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A liquid crystal (LC) system comprising the nematic mixture E7 and chiral dopant
CB15 was tested as sensor material for detection of ethanol vapors. This material had been
shown to undergo a two-stage non-linear variation of optical transmission with time under
the action of ethanol vapor. In comparative experiments, ethanol was introduced into the
LC layer by absorption from vapor or by direct admixing as liquid. Evaporation kinetics
were studied by thermogravimetric analysis (TGA) in both cases. The obtained results
allowed data matching for effects of temperature and ethanol introduction on the forma-
tion of the "blue phase” (BP) in the sensor material. It has been shown by optical
microscopy that the presence of ethanol (dissolved or absorbed) within certain concentra-
tion limits was not narrowing the BP temperature range, but just shifted it downwards,
thus leading to the BP being induced by ethanol vapor in isothermal conditions.

Keywords: liquid crystal, vapor detection, sensor material, ethanol, termogravimetry,
blue phase.

Pigxoxpucramiuni ceHCOpu AaA JEeTEKTYBAaHHA JIETIOUHX OPTaHIiYHHX CIOJIYK: IIO-
piBHANBHI edexTH abcopOLil mapu Ta TeMmireparypHu Ha (a30BUil CTAH CEHCOPHOrO MaTepiaiy.
I1.A.T'so3006cvruii, F0.M.Kauypax, II.B.Bawenro, I.A.Kpasuenro, 3.M.Murumiwx

Pigroxpucramiuna cucrema, mo MicTuTh HemaTuuHy cyMmim E7 Ta xipanpEHy moMmimky
CB15, 6yna nmporecroBaHa AK CEHCOPHUII MaTepias A JeTeKTyBaHHS mapiB eramomy. Byro
moKasaHo, IO B IILOMY MaTepiasi mix miero mapiB eTaHosy BimOyBaeThcA ABOCTALiliHA He-
Jginifina 3MiHa iHTEHCHUBHOCTi OITHYHOTO IMPONYCKAHHA 3 UacOM. B IOPIBHANBHUX eKcIepu-
MEHTaX eTAHOJ BHOCHUIMN [0 PIIKOKPMCTANIUHOrO IIapy MIIgxoM abcopbiiii iioro mapu abo
GesmocepemHiM 3MimyBaHHAM B pizromy craHi. Ilna obox BUIAIKIB KiHeTHKY BUIApOBYBaH-
HA OyJIO0 JOCHifiKxeHO 3a ZOIOMOIoI TepMorpaBiMerpuunoro ananisy (TT'A). Orpumani pe-
3yJBbTATH AOSBOJIVJIN Y3TOAUTU AaHI 38 BIJIMBY TeMIIepATYPU Ta BHECEHHS €TAHOJY Ha yTBO-
peHHA "Toay6oi dasu” (I'®) B ceHcopHOMY MaTepiaji. 3a MOIOMOTOI ONTUYHOI MiKpPOCKOil
IIOKAasaHo, IO IPUCYTHICTL eTaHONMy (pPo3uuHeHOro abo abcopBGoOBAHOTO) B IEBHUX MeEXKAaX
KOHITeHTpAallil He 3BY:KYIOTH TeMuepaTypHuii imtepsan I'd, a sawumme scyBaioTh foro B 6ik
HIDKUYUX TeMIIepaTyp, 3aBIAKU UYOMY cCIIocTepiraerbeca iHAyKRyBaHHS roaydol dasu mix giero
eTaHOJIy IIPU MOCTiHHIN TeMIepaTypi.
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1. Introduction

Detection of harmful and biologically
relevant substances that can be present in
small or even trace quantities in air and
other environmental media is an important
direction of modern technologies. The base
of any detection device is an appropriate
sensor material, which is capable to trans-
form the effects induced in it by the mole-
cules of the detected substance into a meas-
urable electrical or optical signal. For such
tasks, and especially for detection of vola-
tile organic compounds (VOC), liquid crys-
tals (LC) in general and cholesteric liquid
crystals (CLC) in particular seem to be a
very promising sensor material. Really, the
CLC property of selective light reflection,
with the wavelength of its peak being both
responsive and tunable under various exter-
nal stimuli, can be easily used for various
applications.

Detection of harmful vapors in atmos-
phere using CLC was proposed as early as in
1964 [1]. Initial efforts in this direction
were summed up in [2], and the basic
physico-chemical mechanism was proposed,
which explained the visible color changes
induced by VOC vapors by absorption of the
vapor molecules by the thin cholesteric
layer [3]. A detailed quantitative descrip-
tion was presented in [4], with several pecu-
liar cases noted in [5]. This stage of the stud-
ies on vapor detection was summarized in [6].
However, the interest in such works rather
quickly decreased — it became clear that the
selectivity of such materials was rather low,
and the limited temperature range excluded
application of such detectors in field condi-
tions. Then, for about two decades, only some
isolated publications appeared [7—9], evidenc-
ing that some interest to this topic still per-
sisted.

In recent years, however, some signs of
revival appeared. This was related, on the
one hand, to improvements in electronics
allowing to detect and discern rather weak
response signals. On the other hand, novel
LC materials were functionalized, i.e., in-
troduction of additional components capable
of specific interaction with detected vapors
allowed substantial improvement of sensi-
tivity and selectivity. Thus, cholesteric
polymer films were obtained that showed
sensitivity to amino acids [10] or com-
pounds with amino group [11]. An interest-
ing approach was proposed in [12], when a
CLC mixture was doped with substances
which were both chiral and capable of reac-
tion with the detected molecules. Doping of
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CLC mixtures with dodecylamine allowed
detection of aldehydes [13], and quantitative
detection of organophosphates was successfully
realized in [14]. One could also recall detectors
for butylamine [15], nitrogen dioxide [16],
carbon dioxide [12] etc. in atmosphere.

The development of nanomaterials and
nanotechnologies allowed a next step in the
development of LC sensors. Cholesteric sys-
tems of "hybrid” architecture with carbon
nanotubes (CNT) dispersed in LC matrices
were proposed in [17, 18]. An interesting idea
was used in detection of acetone in [17],
where at low concentrations the response was
ensured by the shift of selective reflection
band due to acetone absorption by CLC, while
at higher concentrations, when the transition
to isotropic phase is induced, the quantitative
response is realized due to changes in electric
conductivity. The usage of "two-tier” disper-
sion consisting of two stages, namely CNTs
being dispersed in CLC, and the resulting sus-
pension added to a polymer matrix, was pro-
posed in [18]. In addition, the role of dis-
persed nano-dopant was played by magnetite
particles [19, 20]. One can also mention a more
specific application of this approach [21],
where the chirality of various molecules dis-
solved from vapors could be detected with high
sensitivity using structural changes in periodic
microstructure of nematic liquid crystals con-
fined in open microchannels. As for the most
recent achievements in the field, several repre-
sentative publications can be noted [22—-26].

One should also note certain recent at-
tempt to develop CLC sensors for broad-scale
applications basing on relatively simple com-
ponents of the matrix [27].

An idea to use standardized RGB-sensi-
tive optical receivers was successfully tested
in [28]. In the course of these studies, an
unusual behavior was observed — under in-
fluence of VOC vapors, the measured trans-
mitted light intensity of the CLC mixture
after certain exposure time at first became
noticeably lower, and only after further ex-
posure drastically increased, reflecting the
isotropic transition [29]. It was suggested
that such behavior could be related to inter-
mediary formation of the so-called "blue
phase™ in the CLC mixture used [80]. It
could also suggest a two-stage mechanism of
the CLC sensor response, which could result
in new concepts for development of rela-
tively simple fast and efficient detectors.
Taking into account the fact that a rela-
tively narrow temperature range of BPs
makes them sensitive to any external
changes, the present work is aimed at a thor-
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ough physico-chemical study of the response
mechanism in such CLC sensor materials.

2. Materials and methods

The basic liquid crystal matrix used in
our studies was the nematic mixture E7
doped with CB15 (a chiral isomer of 5CB),
both obtained from Merck (Darmstadt, Ger-
many). In our experiments, the concentration
of CB15 was varied within 86-50 wt. % to
ensure a clearly recorded range of the
cholesteric blue phase (BP). These induced
cholesteric mixtures were, in turn, doped
with ethanol (EtOH) with certain volume
concentration within 1-8 vol. % using an
Eppendorf wvariable volume 0.5-10 mi-
croliter pipette (Eppendorf, San Diego, CA),
and this mixture was quickly mixed within
30 s before placing it in the LC cell. The
plane-parallel LC cell was assembled using
glass substrates covered by polyimide
PI2555 (HD MicroSystem, USA), which
were unidirectionally rubbed in opposite di-
rections to obtain strong anchoring energy,
as was described in our earlier paper [31].
The 25 um thick LC cell was filled by the
EtOH-containing cholesteric mixtures at the
temperature below room temperature (to
minimize the ethanol evaporation) and her-
metically sealed around the perimeter of the
sample.

The temperatures of phase transitions on
heating and cooling for the cholesteric mix-
tures containing various concentrations of
chiral dopant CB15 and EtOH were studied
using a thermostated heater with a tempera-
ture regulator MikRa 603 (LLD "MikRa",
Kyiv, Ukraine) and platinum resistance ter-
mometer Pt1000 (PJSC "TERA", Chernihiv,
Ukraine). The temperature was measured
with accuracy 20.1°C. The LC cell in the
thermostated heater was optically attached
to a Biolar PI (Warshaw, Poland) polarizing
optical microscope (POM) equipped with a
ScienceLab T100 (China) digital video cam-
era. On reaching certain temperatures,
phase transitions between CLC, BP and Iso
occurred, and the corresponding changes in
the LC textures were observed.

To check the validity of the ethanol in-
troduction method as described above, one
had to account for the process of eventual
EtOH evaporation under conditions of the
measurements. To make some estimates, a
set of parallel model experiments were car-
ried out, with the processes of EtOH evapo-
ration from a thin LC layer were modeled
and studied by thermogravimetric analysis
(TGA). In these experiments, we used the
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nematic 5CB (Chemical Reagents Plant,
Kharkiv, Ukraine) as a LC substance chemi-
cally similar to the mixture consisting of
the nematic E7 and chiral dopant CB15, and
a mixture of cholesterol esters S3, comprising
85 wt. % cholesteryl nonanoate and 15 wt.
% cholesteryl butyrate (to compare 5CB with
another LC system formed by substances of
essentially different chemical nature).

In our model experiments, two different
procedures of ethanol introduction were
used, namely, from liquid LEtOH (I) or from
vapor V4PEtOH (II) states.

According the procedure I, small amount of
LC (~ 5 mg) was placed into a 160 ul alumi-
num oxide crucible to form a ~ 0.1 um thick
layer. Further, a proper amount of liquid etha-
nol (YEtOH) was added to provide the required
EtOH concentration, and the crucible was cov-
ered with a perforated lid.

According to the procedure II, a thin LC
layer was obtained as described above, and the
crucible was covered with a perforated lid and
placed into a chamber with saturated ethanol
vapors (VPEtOH). The description of the cham-
ber scheme and saturation process is the same
as for water vapor described in detail in [32].

Thermogravimetric analysis (TGA) was
carried out immediately after EtOH addition
for the samples prepared by the procedure I
(LEtOH) and after 60 hrs of saturation for
those obtained by the procedure II (Y4PEtOH).
TGA data were collected using TG 50 mod-
ule of a thermoanalytical system Mettler TA
3000 (Switzerland). A sample in a closed
crucible was placed into the module and
then was incubated for one hour at 25°C.
The original TGA data were obtained as de-
pendence of the sample weight, m, on incu-
bation time, ¢. Simultaneously, the differen-
tial thermogravimetry (DTG) data were ob-

tained as C%}(t) function.

In order to compare the results obtained
in different experiments, TGA and DTG
data were plotted as a function of EtOH
content in the system, eth, which can be
expressed as follows:

Cop = —E___ 100, )

(mg+mye)

where mg is the initial weight of ethanol;
m(t) is the weight of EtOH at the time t;
myc is the weight of LC in a sample. It
should be noted that for data on pure EtOH,
the m;, value was taken the same as for the
system with LC.
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Fig. 1. Time dependence of ethanol content
in the samples at constant temperature
(25°C): 1 — ethanol; 2 — 5CB + LEtOH sys-
tem prepared by procedure I; 3 — 5CB +
VapEtOH system prepared by procedure II; 4
— S8 + LEtOH system prepared by procedure
I. The horizontal solid lines are plotted to
indicate c*eth value (see explanations in the
text).

3. Results and discussion

The results of our TGA experiments on
EtOH absorption and desorption from LC
matrices are plotted in Fig. 1. As the first
step, we obtained reference data in a
"blank™ experiment with pure EtOH intro-
duced into the crucible. One can see that
the loss of mass during ethanol evaporation
is linear with time, and rather quickly zero
EtOH content eth is achieved (curve I). At
the same time, for 5CB with low etk (the
initial mass of EtOH in 5CB was the same as
in the blank experiment) the dependence
(curve 2) is essentially non-linear (exponen-
tial approximation of the gives charac-
teristic decay time T = 9.2 min, with the co-
efficient of determination R2 > 0.999). In
the 5CB sample with relatively high ethanol
content ¢, (curve 8), one can observe two
regions with different shapes of c,,;(¢) de-
pendence, namely, linear and exponential
(t = 9.7 min, R2 > 0.999). It seems natural
that the linear region corresponds to the
portion of ethanol which is not involved in
5CB solvation, whereas the exponential re-
gion just characterizes EtOH solved in LC.
The value of the threshold ethanol concen-
tration (¢”,,;,) was determined as the cross-
over point between these two regions (see
horizontal lines in Fig. 1). As we could esti-
mate, for 5CB c¢*,,, =5 %. Less polar cho-
lesterol eaters mixture S3 also manifests
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Fig. 2. Dependence of the rate of ethanol
desorption on ethanol content in the samples.
Designations of plots are the same as in
Fig. 1. The vertical solid lines are plotted to
indicate C*eth value.

two-region ¢,,;(t) shape (curve 4). However,
the threshold separating the linear and the
exponential regions corresponds to much
smaller EtOH content (c¢*,;, = 1.8 %), which
seems quite natural, since the cholesterol
esters (constituents of S8) have much lower
polarity, and their affinity to ethanol mole-
cules is much weaker.

The value of c¢*,,, could be also esti-
mated from DTG data (Fig. 2). Pure ethanol
is characterized by constant evaporation
rate (dm/dt) until ¢, =1 %. In the pres-
ence of 5CB this value is close to ~6 %.
The difference between these values is about
5 %, which corresponds well to the estima-
tion obtained from TGA data. It is worth
noting that DTG data prove that the rate of
ethanol evaporation from LC-EtOH mix-
tures only depends on ceth regardless of the
method of ethanol introduction (¢f. curves 2
and 3). This fact is also confirmed by simi-
lar values of T obtained from TGA analysis.
Generally, the dm/dt value in the linear
region could be considered as a certain char-
acteristic of solvation. Indeed, the rate of
ethanol evaporation in the low polar system
containing mixture of cholesterol esters S3
is almost the same as for pure EtOH (cf.
curves I and 4), which probably reflects low
solubility of cholesterol esters in ethanol.
Meanwhile, dm/dt is much lower in the sys-
tem containing 5CB, which, to our mind, is
caused by decreasing the energy of ethanol-
ethanol interactions under 5CB solvation. It
should also be noted that curves 2 and 8,
corresponding to 5CB-ethanol systems ob-
tained by procedures I and II, respectively,
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Fig.3. Phase transition temperatures in the
sequence CLC-BP-Iso as function of CB15
concentration in the nematic E7: before (solid
spheres) and after (solid star symbols) the
ethanol introduction. The dashed curves are a
guide to the eye.

are almost identical. Thus, TGA studies
confirm that introduction of ethanol to LC
matrix in the form of liquid or as absorbed
vapor result in essentially similar LC-etha-
nol systems.

In Fig. 3, a section of the phase diagram
is presented for the LC mixture, consisting
of E7 and CB15, for the concentration range
38-50 wt. % of the chiral dopant. The
"blue phase”™ (BP) appears between the
cholesteric (CLC) and isotropic (Iso) phases
above 38 wt. % of CB15 (i.e., when the
induced helical twisting becomes suffi-
ciently strong). Upon further increase of
CB15 content, the BP temperature range is
widened up to > 2 K at 50 wt. %. After
introduction of EtOH, the phase diagram
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was changed, with both CLC-BP and BP-Iso
phase transition temperatures noticeably
lowered.

For two concentrations of CB15 (42.7 wt.
% and 46.9 wt. %), the phase transition
temperatures are shown as function of
LEtOH concentration introduced into the LC
matrix (Fig. 4, a,b). The ethanol concentra-
tion introduced by admixing (“EtOH) or ab-
sorption from vapor (V%PEtOH) could be esti-
mated basing on the above discussion on the
results presented in Figs. 1 and 2. In fact,
for similar experimental conditions a clear
correlation exists between the quantity of
primarily introduced EtOH and its residual
concentration after a specified time. Thus,
starting at the temperature of the
cholesteric phase of the mixture, consisting
of the nematic E7 and chiral dopant CB15
in certain weight ratio, and introducing
ethanol (e.g., by vapor absorption V¢PEtOH),
we pass from the CLC to the Iso via the
"intermediary”™ blue phase (BP).

One can make a highly reasonable as-
sumption that these sequential transitions
were the cause of anomalous changes in op-
tical transmission upon action of ethanol
vapor noted in [29] with a similar LC ma-
trix.

4. Conclusions

Several highlights of the present study
can be formulated, basing on the obtained
results. First, we can claim that in our ex-
periments we have observed the transition
from the cholesteric phase to the "blue”™ LC
phase induced by action of absorbed ethanol.
This opens new possibilities for development
of LC sensors of volatile organic compounds
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Fig. 4. Phase transition temperatures of the liquid crystal systems 57.3 wt. % E7 + 42.7 wt. %
CB15 (a) and 53.1 wt. % E7 + 46.9 wt. % CB15 (b) in depending on the concentration of the

introduced LEtOH.
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(VOC). Also, our thermogravimetric (TGA)
experiments provide evidence that physico-

che

mical effects of VOC absorbed by LC

from vapor and those introduced directly in

the

liquid state are essentially similar.

Also, we can claim that the method of TGA,

in

particular, in its differential wvariant

(DTG), can be a useful tool in studies of
multi-component LC systems with nano-
structured ordering.
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