermoanalytical system Met-
tler TA 3000 (Mettler, Switzerland). The data 
were collected in the temperature range from 
-100 °C to 100 °C at a scanning rate of 5 °C/min 
in heating and cooling regimes. The isotropic 
transition temperatures Tiso were determined 
using a Mettler DSC 1 microcalorimeter (Met-
tler-Toledo, USA) in subsequent heating–cool-
ing cycles (60 – 90 °C) at a scanning rate of 
2 °С/min), with sample masses of 10 – 12 mg in 
standard 40 µL aluminum crucibles with lids. 
The original thermograms were processed us-
ing Stare 11.0 software.

For the emerging four-component system, 
M29 + 4CHCA, the eventual eutectic point 
was calculated by several ways. Generally, cal-
culating the eutectic point (temperature Teut  
and component fractions xk ) for n-component 
system is performed on the basis of a system 
of Shroeder – van Laar equations. In the ideal 
case, this equation has a form

	 ln x H
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1 1 , k n=1... ,	 (1)

where T Hk k,  are the melting temperature and 
enthalpy of k-th component, correspondingly; R 
is the universal gas constant. 

з холестерилхлоридом, але з тією відмінністю, що спіральне закручування обумовлене не 
різними знаками закручування, а ефектами специфічних стеричних взаємодій. Цікавим є 
утворення «блакитної фази» (ВР) поблизу ізотропного переходу, причому спектри селектив-
ного відбивання на ділянці ВР-фази якісно корелюють з моделлю Отон. Повністю неарома-
тичний характер РК-суміші обумовлює її потенційні біомедичні застосування, зважаючи на 
усунення токсикологічних проблем, пов’язаних з ціанобіфенілами, а також легке настрою-
вання концентрацій на фізіологічний інтервал температур. 
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Usually, the eutectic point for n-compo-
nent system is approximately determined as 
following: the eutectic temperatures Teut

j1  are 
calculated for a set of two-component systems 
comprising the basic component 1 and another 
component j n= 2... ; then Teut  is calculated as

	 T T T Teut eut
j

j
= - -å1 1

1 2( ) .	 (2)

However, it is possible to obtain Teut  as a 
solution of a single equation, which can be ob-
tained by means of substitution of xk  from (1) 
to the condition
	 x xn1 1+ + =... .	 (3)

Such equation can be solved both graphical-
ly and numerically. The obtained Teut  value is 
further used for calculating xk  from (1). 

 The selective reflection (SR) spectra were 
measured using a Shimadzu UV‑2450 spec-
trophotometer (Shimadzu, Japan) equipped 
with a Termex M 01 flowing water thermostat. 
Sandwich-type cells made of two 20 × 20 mm 
leucosapphire plates with 20 µm polymer spac-
ers were used to obtain LC layers. Measure-
ment were performed over a wavelength range 
of 190 – 800 nm and a temperature range of 
12 – 80 °С, with temperature stabilization 
within ± 0.1 °C. 

Polarizing optical microscopy (POM) im-
ages were obtained using BioLar PI (Warsaw, 
Poland), equipped with digital camera Nikon 
D80. The samples in a 20 µm cell were placed in 
a thermostable heater based on a temperature 
stage MikRa 603 (LLD ‘MikRa’, Ukraine). 

3. Results and discussion
The eventual eutectic concentrations were 

calculated using Schroeder – van Laar Eq. (1) for 
a mixture of cholesteryl nonanoate, cholesteryl 
formate and cholesteryl butyrate. The mass ra-
tios of the above-mentioned esters in the eutec-
tic mixture, designated as M29, was 44 : 25 : 31. 
In order to obtain the eutectic composition of 
M29 + 4CHCA matrix, we have performed both 
graphical and numerical calculations according 
to Eqs. (1), (3) and compared the results with 

those obtained by the approximate method (2). 
We used T Hk k,  values determined by means 
of DSC (see Table 1). We obtained Teut = 7 4.  
°C applicating the method of single equation, 
and Teut = 8 1.  °C by the approximate method 
(2). Molar fractions of components calculated by 
these two methods appeared to be equal with 
precision of the second sign (see Table 1).

For a deeper insight into the system prop-
erties, a series of compositions was prepared, 
where molar ratios of cholesterol esters were 
fixed and 4CHCA content was varied from 0 
to 100 % w/w. Fig. 1 shows a typical example 
of the SR spectra for 75 % M29 + 25 % 4CHCA 
composition, where the observed SR peaks in-
dicate the selective reflection maximum wave-
lengths (λmax). (One should keep in mind that 
the measured λmax values are related to the he-
lical pitch p as λmax = np, where n is the refrac-
tory index of the LC medium).

The values of selective reflection maximum 
λmax as function of temperature for different 
concentrations of 4CHCA in the M29 + 4CHCA 
system are shown in Fig. 2. 

The obtained data appear somewhat un-
usual, since addition of 4CHCA to the M29 cho-
lesteric mixture gives rise to further twisting, 
with λmax values decreasing. The emerging set 
of graphical dependences appears to be strik-
ingly similar to the concentration-temperature 

Table 1. Melting temperatures and enthalpies of LC components and their calculated fractions in the 
eutectic mixture.

Component Tk, °C Hk, kJ/mol xk, molar fraction
4CHCA 39.5 5.8 0.77

Cholesterol nonanoate 79.1 30.2 0.07
Cholesterol formate 96.9 26.0 0.07
Cholesterol butyrate 99.4 23.1 0.09

Fig. 1. Optical transmission vs. wavelength for 
75 % M29 + 25 % 4CHCA composition in the 
temperature range 13 – 70 °C. 
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behavior described in [9] for the cholesteryl 
nonanoate – cholesteryl chloride mixture. The 
helix unwinding at lower temperatures could be 
naturally ascribed to pretransitional phenom-
ena above the cholesteric to smectics-A transi-
tion [10], while the unwinding at high chloride 
concentrations was explained by the opposite 
helical sign of cholesteryl chloride with respect 
to the alkanoates. In our case, the extra twist-
ing in the intermediate concentration range 
was caused by specific interactions between the 

angular methyl groups of the steroid moiety of 
the cholesterol esters molecules and the aniso-
metric molecules of CHCA dimers, as described 
in [11,12]. The corresponding plots of 1/λmax as 
a measure of extra twisting vs. 4CHCA molar 
fraction are shown in Fig. 3. 

Phase behavior of the matrix developed 
seems rather unusual. As one can see from 
the phase diagram (Fig. 4), neat M29 does not 
exhibit melting – crystallization behavior, in-
stead, glass transition takes place. On 4CHCA 

Fig. 2. SR maximum λmax vs. temperature for different concentrations of 4CHCA in the M29 + 4CHCA 
systems. The vertical color bars indicate the color of composition at an optimal temperature for trans-
dermal drug administration (30 – 35 °C). The lower (a) and higher (b) 4CHCA content are presented in 
separate panels for better perception.

Fig. 3. The values of 1/λmax vs. 4CHCA molar fraction plotted at fixed temperatures (a) and at relative 
temperatures T/Tiso (b). The dotted lines mark the composition where the helical pitch becomes tempera-
ture-independent (close to the Tiso minimum, see Fig. 5, b).
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addition, the glass transition temperature 
gradually falls with concentration, providing 
extreme enlargement of temperature interval 
of mesophase existence. So, the system exhib-
its certain properties of deep eutectics [13,14]. 
Notably, these features seem to be not related 
to hydrogen bonds, since cholesterol alkanoates 
do not contain H-bond donor or acceptor groups, 
and 4CHCA molecules form H-bond stabilized 
dimers with each other [15]. So, one can sup-
pose a mechanism of deep eutectic formation 
different from the generally accepted concep-
tion of H-bond network formation [13].

Whilst, when x4CHCA > 0.7, a fragment 
of conventional binary phase diagram is ob-
served, which is intrinsic for the substances 
with absolute miscibility in the liquid (or liquid 
crystalline) phase and absolute immiscibility in 
the crystalline phase. The experimental eutec-
tic point is Teut ≈ 18 °C, x4CHCA ≈ 0.9, which 
matches quite well the calculated data for an 
ideal case (see Table 1). Partial overlapping 
the regions of glass transition and crystalliza-
tion could point to coexistence of several phases 
with different compositions. 

In Fig. 5, the nematic-to-isotropic transition 
temperature (Tiso) is shown as a function of 
4CHCA content in M29 + 4CHCA mixtures. 

A certain non-linearity with depression of 
the cholesteric phase temperature stability 
can be easily understood taking into account 
steric factors affecting the molecular packing, 
and could be formally described by the model 
of Osman, Schad and Zeller [16]. In a parallel 

plot, these temperatures are noted as found 
from the selective reflection measurements 
– the temperatures where the SR peaks disap-
pear, becoming just the plots of transmission 
(see Fig. 1). This difference suggested that in 
the intermediary regions one could expect pe-
culiarities of phase behavior, e.g., formation 
of the so-called “blue phases” (BP) – a specific 
state of cholesteric systems close to the isotro-
pic transition [17,18]. 

Check-up experiments using a polarizing 
optical microscope (POM) have been carried 

Fig. 4. Phase diagram of M29 + 4CHCA plot-
ted on the base of DSC data (heating). Symbols 
mark different types of figurative points. The 
temperature range of mesophase existence is 
filled with grey. 

Fig. 5. a) Temperatures of the phase transition cholesteric - isotropic phase in the M29 + 4CHCA systems: 
blue points – DSC; red points – SR data obtained with leucosapphire LC cell walls. Plots b), c) illustrate 
deviations of Tiso from additivity indicating possible correlation with the eutectic composition. 
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out, and in a certain concentration range of the 
M29 + 4CHCA mixtures the blue phases were 
really observed, as shown in Figs. 6, 7. Thus, 
as a continuation of [4], the formation of blue 
phases in mixtures of cholesterol esters and 
nematic alkylcyclohexanecarboxylic acids is a 
point of novelty first reported in this paper.

When we substitute the standard silicate 
cover glasses with an oriented layer of polyvi-
nyl alcohol applied thereon and rubbed in one 
direction [19,20] for the initial sapphire cell 
walls, we obtain the dependence of λmax vs. 
temperature with characteristic jump from the 
cholesteric to BP I phase, in a similar way as 
we noted in our pioneering publication [21] for 
the cholesteryl oleyl carbonate + cyanobiphenyl 
mixture E7 (Fig. 8). This is in at least a qualita-
tive agreement with the model of Oton e.a. [22], 
envisaging the measured λmax values to be sub-
stantially red-shifted in the blue phase.

Returning to our other task, we refer to our 
earlier paper [3], where drug release from a 
cyanophenyl-based LC system was considered. 
To escape from the obvious toxicity of cyanobi-

phenyls, the exploring of cyclohexanecarboxylic 
acids as nematic components could be useful, 
with a special attention to transdermal drug 
delivery as described in [6], with variation of 
the composition ensuring the required color-
temperature characteristics of the cholesteric 
LC drug carrier. 

4. Conclusions
Based on the data obtained, the following 

conclusions can be made.
1.	 For the first time, formation of the blue 

phase was recorded in mixtures of cholesterol 
esters and alkylcyclohexanecarboxylic acids.

2.	 The selective reflection spectra were re-
corded in all the mesophase range of these sys-
tems, with the selective reflection maximum 
varying with a jump into the red region upon 
transition from the cholesteric to the blue phase.

3.	 The phase diagram of the mixed systems 
of cholesterol alkanoates and alkylcyclohexan-
ecarboxylic acids exhibits certain properties of 
deep eutectics. To the best of our knowledge, it 

Fig. 6. Microphotographs of the 80% M29 + 20% 4CHCA system at temperatures corresponding to iso-
tropic phase (Iso, 74 °C), the blue phase (72 °C and 71 °C) and cholesteric phase (Ch, 69 °C). The images 
correspond to 200 × 150 µm. Silicate cover glasses, oriented layers of polyimide, 25 µm spacers.

Fig. 7. Transition temperatures in the sequence cholesteric LC ↔ blue phase ↔ isotropic liquid on heating 
(a) and cooling (b) obtained by POM. Silicate cover glasses, oriented layers of polyimide, 25 µm spacers.
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is the first observation of a deep eutectic in LC 
systems.

4.	 The selective reflection properties of the 
developed system are easily controllable in a 
wide range of temperatures and concentrations.

5.	 Stable cholesteric compositions based 
on non-aromatic compounds can be prepared 
with reproducible color-temperature character-
istics in the physiological temperature range.
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