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Chiral Liquid Crystal-Based Sensor for the
Detection of Low Humidity

NİMET YİLMAZ CANLİ∗ AND ZEYNEP GÜVEN ÖZDEMİR

Department of Physics, Yildiz Technical University, Istanbul, Turkey

The humidity sensing capability of a film of (S)-5-octyloxy-2-[{4-(2-methylbuthoxy)-
phenylimino}-methyl]-phenol liquid crystal (LC) was studied. The experimental results
show that LC thin film offers a promising perspective as a sensing material for the detec-
tion of relatively low humidity levels at even room temperature. It was observed that the
operating temperature has a considerable effect on humidity sensing performance of the
sensor. A comparison of kinetic models applied to the adsorption of water molecules on
the LC film was evaluated for the Ritchie and Elovich kinetic models. Linear regression
analysis results show that Elovich equation provides the best correlation for the water
molecule adsorption processes.

Keywords Chiral liquid crystal; Elovich equation; humidity sensor; response time;
sensitivity

1. Introduction

Humidity sensors (HSs), which measure the amount of water vapor present in a gas, have
a crucial importance in both industrial processing and environmental control [1]. HSs have
been utilized in various fields of industry and life sciences such as semiconductor industry,
automobile industry, medical applications, agriculture, textile production, meteorological
analysis, forecasting etc. [2, 3]. Various chemoresistive metal oxide sensors have been
used to detect humidity, which include Al2O3 [4, 5], TiO2 [6–8], SiO2 [9]; semiconductors
such as SnO2 [10–12], In2O3 [13–16], and polymers [1]. Well-known disadvantages of
inorganic semiconductor gas sensors are their low selectivity, high operating temperature,
long response and recovery time of the sensor signal [17–19].

Humidity sensors are also usually classified as capacitive or resistive type. Capacitive
sensors have a more linear response than the resistive sensors. While capacitive sensors are
used for both very low (0%) to high (100%) relative humidity (RH), the resistive type of
HSs are typically limited to about 20% to 90% RH. Especially, very low humidity levels
have a critical importance on telecommunications. Low levels of humidity can cause brittle
circuit boards and greatly increase the buildup of static electricity, which often creates
electrical discharge and uncontrollable malfunctions.

In recent years, the chemical sensor applications of liquid crystals (LCs) have been
investigated such as detection of cholic acid [20], vaporous butylamine in air [21], heavy
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Chiral Liquid Crystal-based Sensor for the Detection of Low Humidity 65

metals in aqueous [22] etc. In this context, we have focused on the research of the effect
of humidity of chiral liquid crystal (LC), since there has been no report on the issue
of this type of liquid crystal. According to our results, chiral LC ((S)-5-octyloxy-2-[{4-
(2-methylbuthoxy)-phenylimino}-methyl]-phenol) film offers a promising perspective as
sensing material for the detection of (1%–4%) low RH levels at room temperature.

Measuring very low RH has a crucial importance for various kinds of applications
such as battery industry, medical device technology, agriculture, biology, etc. As is known,
dry rooms at which RH is 1%, are used for lithium battery manufacturing, automotive
hybrid batteries, and medical devices. Measuring very low RH has also a significant role in
agriculture and biology. For instance, the highest survival rate of entomopathogenic fungi,
which has a great potential for using it as a bio-pesticide in agriculture, requires very low
relative humidity (<5%) [23, 24]. In this context, the chiral LC material may be utilized
as HS to measure extremely very low RH for the advanced technological applications
mentioned above.

2. Experimental

The synthesis details of the chiral Liquid Crystalline Compound ((S)-5-octyloxy-2-[{4-
(2-methylbuthoxy)-phenylimino}-methyl]-phenol) was reported elsewhere [25–28]. The
chemical structure of LC is presented in Fig. 1.

Liquid crystal compound was easily dissolved in chloroform in order to obtain 1 mg/mL
solution. Prior to the deposition of thin film of LC by spin-coating technique, interdigital
array of metal electrodes were patterned on cleaned glass substrate using photolithography.
Prior to vacuum evaporation, glass substrates were thoroughly cleaned by ultrasonically
and then coated with 100 Å of chromium followed by 1200 Å of gold in an Edwards
auto 500 coater system. The film patterned photolitographically and etched to provide 10
fingers pairs of electrodes having a width of 50 μm, spaced 50 μm from the adjacent
electrodes. Thin film of the compound was obtained by spin-coating chloroform solutions
of the compounds over the electrode arrays to obtain devices suitable for humidity sensing
measurements. The substrate temperature was kept constant at 25◦C during deposition of
the materials over the electrodes. The effect of the humidity on the conductivity of the film

Figure 1. The chemical structure, phase transition temperatures T (◦C) and transition enthalpies �H
(kJ mol−1) of the liquid crystal compound (LC).
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66 N. Y. Canli and Z. G. Özdemir

was measured in a homemade teflon chamber implemented in our laboratory where dry
nitrogen gas (N2) was used as carrier gas. The carrier gas used in the experiments had purity
level of 99%. For humidity measurements, the N2 gas was divided into dry gas and wet
gas, which was prepared by bubbling the N2 gas through deionized water. Then, wet N2 gas
was mixed with dry N2 gas using computer-derived mass flow controllers (MKS Inst.). The
RH inside the measurement chamber was varied between 0% and 10% RH and controlled
with a commercially available humidity meter. The variation of the sensor current during
sensing experiments was monitored by using a Keithley 6517A electrometer. A dc voltage
of 1 V was applied to the sensor during the measurements. A typical experiment consisted
of exposure to test gases and subsequent purging with dry nitrogen. Humidity sensing data
were recorded by IEEE-488 data acquisition system incorporated to a personnel computer.

3. Results and Discussion

Sensing experiments were performed at different temperatures in order to find out the
optimum operating temperature of this film for RH sensing. The response currents of the
LC film exposed to different RH, following an increasing RH order of 1%, 2%, 3%, and
4% were recorded. Figure 2 shows the effect of various concentrations of water molecules
on the dynamic response of the LC coated interdigital transducer at indicated temperatures.
Both adsorption and desorption times were set at 5 min. As can be seen from the Fig. 2, when
the film is exposed to various concentration of water vapors, the sensor current increases
sharply in the initial doping stage followed by a drift to the steady-state value. It is also
clear from Fig. 2 that when the water vapor was turned off, purging with dry nitrogen leads
to an initial fast decrease followed by a slow drift until the current reaches its initial value.
This proves that the adsorption process is reversible. The sensing performance of the films
toward sequential RH pulses can be explained as follows. The first step of the detection of
a molecule is the adsorption of the molecule on the surface of the material. When the water
molecules adsorbed at the active adsorption sites, it results in charge transfer interaction
between the water molecules and surface of the film. This interaction leads to a change in

Figure 2. Dynamic response–recovery characteristics of the LC coated sensor to 1%, 2%, 3%, and
4% RH at three different temperatures.
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Chiral Liquid Crystal-based Sensor for the Detection of Low Humidity 67

electrical conductivity of the film. The adsorption of a water molecule on the film surface
leads to the creation of an acceptor level.

These acceptor states, which lie below the Fermi level at the initial stage of adsorption,
make easy the trapping of valance electrons. When the number of the trapped electrons
reaches to a sufficient value, the Fermi level shifts towards the valance band. This shift in
the Fermi level causes the reduction in the speed of trapping processes. When the sensor
is then exposed to dry nitrogen, this leads to desorption of adsorbed water molecules from
the surface of the active sensing layer, and thus a decrease in sensor current.

The sensing curves for various temperatures, shown in Fig. 2, look similar to each
other and it is hard to compare the sensing characteristics among them since the initial
sensor currents are not identical for different temperatures. Such problem is solved by
using response (R) instead of sensor current. Figure 3 shows the response, defined by R =
(IRH−I0)/I0 where IRH is the sensor current in the presence of humidity and I0 is the film
current in dry nitrogen gas, as a function of RH at various temperatures. For all temperatures
investigated, there is a good linearity between the response magnitude and the level of RH.
Examining this graph, it is clear that the response of the sensor decreases as the level of
RH increases. The sensitivity of the sensor towards RH was obtained from the slope of the
Fig. 2. The response plot in Fig. 2 gives the sensitivity values of 2.55 × 10−1 (%)−1 and
1.67 × 10−2 (%)−1 at 300 K and 350 K, respectively. It is evident that the sensitivity of
the sensor decreases with increasing temperature. Similar results on sensitivities have been
reported for some other gases coated with different sensing materials [29].

The interpretation of the decrease in sensitivity as the temperature increases requires
taking into account many elementary physico-chemical processes. The temperature depen-
dence of the sensitivity suggests that the temperature either decreases the number of active
sites on the surface or complicate the adsorption of water molecules into the existing sites.
The observed effect can be attributed to the thermally induced structural changes, at least
partly.

To investigate the effect of operating temperature, the response and recovery rate of
the film were compared by response and recovery time. The response time τ 90 is defined

Figure 3. Normalized responses of LC sensor as function of RH at indicated temperatures.
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68 N. Y. Canli and Z. G. Özdemir

as the time it takes to reach 90% of the final current. The response time τ 90 were obtained
from the measured dynamic response–recovery characteristics (Fig. 3). The derived values
of τ 90 as function of RH level at different operating temperatures are shown in Fig. 4(a).
The response time of the sensor for 3% RH was approximately 120 s at room temperature.
With increasing temperature, the response time decreases rapidly. At 350 K, its value was
55 s. It is clear from Fig. 4(a) that elevation of operating temperature leads to a smaller
value of τ 90 for the investigated sensor.

The recovery time (τ 10), defined as the time required to return to 10% below its
equilibrium value in dry N2. According to this definition, a small value of the τ 10 represents
a quick recovery to its initial state. The variation of the recovery time with RH is shown
in Fig. 4(b). The results also show that the recovery time of the sensor is an increasing
function of the RH level, on the other hand, it is a decreasing function of temperature. This
observation suggests that by increasing the sensing temperature the recovery characteristic

Figure 4. RH dependence of the response time (a) and recovery time (b) at various temperatures for
the film of LC.
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Chiral Liquid Crystal-based Sensor for the Detection of Low Humidity 69

can be improved. The observed response and recovery behavior of the sensor can be
explained by the adsorption–desorption kinetics.

3.1. Kinetic Studies

Most adsorption kinetics processes are usually controlled by different mechanisms, of which
the most limiting are the diffusion mechanisms, attributed to rapid external diffusion or
boundary layer diffusion and surface adsorption. In order to gain insight into the adsorption
process, a suitable kinetic model is needed to analyze the experimental data. In order to
investigate the mechanisms of adsorption, numerous kinetic models such as Elovich model
and Ritchie’s equation have been suggested. In this study, the adsorption of water vapors
onto LC film was modeled using these rate equations. The conformity between experimental
data and the model predicted values was expressed by the correlation coefficients (R2). A
relatively high R2 value indicates that the model successfully describes the kinetics of water
vapors adsorption onto the LC film surface.

3.2. Ritchie Equation

Ritchie proposed a model for gas–solid adsorption processes [30]. According to Ritchie,
the rate of adsorption depends solely on the fraction of sites which are unoccupied at time
t, then

dθ

dt
= α(1 − θ )m (1)

where θ is the fraction of surface sites, which are occupied by adsorbed gas, m is the number
of surface sites occupied by each molecule of adsorbed gas, and α is the rate constant. By
applying the boundary conditions θ = 0 at t = 0 and θ = qt/qe at t = t, Eq. (2) integrates to

qm−1
e

(qe − qt )m−1
= 1 + (m − 1)αt for m �= 1 (2)

When introducing the amount of adsorption, qt, at time t, and if gas adsorption is
considered to be a second-order reaction, then Eq. (2) becomes:

1

qt

= 1

αqet
+ 1

qe

(3)

Ritchie proposed that the sorption capacity and rate constant α can be calculated from
the intercept and the slope of the 1/qt vs.1/t plot.

3.3. Elovich Model

The Elovich equation, which is another rate equation based on the adsorption capacity, was
developed to describe the kinetics of chemisorption of a gas onto solids. Elovich equation
has been widely used to describe the adsorption of gas onto solid systems and adopted to
examine the mechanism of the adsorption process, which is expressed by

dqt

dt
= α exp(−βqt ) (4)
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70 N. Y. Canli and Z. G. Özdemir

The parameter α represents the rate of chemisorption at zero coverage and the parameter
β is related to the extent of surface coverage and the activation energy of chemisorption
and qt is the quantity of gas adsorbed during the time t [31]. The integrated form of Eq. (4)
can be written in the form

qt = 2.3

b
log(t + t0) − 2.3

b
log t0 (5)

with

t0 = 1

ab
(6)

To simplify Elovich’s equation, Chien and Clayton [32] assumed that abt >>1 and by
applying the boundary conditions qt = qt at t = t and qt = 0 at t = 0, the integrated form

Figure 5. Plot of Ritchie equation for sorption of water molecules onto the LC film (a) at room
temperature (b) at 340 K.
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Chiral Liquid Crystal-based Sensor for the Detection of Low Humidity 71

Figure 6. Elovich plots for water molecules adsorption onto the LC film (a) at room temperature
(b) at 340 K.

of Eq. (4) becomes,

qt = 1

b
ln(ab) + 1

b
ln(t) (7)

3.4. Test on Kinetics Models

Figure 5(a) and (b) show (1/qt) vs.1/t plot for various concentrations of water vapors at
room temperature and 340 K, respectively. It is important to note that for a Ritchie model,
the correlation coefficient is always less than 0.975 for all RH range investigated, which is
indicative of a bad correlation. This confirms that Ritchie equation is not appropriate to use
as a model to predict the adsorption kinetics of water molecules onto the LC film.

By assuming that the change in the current (�I) is proportional to the change in surface
coverage, the applicability of Eq. (7) cannot be checked by the plot of �I versus ln (t), a
should be a straight line. A set of �I − ln (t) plots, which are derived from Fig. 2, for room
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72 N. Y. Canli and Z. G. Özdemir

temperature and 340 K, adsorption of water vapors with various concentrations on LC film
surface are shown in Fig. 6(a) and (b), respectively. It reveals that the plots of �I versus ln
(t) are linear for all RH levels, indicating that the interaction obeys the Elovich equation.

4. Conclusion

The spin-coating film humidity sensor based on chiral liquid crystal compound ((S)-5-
octyloxy-2-[{4-(2-methylbuthoxy)-phenylimino}-methyl]-phenol) has been successfully
developed. The humidity sensing properties of the film was studied as a function of temper-
ature and RH level. All the observations demonstrated that superior humidity sensing can
be achieved by the film of the LC even at room temperature. A comparative study of the
applicability of kinetic models of Ritchie and Elovich to describe the adsorption of water
molecules on thin film of LC has been carried out. Comparing the regression coefficients
R2 shows that the Elovich model best describes the experimental data on the adsorption of
water molecules with studied samples.
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