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A new method is reported for determining the concentration of dimethyl methylphosphonate (DMMP) vapor
based on the capture of laser speckles from a liquid crystal (LC) sensor. The sensor comprises a film of the
nematic LC, 4-cyano-4-pentylbiphenyl, anchored to a carboxy-terminated self-assembled monolayer of 11-mer-
captoundecanoic acid via interaction with copper ions. A linearly polarized laser beam is transmitted through the
sensor and irradiated onto a rough diffuser. A charge-coupled device camera is used to capture speckle images
from the LC sensor and calculate the correlation coefficient. DMMP vapor is selectively detected over a 500 ppb
to 5 ppm concentration range, demonstrating the feasibility of the method for determining vapor phase con-
centrations of organophosphorus compounds. Compared with previous methods that use a polarizing optical
microscope to image the LC film, our approach does not require complex instrumentation and reduces the size,
complexity, and cost of the detection system. The detection methodology described in this study provides new
ideas for LC-based sensing of organophosphorus vapors.

1. Introduction

Organophosphorus compounds (OPs) are a class of toxic organic
molecules, such as Sarin, that are commonly used as chemical warfare
agents [1]. These dangerous substances can cause irreversible physio-
logical damage within seconds or death within a few minutes after
exposure [2,3] The use of OP pesticides in agriculture also has consid-
erably increased [4]. Although OP pesticides are not as toxic as chemical
warfare agents, they still pose a threat to the environment and human
health. Thus, there is a need to develop sensors for the detection of
organophosphorus compounds.

Methods for detecting OPs include gas chromatography [5] and ion
mobility spectroscopy [6], which can identify and quantify analytes
based on their chemical composition and can function in complex en-
vironments. However, these methodologies require complex instru-
mentation, which is expensive and lacks portability. Many studies have
addressed these issues while undertaking the detection of OPs. For
example, surface acoustic wave spectroscopy employs a sensitive surface
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film placed between two transducers. The film selectively adsorbs the
target gas, which alters the surface acoustic wave propagation velocity
and causes corresponding changes in the frequency or phase of the
transducer signal [7,8]. The quartz crystal microbalance [9,10] and
electrochemical techniques based on carbon nanotubes [11] also have
been used to detect OPs. The above techniques reduce cost and improve
portability to some extent. However, the methods are susceptible to
humidity and to false positives due to the presence of other gases. Thus,
a need exists for a detection technology that is sensitive and selective,
but is simple, portable, inexpensive, and power-independent.

Liquid crystals (LCs) have attracted recent attention due to their
unique optical properties and response to stimuli. For example, Devi
et al. reported LC-based sensors for detecting biomolecules and heavy-
metal ions [12-14]. Many studies have also confirmed that LCs can be
used in the detection of OPs. LC-based detection involves the use of
specific metal cations to affix the liquid crystal within a LC film. When
OPs present, the ability of metal cations to anchor the LCs is weakened
because metal cations prefer binding to OPs instead of LCs, which results

1 dimethyl methylphosphonate (DMMP); liquid crystal (LC); 4-cyano-4-pentylbiphenyl (5CB); self-assembled monolayer (SAM); 11-mercaptoundecanoic acid
(MUA); charge-coupled device (CCD); organophosphorus compounds (OPs); transmission electron microscopy (TEM);
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Fig. 1. Schematic illustration of the detection system. The left and right dashed boxes indicate the detection method used in this work and in previous studies,

respectively.

in the change of the optical properties of the LC film. For example,
Sridharamurthy et al. reported a LC sensor capable of responding to 10
ppm dimethyl methylphosphonate (DMMP) vapor. The sensor was
fabricated by forming a self-assembled monolayer (SAM) of 11-mercap-
toundecanoic acid (MUA) on a thin, evaporated gold film covering an
array of micropillars. The surface was functionalized with copper
perchlorate, and 4-cyano-4"-pentylbiphenyl (5CB) was introduced to the
film [15]. The microstructure used the capillary force generated by the
micropillar array to support the LC film. Bungabong et al. reported a
method using 5CB doped with 0.05—50 mM copper perchlorate as an
optical sensor to detect DMMP vapor [16]. Copper-doped 5CB was filled
into a copper transmission electron microscopy (TEM) grid, which was
placed on the surface of a glass slide and monitored as the orientation of
5CB gradually changed from planar to homeotropic. This LC sensor was
easily fabricated and afforded a 3 ppb detection limit, which was lower
than that of previous studies. However, the preparation time was long
(1-31 days), and the recovery response of the sensor was poor. Abbott
and co-workers used obliquely deposited gold surfaces covered with
SAMs to capture metal ions. Liquid crystals based on 5CB, 4-cyano-4-
"-octylbiphenyl (8CB), or the liquid crystal mixture E7, supported on
chemical surfaces have been used to detect OPs [17-19]. A variety of
procedures have been used to prepare LC films. Methods include spin
coating onto functionalized glass slides and filling TEM grids, fabricated
microwells, or fabricated micropillars with LCs [19-21]. These tech-
niques typically use a polarizing optical microscope to observe and
calculate the change in luminosity after light transmission through the
LC film to establish the concentration of the detected gas. Moreover, the
detection systems are bulky, expensive, and complicated to operate and
often fail to accurately determine the target gas concentration.

The high toxicity of chemical warfare agents and organophosphorus
pesticides presents a danger for use in experimental research. Therefore,
we employ DMMP as a simulation compound, because it is similar to
Sarin in terms of structure, functional groups, and properties while
conveying low toxicity [22,23]. We report a new method for the
detection of DMMP vapor based on LC sensors constructed by forming
LC films on the chemically functionalized surfaces of glass slides. The
fabricated sensor is placed in a chamber and linearly polarized laser is
transmitted through the LC film and irradiated on a rough diffuser. A
charge-coupled device (CCD) camera without a mounted imaging lens is
placed above the diffuser to capture speckle images in real time. We
passed DMMP vapors at different concentrations, several organic va-
pors, and pure nitrogen at different relative humidity into the chamber,
and established the concentration range, detection limit, and selectivity
of DMMP by calculating the correlation coefficients of the speckle
images.

2. Experimental section
2.1. Materials

11-Mercaptoundecanoic acid (MUA) and anhydrous ethanol were
purchased from Aladdin Biochemistry Technology Co., Ltd. (Shanghai,
China). Copper(Il) perchlorate hexahydrate was purchased from Sig-
ma-Aldrich (Singapore). 5CB was purchased from Instec, Inc. Titanium
(99.999%) and gold (99.999%) were purchased from Advanced Mate-
rials (Spring Valley, NY). DMMP in nitrogen at a nominal concentration
of 10 ppm was purchased from Dalian Special Gases Co., Ltd. (Dalian,
China). All chemicals and solvents were of analytical reagent grade and
were used as received without further purification.

2.2. Deposition of gold films

Semi-transparent 200-A gold films were deposited onto cleaned glass
slides mounted on a fixed holder within an electron beam evaporator
(Ei-5z, ULVAC). A 100-A titanium layer was first deposited on the glass
slides to promote adhesion of the gold film. The rates of gold and tita-
nium deposition were 0.2 A/s. The pressure in the evaporator was
maintained at <5 x 10™* Pa before and during deposition. The pro-
cedure for gold film deposition was based on published methods with
slight modifications [24].

2.3. Preparation of functionalized gold surfaces

The protocol for preparing functionalized gold surfaces was slightly
modified from a procedure published in literature [24]. MUA SAMs were
prepared by overnight immersion of gold-coated glass slides in a 2 mM
MUA solution in ethanol. The SAMs were rinsed copiously with ethanol
and dried under a nitrogen stream. Copper ions (Cu?") were immedi-
ately deposited onto the carboxylate SAMs by dip-coating from etha-
nolic solutions of copper perchlorate (with concentrations of 10, 5, 1,
0.5 mM) at a withdrawal speed of 300 pm/s.

2.4. Formation of thin LC films

After dip-coating Cu?" onto the SAMs, a 20-um thick copper TEM
grid (Zhongjingkeyi Technology Co., Ltd, Beijing, China) with 50 mesh
was placed on top of the surface. The TEM grids were filled with 5CB
using a capillary cube, and excess 5CB was removed with an empty
capillary cube.

2.5. Detection system and sensor exposure to DMMP

The details of the detection system are shown in Fig. 1. A 0.7-mm
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Fig. 2. Schematic of the stepwise assembly of a LC film and principle of DMMP detection. (a) Formation of MUA SAMs on a gold-coated surface. (b) Deposition of
Cu®* onto MUA SAMs by dip-coating. (c) Formation of a homeotropically orientated LC film. (d) Structural transition within the LC film upon complexation of cu?t

by DMMP and displacement of the 5CB nitrile group.

diameter beam of highly coherent laser was emitted from a solid-state
laser (LCX-532S-100-CSB-PPF, Oxxius). The beam diameter was
enlarged to 7 mm by a beam expander. The expanded beam was passed
through a linear polarizer whose polarization axis was perpendicular to
the horizontal. The beam aperture was redefined by an iris of ~3 mm
diameter. The redefined laser beam was reflected by a mirror into a
chamber containing the LC sensor with an incident window below and
an exit window above the sensor. Glass sheets on the incident and exit
windows facilitated transmission of the polarized light through the
sensor. The exiting beam was divided by a 50:50 beam splitter, with one
beam directed to a polarimeter (PMI-VIS, Meadowlark Optics) to record
the polarization state, and the other beam directed to a rough diffuser to
form speckles. A CCD camera without a mounted imaging lens was
placed above the diffuser to capture the speckle images. The rough
diffuser and CCD camera comprised the speckle imaging system.
Polarizing microscopic imaging systems used in previous studies
comprise crossed polarizers (a polarizer and an analyzer) and a CCD
camera with a mounted imaging lens and usually include an optical
zooming module between the chamber and analyzer [16,21,24].

The inlet of the sample chamber was connected to a mass flow
control system (MF-3D, Zhongji), which modulated the DMMP vapor
concentration by dilution with nitrogen gas. DMMP concentrations in
this study ranged from 200 ppb to 5 ppm at a constant flow rate of 200
mL/min.

3. Results and discussion
3.1. Gas detection principle

The SAMs were formed by attachment of MUA to the gold surface via
sulfhydryl—Au bonding (Fig. 2a). The surface was functionalized by
complexing Cu®" to the carboxylate groups of MUA (Cu?*-MUA,
Fig. 2b). A TEM grid was then placed on the surface and filled with 5CB.
The nitrile group (—CN) of 5CB forms a weak complex with the surface-
immobilized Cu®* creating the homeotropic anchoring (parallel to the
surface normal) of 5CB at the 5CB-Cu®" interface. Previous studies have
established that surface-induced orientations of LCs can be communi-
cated by as much as ~100 um from the interface into the bulk of a liquid
crystalline phase. Thus, the LCs assume a homeotropic orientation at
their air-LC or N2-LC interfaces resulting in a homeotropic alignment of
5CB throughout the LC film (Fig. 2¢) [25]. Copper(Il) has a greater af-
finity for the phosphoryl group of DMMP than for the nitrile group of
5CB. Thus, when DMMP molecules diffuse through the LC film to the
5CB-Cu?* interface, 5CB is competitively displaced from its complex

with Cu®* and the homeotropic orientation of the LC film is disrupted.
The altered alignment of 5CB within the film changes the polarization
state of the transmitted laser beam (Fig. 2d) [26].

3.2. Speckle measurement mechanism

When a highly coherent laser beam illuminates a rough surface,
bright and dark distributions of grainy light (termed "“speckles’’) are
formed [27]. Goodman has demonstrated that different laser polariza-
tion states result in different speckle patterns [28]. Tong et al. have
shown that when the direction of polarized laser is rotated, the corre-
lation coefficient between the speckle patterns formed before and after
rotation varies as the square of the cosine function [29]. Owing to the
birefringence properties of homeotropically oriented 5CB in the LC films
before exposure to DMMP, the polarization state of the laser does not
change when the laser is transmitted through the film. After exposure to
DMMP, the loss of 5CB attachment at the bottom of the film triggers a
transition from a homeotropic to a planar or tilted orientation (Fig. 2c,
d). This transformation alters the polarization state of the laser beam.
Concurrently, laser transmitted to the rough diffuser forms speckles,
which are captured in real time by a CCD camera (PL-B781, Edmund
Optics) without a mounted imaging lens. Individual speckle images were
taken at 10 s intervals.

The correlation coefficient, p, ,, between the mth and nth speckle
images is defined as the ratio between the covariance of I, and I, and the
product of their standard deviations,

P = cov(I,,,,I,,)7 o

OnOyp

where I, I,, om, and o, are the mth and nth speckle intensities and the
standard deviations of the speckle images, respectively. Using the
equations for the speckle correlation coefficient in [28,29], the corre-
lation coefficient, pn,, between the mth and nth speckle images is
calculated as

Im - E In — E
= L=l =) @
! 0,0y

where I, and I, are the mean values of the mth and nth speckle in-
tensities, respectively. Each speckle image with 792 x 600 pixels is read
as a separate array using MATLAB. The correlation coefficients between
all captured speckle images and the first captured speckle image (i.e., m
=landn=1, 2, ..., N, where N is the number of all speckle images)
were calculated from these results.
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Fig. 3. Change in the DOP of laser transmitted through 5CB-Cu®* LC films.

3.3. Effects of Cu?* concentration on LC alignment

0.5, 1, 5, and 10 mM Cu®* solutions in ethanol were obtained by
serial dilution of a 50 mM copper(Il) stock solution prepared from
copper perchlorate. MUA SAMs on gold-coated glass slides were func-
tionalized by dip-coating in the above solutions at a withdrawal speed of
300 pm/s. LC films of a prescribed thickness were fashioned on the
functionalized surfaces by filling 5CB into TEM grids. Previous studies
have reported that capillary force firmly holds LCs within microwell and
micropillar arrays after filling. Thus, stable films are formed that are
resistant to gravity (tilting of the device) and shock [21].

A previous work has also established that LC molecules within the
film prepared by filling TEM grids with 5CB gradually establish a
homeotropic alignment due to coordination interactions between the
—CN group of 5CB and Cu®t [26]. The refractive index of 5CB under
incident light equals its normal value, n,, when the LC is in a homeo-
tropic orientation. Thus, when linearly polarized laser is transmitted
through the LC film, the difference in refractive index, An, between the
horizontal and vertical polarization components, which are perpendic-
ular to the direction of propagation direction, is zero (i.e., An = n, — n,
= 0). This result means that the phase difference between the orthogonal
polarization components of the transmitted laser beam is also 0, which
confirms that the polarization state of the transmitted laser beam is
unchanged upon passage through the LC film.

A polarimeter was used to determine the polarization state of the
incident light by use of the Stokes parameters. We used the degree of
polarization (DOP) to characterize the impact of the Cu®* concentration
on the homeotropic orientation of 5CB. The DOP describes the per-
centage of an electromagnetic wave that is polarized and is defined as
the fraction of the total power that is carried by the polarized compo-
nent. DOP is calculated using the Stokes parameters Sp, S1, S, and S3
[30],

\/S2 482+ 82
pop=Y"1 "2 3 3)

So

where S is the total light intensity, and S, Sy and S3 are the intensity
differences between the horizontal and vertical linearly polarized
components, the +45° and —45° linearly polarized components, and the
right and left circularly polarized components, respectively. The DOP of
fully polarized light is 1, whereas that of unpolarized light is 0. DOP
values between 0 and 1 correspond to partially polarized waves.

The DOP of linearly polarized laser that is not transmitted through
the LC film is unity. Previous work has demonstrated that, if random
changes occur in phase retardation at local areas within a LC cell or in
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Fig. 4. (a) Time-dependent changes in the correlation coefficient of laser
transmitted through LC films on Cu®>"-MUA SAMs following exposure to various
concentrations of DMMP. Images of the LC film between crossed polarizers are
shown at points A, B, and C. (b) Repeatability measurement of three sensors
exposed to DMMP vapor for 500 s.

the angle of polarization of linearly polarized light, the DOP of the
transmitted light decreases [31,32]. At the initial stage of 5CB filling in a
TEM grid, the LC is not coordinated by Cu?" and does not adopt a
homeotropic orientation. 5CB orientation is random in many areas of the
film, and the linearly polarized laser has random phase retardation and
reduces the DOP of the transmitted beam. Figure 3 shows the time
dependence of DOP for laser transmitted through several 5CB-Cu®*
films. Surfaces functionalized with 10, 5, and 1 mM solutions of cu*tin
ethanol exhibit a stable DOP = 1, which is indicative of nearly complete
transformation to a homeotropic orientation, at t = 100, 250, and 550 s,
respectively. DOP at t = 800 s equals 0.98, 0.96, and 0.97, respectively,
for the above films. However, when a film is functionalized with 0.5 mM
Cu2+, DOP increases only to 0.54 at t = 800 s. Thus, the 5CB in this film
does not achieve a homeotropic orientation. We conclude that the time
required for 5CB to achieve homeotropic orientation depends on the
Cu®" concentration and that this time increases with decreasing copper
concentration, apart from the failure to achieve complete homeotropic
orientation with 0.5 mM Cu?*. We also note that the DOP of the trans-
mitted laser does not exactly equal unity and speculate that this result
may be due to 5CB disordering near the edges of the TEM grids [33].

3.4. Gas sensor response and reversibility

We studied the response of 5CB films to gaseous streams containing



Y. Yan et al.

different concentrations of DMMP vapor and investigated the relation-
ship between DMMP concentration and correlation coefficient. We also
investigated the reversibility of the 5CB-film response upon contact with
gaseous streams containing DMMP followed by exposure to pure nitro-
gen. Previous work has shown that the interaction between DMMP and
metal ions (Cu2+ or Al3+) in these films is a reversible equilibrium rather
than an irreversible chemical transformation [34].

An earlier study found that the detection limit of the DMMP sensor
decreased with decreasing Cu®* concentration based on the assumption
that the 5CB was homeotropically oriented [16]. Thus, we functional-
ized gold-coated glass slides with 1 mM ethanol solutions of copper
perchlorate and prepared LC films on the chemically functionalized
surfaces. DMMP vapor at concentrations of 200 ppb to 5 ppm, obtained
by diluting 10 ppm DMMP using the mass flow control system, were
passed into the detection chamber. Figure 4(a) shows the change in
correlation coefficient as different DMMP vapor concentrations are
passed into the chamber at 200 mL/min. The correlation coefficient does
not decrease significantly for the sample exposed to 200 ppb DMMP for
500 s. However, the correlation coefficient decreases with time at all
concentrations upon exposure to vapors containing >500 ppb DMMP
and then gradually increases when the flow of DMMP vapor is stopped
and the sample is exposed to a pure nitrogen stream for 300 s.

When DMMP vapor flows into the detection chamber, a concentra-
tion gradient is established between the LC film and the gaseous stream.
DMMP gradually diffuses into the LC film along this gradient and forms a
Cu’*-DMMP complex at the bottom of the film. This interaction removes
the point of 5CB attachment within the film and precipitates a transition
from a homeotropic orientation to a planar or tilted one [34]. When
linearly polarized laser is transmitted through the film, the birefringence
properties of 5CB lead to non-zero differences in refractive index and
phase between the orthogonal polarization components. This change
alters the polarization state of the transmitted laser beam. When the
surface coverage of coordinated DMMP molecules exceeds a threshold
value, liquid crystals at the LC-substrate interface become aligned par-
allel to or tilted with respect to the surface plane [34]. When the film is
exposed to 200 ppb DMMP vapor for 500 s, the correlation coefficient
scarcely changes from its initial value of 1 to 0.99 (Fig. 4(a)). Thus, the
DMMP coverage at the LC-substrate interface did not exceed the
threshold value. The small changes in correlation coefficient observed
for this sample may be the result of small alterations in 5CB orientation
at the TEM grid edges or unavoidable mechanical vibrations. At >500
ppb DMMP vapor concentrations, the correlation coefficient decreases
with time at all concentrations and the rate of response increases with
increasing DMMP concentration. We therefor associate changes in the
correlation coefficient and rate of response to changes in the DMMP
vapor concentration. Greater DMMP concentrations lead to larger con-
centration gradients, enhanced diffusion of DMMP into the LC film,
faster diffusion rates, and more extensive displacement of Cu®* from
5CB. When equilibrium is achieved on both sides of the interface, the
correlation coefficient stabilizes at a characteristic value. When pure
nitrogen gas is directed into the chamber, DMMP diffuses out of the LC
film and is expelled from the chamber. 5CB now reattaches to Cu®*, and
its return to a homeotropic alignment causes the correlation coefficient
to gradually increase. However, the correlation coefficient does not re-
turn to its initial value of p = 1 when pure nitrogen is passed through the
chamber for 300 s. For example, exposure to 5 ppm DMMP vapor fol-
lowed by exposure to pure nitrogen leads only to p = 0.85 at t = 800 s
(Fig. 4(a)). We believe that this behavior is caused by metal salts that are
dissolved in the LC film and become deposited on the substrate surface
during exposure to gaseous DMMP. Thus, 5CB cannot fully achieve its
initial homeotropic alignment resulting in final correlation coefficients
being less than p = 1.

As illustrated in Fig. 1, we replaced the rough diffuser with an
analyzer having a polarization axis perpendicular to that of the first
polarizer and mounted an imaging lens on the CCD camera to capture
luminosity changes of the LC film. As shown by point A at t =0 s in Fig. 4
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Fig. 5. Speckle images and correlation coefficients at separate times and light
intensity distributions on each CCD pixel obtained from the 271st row of
multiple speckle images. Speckle images were taken at 10-s intervals. (a) The
1st, 21st, 41st, 61st, and 81st speckle images and their correlation coefficients
calculated relative to the 1st speckle image. (b) Light intensity distributions for
all 792 CCD column pixels created by selecting the 271st row of the speckle
images at t = 0 s (first row), t = 200 s (second row), t = 400 s (third row), t =
600 s (fourth row), and t = 800 s (fifth row).

(a), p = 1 and the initial appearance of the LC film is dark. At point B,
which corresponds to exposure to 2 ppm DMMP vapor for 400 s, the
correlation coefficient equals 0.56, and the optical appearance of the LC
film is bright. After exposure of the LC film to pure nitrogen for 300 s
(point C), p increases to 0.95, and the appearance of the LC film changes
from bright to dark. The change in luminosity of the LC film induced by
DMMP vapor is consistent with experimental phenomena observed in
previous studies [15-19,24,34] and confirms that our method of char-
acterizing the response and reversibility of LC films to DMMP vapor via
changes of the speckle correlation coefficient is correct. Compared with
traditional detection methods, such as those that use a polarizing optical
microscope or a CCD camera with a mounted imaging lens to observe
luminosity changes, our approach reduces the size and complexity of the
experimental system. Detection results are also characterized more
quantitatively via calculation of the correlation coefficient. Although the
methodology reported adequately illustrates the sensitivity of the
5CB-Cu?* LC films, we did not pursue an experimental system exhibiting
maximum sensitivity and a lower DMMP detection limit, where the
maximum sensitivity should be higher than 5 ppm because the corre-
lation coefficients of the speckle images are not zero for 5 ppm DMMP.
Figure 4(b) shows the responses of three sensors exposed to DMMP
vapor for 500 s. The sensors show an acceptable repeatability with a
maximum correlation coefficient variation from 0.66 to 0.54 for the 2
ppm DMMP vapor. This inconsistency may be caused by the LC film
thickness differences of the sensors by filling LC into the TEM grids
manually. This inconsistency can be minimized by using more advanced
sensor fabrication techniques, for example, determining the LC film
thickness by fabricating microwells or micropillars instead of using TEM
grids [21,35].

We also examined speckle images of the LC sensor exposed to 2 ppm
DMMP. The sensor was placed in the detection chamber and subjected to
2 ppm DMMP vapor for 500 s. The DMMP stream was stopped, and a
flow of pure nitrogen was directed into the chamber for 300 s. Objective
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Fig. 6. Response of the 5CB-Cu®* sensor to DMMP and several interfering vapors.

speckle images were captured by the CCD camera at 10 s. These
experimental results show that the response of the LC sensor upon
exposure to DMMP vapor and its reversibility following treatment with
pure nitrogen are apparent from the changes in the speckle images
(Fig. 5(a)) and light intensity distribution taken from the 271st row of
pixels (Fig. 5(b)). These observations demonstrate the viability of
characterizing the reversible and quantitative behavior of the liquid
crystal DMMP sensor by capturing speckle images and calculating the
correlation coefficient.

3.5. Gas sensor selectivity

We also exposed the supported 5CB-Cu?* films to nitrogen streams
containing different organic vapors and to streams at different relative
humidity to investigate the selectivity of the sensor response. Figure 6
shows that the correlation coefficient does not decrease significantly
upon exposing the LC film to 2500 ppm ethanol vapor and to 2500 ppm
acetone vapor for 500 s. The LC film was exposed to a 26 °C nitrogen
stream at 30% relative humidity (water vapor concentration ~ 10,000
ppm) and 75% relative humidity (water vapor concentration ~ 25,000
ppm) for 500 s [19]. The correlation coefficient does not decrease
significantly under either condition. However, exposure of the same LC
film to 2 ppm DMMP for 500 s causes p to decrease to 0.54. Figure 6
confirms that only DMMP initiates a reduction in the correlation coef-
ficient and that the presence of HyO or a common organic solvent does
not displace the nitrile group of 5CB from its coordination with Cu?* and
drive an orientational transition within the LC film. We therefore
conclude that the LC sensor selectivity responds to changes in the DMMP
vapor content rather than changes in relative humidity or the presence
of common organic solvents.

4. Conclusion

We developed a new method for determining the vapor phase con-
centration of DMMP based on the change in the correlation coefficient of
laser speckles from a LC sensor. Compared with previous detection
methods, neither a polarizing optical microscope nor a CCD camera with
a mounted imaging lens and crossed polarizers is required. A rough
diffuser is used to produce speckles, which reduces the size, complexity,
and cost of the instrumentation. Our protocol also enables more quan-
titative detection results to be obtained by calculation of the correlation
coefficients of speckle images. DMMP vapor is selectively detected over
a 500 ppb to 5 ppm concentration range, although the sensitivity and
detection limit of the sensor have not yet to be fully optimized. The LC

sensor described in this work is based on 5CB, which has a narrow
22-35.1 °C nematic phase temperature range. We plan to investigate
sensing devices based on different LCs, such as E7, to establish a greater
range of operating temperatures. We will also consider introducing a
smartphone to capture speckle images and further reduce the cost of the
detection system. The results presented in this paper provide a useful
template for the detection of vapor phase organophosphorus compounds
using LC-based sensors.
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