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Recently, volatile organic compound (VOC) detection tech-
niques have been in high demand for many applications such
as environment monitoring and homeland security.1 Up to date,
metal oxide semiconductors,2 conjugated polymer conductors,3

and conductive particle-polymer hybrids4 are well-known as
promising VOC-sensing materials. These materials are all highly
responsive to various VOCs, and some of them are now used
in commercial chemical sensors. High selectivity, e.g., discrimi-
nating between polar and nonpolar VOCs, still remains a
challenging issue for further intelligent sensor operations. Thus,
research focused on a specific material that has good selectivity
as well as high sensitivity to the substances that are to be
detected has been highly encouraged. Some array-based devices
with excellent VOC-sensing performances, which detect and
differentiate between chemically diverse analytes, have been
developed.5 Also, very recently, Lambeth et al. demonstrated
that extended chemical selectivity can be achieved by molecular
structure modification of the conjugated polymers of poly-
thiophene derivatives.6

Meanwhile, charge transfer dyes (CTDs) such as 4-(dicya-
nomethylene)-2-methyl-6-(p-(dimethylamino)styryl)-4H-pyr-
an (DCM) and its derivatives have been intensively developed
for applications using as photo (PL)- and electroluminescent
(EL) materials in the fields of dye lasers,7 sensors,8 dye-
sensitized solar cells,9 and organic light-emitting devices
(OLED).10 The most apparent feature of their photophysical
properties is an intrinsic intramolecular charge transfer (ICT)
character.11 Their excited energy levels are highly dependent
on media (solvent or polymer matrix12) polarity. In general, their
fluorescence (FL) bands thus significantly shift to longer
wavelengths with an indirect, nonradiative process in a polar
external environment, whereas the CTDs surrounded by non-
polar media emit shorter wavelength FL lights in a direct,
radiative process. A solvatochromism such as this can be
subjected to extended chemical selectivity for the differentiation
of the organic solvents in a VOC-sensing performance. Thus,
CTD may be one of the promising candidates for a new VOC-
sensing basic material.

However, organic-based materials may dissolve in VOC over
a long period, after being exposed several times, which may
cause serious problems in terms of durability and chemical
resistance in an actual sensor operation. As a simple synthetic
strategy to solve this problem, one can design highly durable
gel materials with three-dimensional network structures.

On the basis of this idea, polarity-indicative CTD-based
polymer gels were prepared as a new type of VOC-sensing

material. The combination of three different types of chemically
selective gels with different media polarity greatly enhanced
the discrimination of VOCs.

Pyran-based dye monomer, 1, indicates an unusual photo-
physical property related to the charge transfer character as
mentioned above.13 Its chemical structure is shown in Scheme
1. The allyl group within 1 was designated for the covalent-
bonding incorporation of 1 into polymer chain. The typical
procedure used for the fabrication of the polymer gels is
schematically presented in Scheme 1. Copolymerization of 1
with various vinyl monomers such as styrene (St), methyl
methacrylate (MMA), and acrylonitrile (AN) in the presence
of a small amount of the cross-linker of ethylene glycol
dimethylacylate (EGDM) produced the target polymer gels of
P(St-co-1), P(MMA-co-1), and P(AN-co-1), respectively, in
relatively high yields. So as to completely remove unreacted 1
from the gels, Soxhlet extraction with water, methanol, and
acetone was conducted several times in turn.

The VOC analytes tested in this study are divided into several
types of organic solvents as follows: aliphatic hydrocarbon (1,4-
dioxane), aromatic hydrocarbons (BTX: benzene, toluene,
xylene; styrene), ester (ethyl acetate), weak acid (acetic acid),
ether (THF), chlorinated hydrocarbons (chloroform, methylene
chloride, dichloroethane), amine (pyridine), ketones (MEK,
acetone), nitrile compounds (acrylonitrile, acetonitrile), and
aprotic polar solvents (DMF, DMSO).

Figure 1 shows the swelling ratio (Q) of the present polymer
gels in these solvents with different dielectric constants.
Although the Q values vary depending on the degree of cross-
linking of the polymer, a tendency to be dependent on a polymer
matrix polarity is clearly seen in the Q values. For instance,
P(St-co-1) gel swelled appropriately in nonpolar hydrocarbons
in a Q range of approximately 4-6, whereas P(AN-co-1) gel
never swelled in the same solvents. On the other hand, the latter
gel swelled in polar solvents, such as nitrile compounds and
aprotic polar solvents, in a Q range of about 1-4, while the
former gel did not swell except for in DMF. Especially, only
P(AN-co-1) gel swelled in a polar DMSO. P(MMA-co-1) gel
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Scheme 1. Syntheses and Chemical Structures of 1 and Polymer
Gels of P(St-co-1), P(MMA-co-1), and P(AN-co-1)
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swelled in all solvents other than DMSO in a wide Q range of
1-12. As expected from the dielectric constant (ε) order of PSt
(2.5) < PMMA (3.3) < PAN (5.5),14 the significant difference
in Q values of the present polymer gels may come from the
difference in molecular electronic affinity between the gel and
solvent. In this way, the Q value significantly varies according
to the gel types. Thus, the Q value should be considered in any
practical application using the gels as VOC sensor materials.

Figure 2 shows the variation of maximum FL wavelengths
(λmax,FL) of the present polymer gels upon exposure to various
solvents with different dielectric constants. As for P(St-co-1)
gel, the λmax,FL shifted to shorter wavelengths when swollen in
dioxane, benzene, and toluene, whereas λmax,FL shifted to longer
wavelengths in solvents other than those. As for P(MMA-co-
1) gel, red shifts were shown in chloroform and solvents with
higher dielectric constants than that. In contrast to these two
polymer gels, P(AN-co-1) gel showed shorter wavelength shifts
in semipolar solvents such as chloroform, THF, methylene
chloride, and pyridine, while the λmax,FL shifted to longer
wavelengths in solvents that are more polar than pyridine.

Figure 3 plots the changes in FL wavelength (∆λmax,FL) of
P(St-co-1), P(MMA-co-1), and P(AN-co-1) gels as a function
of dielectric constants of solvents. These three different types
of polymer gel show different FL responses upon exposure to
the organic solvents. P(St-co-1) and P(MMA-co-1) gels respond
to nonpolar solvents lower than ε ) 2.38 in the shorter
wavelength shift mode, whereas P(AN-co-1) gel never responds
to nonpolar solvents due to its nonswelling property. As for

semipolar solvents in a ε range of 2.47-13.26, P(St-co-1) and
P(MMA-co-1) gels are responsive in the longer wavelength shift
mode, whereas P(AN-co-1) gel is active in the shorter wave-
length shift mode. Also, if these three polymer gels respond to
a certain organic solvent in the longer wavelength shift mode,
the solvent may be a highly polar solvent of more than ε )
18.56, such as nitrile compounds and aprotic solvents. Thus,
the algorithm for differentiating solvent chemicals by the FL
emission spectroscopy, while simultaneously considering the
swelling ratio, is suggested as shown in Figure S1 in the
Supporting Information.

For mathematical analysis, the functional equations between
the dielectric constant (x) of solvent chemicals and ∆λmax,FL(y)
of the present polymer gels were obtained as shown in the inset
of Figure 3. At first, the functional equations for P(St-co-1),
P(MMA-co-1), and P(AN-co-1) gels were expressed as linear
equations of y ) 1.32x - 3.52, y ) 0.963x - 1.87, and y )
0.997x - 18.3, respectively.15 These three equations, if used in
combination, may be very useful to more exactly estimate the
polarity of unknown VOC analytes. Noticeably, the linear
equation for P(St-co-1) gel quite accurately fits the observed
∆λmax,FL values. Actually, when y ) 0 for P(St-co-1) gel, the x
intercept value is calculated to be 2.67, which is very close to
the ε value (2.5) of PSt. This confirmed the accurate fitting of
the linear equation for P(St-co-1). Also as for P(MMA-co-1)
gel, a relatively accurate fitting of the linear equation is
recognized from the fact that the x intercept value is 1.94 at y
) 0, which is not so different from the ε value (3.3) of PMMA.
However, when y ) 0 for P(AN-co-1) gel, the x intercept values
is calculated to be 18.4, which is far from the ε value (5.5) of
PAN. The y intercept value of the linear equation for P(AN-
co-1) gel is quite different from those for the other two polymer
gels. Thus, for the more exact estimation of unknown analytes,
adequately polarity-controlled copolymer gels, e.g., P(St-co-AN-
co-1) and P(MMA-co-AN-co-1) with appropriate composition
ratios, are needed in an y intercept range of -3.52 to -18.3.
Also, the quadratic functional equations for P(St-co-1), P(MMA-
co-1), and P(AN-co-1) gels are expressed as y ) -0.0135x2 +
1.83x - 5.88, y ) -0.0583x2 + 3.22x - 12.1, and y )
-0.0287x2 + 2.49x - 32.0, respectively. The x intercepts in
these quadratic equations are 3.30, 4.40, and 16.0, respectively.
As shown in Figure 3, the quadratic equation for P(AN-co-1)
gel fits better than the linear one.

Figure 4 shows the actual FL colors of the three polymer
gels when exposed to organic solvents. All are different from
each other as recognized by the naked eye. The chemoselective
responses of CTD-based polymer gels potentially permit the
visual identification of a wide range of organic solvents. This
also strongly suggests that the present polymer gels have use

Figure 1. Swelling ratios (Q) of P(St-co-1), P(MMA-co-1), and P(AN-
co-1) gels in various solvents.

Figure 2. Variations of fluorescence wavelength (∆λmax,FL) in P(St-
co-1), P(MMA-co-1), and P(AN-co-1) gels upon exposure to various
solvents (excited at 455, 470, and 475 nm, respectively).

Figure 3. Plots of the changes in fluorescence wavelength (∆λmax,FL)
of P(St-co-1), P(MMA-co-1), and P(AN-co-1) gels as a function of
dielectric constant.
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as fluorescent materials for a litumus-type VOC sensor array
for odor visualization. Now, it is expected that combination of
such different types of polymer gels in an array will give
combinatorial response information in a sensor operation. Also,
studies on chemical sensitivities of the polymer gels for an actual
sensor operation are now underway in the laboratory.
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Figure 4. Photographs of fluorescence colors of P(St-co-1), P(MMA-
co-1), and P(AN-co-1) gel films when exposed to organic solvents
(excited at >450 nm).
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