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ABSTRACT: Fluorescent poly(phenylenevinylene) (PPV)/poly(vinyl al-
cohol) (PVA) fibrous membrane was prepared via electrospinning of PPV
precursor and PVA aqueous solution followed by thermal elimination.
Further cross-linking produced the cross-linked membrane PPV/CPVA.
Both PPV/PVA and PPV/CPVA membranes were found to have similar
morphology and photophysics. These membranes showed a great
fluorescence quenching response to aromatic solvents and a much smaller
response to other organic solvents. Water also effectively quenched the
fluorescence of PPV/PVA but not that of PPV/CPVA. This was attributed
to un-cross-linked PVA being able to dissolve in water and the cross-linking
improving the resistance of the membrane toward water. The sensing
behavior was found to have good reversibility. The contact angle study
showed that addition of only about 1% of PPV into the matrix reduced the
hydrophilicity of the membrane significantly, suggesting that the PPV
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chains would be located at the surface of the fibers. X-ray photoelectron spectroscopy (XPS) investigation further confirmed such
surface enrichment of PPV in the binary polymer blends. The PPV chain on the surface facilitated the 7— interaction between
the polymer backbones and the aromatic molecules, thus leading to good selectivity and fast response of the two fibrous

membranes toward aromatic solvents.
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1. INTRODUCTION

Organic solvents are widely used in the chemical industry and
research laboratories. Most organic solvents have more or less
toxicity and may cause environmental pollution or direct harm
to human health." The fast development of the chemical
industry, such as the pharmaceutical industry and the polymer
industry, and the related research have resulted in the ever
increasing use of organic solvents. However, the harness/
recycling of the organic solvents is still not well developed,
especially in the developing countries. The systematic treat-
ment of the solvent wastes, the expired solvents, or unlabeled
solvents requires the rapid classification/recognition of the
organic solvents.

Fluorescence-based sensing is superior to other techniques in
many ways (e.g, short response time and easy measure-
ment).z_7 The integration of the fluorescence sensing
technique into the portable and reusable device is very
promising for the real-time “in situ” sensing applications. One
of the key challenges in fabricating such a device is to design
reusable fluorescent solid materials for rapid recognition and
signaling of the presence of the specific analytes, such as a class
of organic solvents. Conjugated polymers have distinctive
advantages for fluorescence sensing including great sensitivity
and good processability. "> The incorporation of conjugated
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polymers into nano/microfibrous membranes via electro-
spinning has been demonstrated to be very successful in
reversible sensing of analytes,"*”'” and these membranes have
great potential to be integrated in miniaturized sensing devices.

Here, we present a strategy for preparation of fluorescent
fibrous membranes through electrospinning (Figure 1), for
sensing the commonly used aromatic solvents in the research
lab and chemical industry. The electrospinning technique is
employed to fabricate nano/microfibrous membranes with a
high surface-to-volume ratio.">'*”** The well-studied poly-
(phenylenevinylene) (PPV)*~>” without any side groups is
selected as the fluorescence emitting species. In addition, 7—7x
interaction between polymer backbone and aromatic solvent
molecule is used for the molecule recognition. The water-
soluble flexible PPV polymer precursor (pre-PPV) and
poly(vinyl alcohol) (PVA) are dissolved in water to form an
aqueous solution, which is used to prepare the pre-PPV/PVA
fibrous membrane via electrospinning. The fluorescent PPV/
PVA fibrous membrane is obtained after thermal treatment.
The cross-linking step for PVA is carried out on the PPV/PVA
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Figure 1. Schematic diagram for preparing PPV/PVA and PPV/CPVA
fibrous membranes and the chemical structures of the polymers
involved. The thermal treatment was carried out at 80 °C in vacuum
for 1 h; the cross-linking process was accomplished by placing the
fibrous membrane in a (glutaraldehyde + HCl)/acetone solution for
24 h at room temperature.

membrane to improve the stability. The strategy has several
merits. First, water is used as the carrier solvent for
electrospinning, which is environmentally friendly compared
to the commonly used organic solvents. In general, polar
organic solvents with high dielectric constant, such as DMF,
DMSO, and chloroform, are required for electrospinning.”®~>"
Second, most conjugated polymers are rigid macromole-
cules,”'®3* and thus, it is very difficult to coelectrospin them
with flexible polymer matrix. For example, PPV without any
side group is usually not soluble in any solvent. Here, we
circumvent this problem by using the flexible and soluble
polymer precursor pre-PPV for electrospinning. Third, a small
amount of PPV is dispersed in the general polymer matrix,
which may lower the overall cost of the membrane. More
importantly, the intermolecular 7—7 interaction among PPV
chains themselves can be greatly weakened in the PPV/PVA
membrane, which not only reduces the fluorescence self-
quenching of PPV but also makes the recognition of aromatic
solvent through 7—7 interaction possible. Fourth, the nano/
microfibrous structure provides the membranes the capabilities
of fast response and facile regeneration, since the aromatic
solvent can diffuse into or out of the membrane readily for
effective “7—x interaction”.

In this paper, we present the preparation and characterization
of fibrous membranes with fluorescent PPV in the cross-linked
PVA (CPVA) or noncrosslinked PVA matrix. The sensing
behavior toward solvents commonly used in the research lab
and chemical industry was tested, and the different responses
were classified. The differences between the cross-linked and
noncrosslinked membranes were also investigated. The
distribution of PPV in PPV/PVA and PPV/CPVA membranes
was characterized by contact angle and X-ray photoelectron
spectroscopy (XPS) measurement. Understanding of the
structure—property relationship in the conjugated polymer/
polymer matrix blends may provide insights for future design of
such materials. Aromatic solvents are well-known for many
adverse effects.” They may cause brain malfunction/damage or
liver/kidney/nerve damage or destroy bone marrow and lead to
loss of blood cells and so on. The PPV/PVA and PPV/CPVA
membranes make the fast recognition of this class of solvents
possible and, therefore, may facilitate the reduction of the
exposure of these solvents to the environment/humans.
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2. EXPERIMENTAL SECTION

2.1. Materials. Tetrahydrothiophene and @,a’-dichloro-p-xylene
were purchased from J&K Co., Ltd. Poly(vinyl alcohol) (PVA, M, =
80000 g/mol, 88% hydrolyzed) was purchased from Beijing Eastern
Petrochemical Co., Ltd. Organic solvents were obtained from
Chinasun Specialty Products Co. Ltd. All materials were used as
received unless otherwise noted. Methanol used for the synthesis of
the monomer was dried over molecular sieves.

2.2. Synthesis of Pre-PPV. The precursor of PPV was synthesized
according to the method we reported previously’>** with a slight
modification. 1.0 g of p-phenylenebis(tetrahydrothiophenium) di-
chloride and 16.0 mL of deionized water were placed into a two-
necked round-bottom flask, which was deoxygenated three times by
vacuum-argon cycling before use. The whole flask was placed in an
ice—water bath to ensure the reaction took place at 0 °C. Then, the
ice-cold, Ar-purged aqueous NaOH (2 mL, 1.4 M) was added
dropwise into the reaction flask. The mixture was stirred in an ice—
water bath and under an argon atmosphere for 1 h. Afterward, S mL of
HCI (2 M) aqueous solution was added into the flask to terminate the
polymerization. The resulting mixture was dialyzed against water for
24 h, using a dialysis tubing made of a cellulose membrane with a
molecular mass cutoff of 3500 Da. Water was changed every 2 h during
the daytime, and the water was changed after 12 h overnight. The total
volume of the dialysis system was maintained at about 600 mL each
time. The precursor solution inside the dialysis tube was then quickly
transferred into a glass container and stored in the fridge for further
use. The mass percentage of pre-PPV in the aqueous solution was
found to be about 0.6% (see Supporting Information for the detailed
calculation). With such a preparative method, the number-average of
molecular weight of the resulting pre-PPV was about 1.33 X 10*. The
method for the molecular weight measurement was described in detail
in ref 34 and its Supporting Information.>*

2.3. Electrospinning and Post-Treatment. The electrospinning
solution was prepared on the basis of the following mass ratios: PVA/
H,O = 1:10 and pre-PPV/PVA = 1:100. 0.6 g of PVA was first added
into 44 g of deionized water. The mixture was stirred at S0 °C
overnight to guarantee the complete dissolution of PVA. After the
mixture was cooled to room temperature, 1.0 g of pre-PPV solution
(with about 0.006 g of pre-PPV solute in it) was added into the PVA
solution. The mixture was stirred for another S h before use.

In a typical electrospinning process, about 2.5 mL of pre-PPV/PVA
aqueous solution in a 10 mL syringe was pumped through an injection
pump with a flow rate of 0.3 mL/h. A grounded stainless steel mesh
was used as the collector, and the distance between the mesh and the
tip of the syringe needle was 10 cm. The voltage was set at 10 kV, and
the electrospinning time was set for 4 h. The resulting fibrous
membrane was peeled off the mesh and then dried under ambient
conditions. The thermal elimination was carried out at 80 °C under
vacuum for 1 h. After being cooled to room temperature, the
fluorescent PPV/PVA fibrous membrane was ready for further use.
The cross-linking experiment was carried out with a route modified
from the literature.>> The above fibrous membrane was placed in 100
mL of glutaraldehyde (GA)/HCl acetone solution (0.01 M HCl, HCl/
GA = 1:10 in molar ratio) for 24 h to give the cross-linked fluorescent
PPV/CPVA fibrous membrane. Afterward, the membrane was rinsed
with acetone and then dried under vacuum overnight.

2.4. Instruments and Methods. The typical electrospinning
process was carried out with a variable high voltage power supply
(DW-P303-1ACFO, Tianjin Dongwen High Voltage Power Supply
Co., Ltd.) and an injection pump (TJ-3A/W0109-1B, Baoding Longer
Precision Pump Co., Ltd.). The morphology study was carried out on
a scanning electron microscope (SEM, S-4700, Hitachi, Japan) with an
operating voltage of 1S kV. The fibrous membrane for SEM
observation was directly adhered onto the stage via double-sided
adhesive carbon conductive tape. The laser confocal microscopy
images were obtained on a Leica TCS SP$ with excitation at 405 nm.
Contact angle was measured on a contact angle meter (JC2000D6)
with about 5 yL of water to form the droplet. Digital photos of the
fibrous membrane under ambient light or 365 nm UV light were taken
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with a Nikon D5100 camera (35 mm, 1:1.8G). X-ray photoelectron
spectroscopy (XPS) measurement was carried on a multifunction
digital X-ray photoelectron spectrometer (ESCALAB 250XI, Thermo
Fisher Scientific). TGA data were obtained from a thermogravimetric
differential thermal analyzer (TG/DTA 6300). DSC data were
obtained from a differential scanning calorimeter (Q200, TA
Instruments-Waters LLC).

The excitation spectra were measured on an Edinburgh FLS920
spectrofluorometer, with a fixed emission at 485 nm. The emission
spectra were measured on a Horiba FluoroMax-4 spectrofluorometer,
with excitation at 395 nm. For the fluorescence study, the fibrous
membranes were cut into pieces (about 22 X 7 mm?). One piece of
the membrane was pasted onto a quartz slide on the top, using double-
sided adhesive tape. The quartz slide with the membrane was placed
into a quartz cuvette, at 45° to the incident (exciting) light. For the
sensing experiment, the emission spectrum of the initial membrane
was recorded. Afterward, 3 mL of solvent was added into the cuvette
carefully to avoid moving the membrane from the position, and the
emission spectrum was then recorded again immediately. The whole
process was accompolished within 10 s. The emission intensities at the
peak were collected to give the response data. For the reversibility
study, the spectra were recorded repeatedly, when the solvent was
totally removed or right after the solvent was refilled into the cuvette.
To accelerate the removal of toluene, the membranes were rinsed with
ethanol first before getting dried naturally under ambient conditions.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization. The electro-
spinning was carried out following a routine procedure. All the
solutes were well dissolved in water. The temperature and
humidity for electrospinning were well-controlled, since they
would affect the water evaporation rate during the electro-
spinning. Usually the process was accomplished at ambient
temperature (about 20—25 °C) with humidity below S0%. The
PPV/PVA fibrous membrane was obtained after thermal
elimination at 80 °C in vacuum. The cross-linking process of
the membrane was adapted from the literature.>> The PPV/
PVA membrane was placed in the glutaraldehyde (GA)/HCI
acetone solution for 24 h, followed by washing and drying to
give the PPV/CPVA membrane. The reaction scheme for the
cross-linking is shown in Scheme S1, Supporting Information.
As discussed in the literature,*® one aldehyde group reacts with
two hydroxyl groups to form a five member ring, using acid as
the catalyst. Two aldehyde groups in GA react with two pairs of
—OH groups on the two neighboring polymer chains,
respectively, to form the cross-linking site. To drive the
acetalization to completion, excess cross-linking agent was
added. However, there was a small amount of a residual —OH
group since the isolation of a single —OH between a pair of
acetal structures would exist.’’ More discussion about
characterization of the PVA cross-linking has been reported
previously.®® About 1% (in mass percentage) of PPV in the
PVA matrix should have very little influence on the cross-
linking reaction. With strict control of each step during the
preparation, the photophysical properties were reproducible for
membranes obtained from different batches.

Figure 2 shows the SEM and confocal microscopy images of
the PPV/PVA and PPV/CPVA fibrous membranes. Both
membranes displayed a clear fibrous structure with uniform
diameters of around 200 nm, as well as uniform and strong
fluorescence emission. For comparison, Figure S1, Supporting
Information, shows the SEM images for different fibrous
membranes composed of PVA, cross-linked PVA (CPVA), pre-
PPV/PVA, or pre-PPV/CPVA, respectively. All these fibers had
very similar morphology. Most fibers were straight with a
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(c) PPV/PVA

(d) PPV/CPVA

Figure 2. SEM (&, b) and confocal fluorescence (c, d) images of the
PPV/PVA and cross-linked PPV/PVA (PPV/CPVA) fibrous mem-
branes.

diameter of around 200 nm. Therefore, the addition of a small
amount of pre-PPV (transformed into PPV after thermal
elimination) into the PVA matrix had negligible influence on
the fibrous morphology. In addition, the thermal treatment and
the cross-linking reaction did not destroy the fibrous structure.
PPV produced after thermal elimination endowed the fibers
with strong fluorescence emission, and the fluorescence still
remained after the cross-linking reaction.

The solid-state fluorescent spectra of PPV/PVA and PPV/
CPVA fibrous membranes were obtained with the same
experimental parameters, as shown in Figure S2, Supporting
Information. The two membranes gave very similar excitation
and emission spectra. The excitation spectra are in the range of
280—480 nm, having a peak around 392 nm and several
shoulders. The emission spectra are in the range of 430—620
nm, having a peak around 486 nm and a shoulder around 508
nm. Both excitation and emission spectra displayed very typical
profiles for PPV materials. Thus, the cross-linking reaction had
no significant influence on the PPV emission, which is
consistent with confocal microscopic observation.

3.2. Sensing Application. The sensing tests of PPV/PVA
and PPV/CPVA fibrous membranes were carried out on
solvents routinely used in our lab, including water, ethyl ether,
acetone, methanol, ethanol, tetrahydrofuran (THF), triethyl-
amine, N,N-dimethylformamide (DMF), dichloromethane,
chloroform, carbon tetrachloride, benzene, toluene, xylene,
chlorobenzene, and pyridine. To ensure the reproducibility/
consistency of the fluorescence measurements before and after
the addition of the solvent, the whole process has been carried
out carefully as noted in the Experimental Section. The
emission spectra (recorded right after the solvents were added
into the cuvette) were shown in Figure S3, Supporting
Information. Upon addition of any solvent, the fluorescence
was quenched or enhanced with a negligible change in the
spectra profile and emission wavelength. Figure 3 showed the
fluorescence responses of the PPV/PVA membrane and the
PPV/CPVA membrane toward these solvents, based on the
intensity change at the emission maximum. All the aromatic
solvents studied greatly quenched the fluorescence of both
membranes, while all nonaromatic organic solvents studied had
much smaller influence on the emission. Ethyl ether, acetone,
methanol, and ethanol had a slight enhancement effect on the
fluorescence of both membranes. DMF, dichloromethane,
chloroform, and carbon tetrachloride displayed a small
quenching effect on both membranes. THF and triethylamine
slightly quenched the emission of PPV/PVA, while slightly
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Figure 3. Fluorescence intensity changes at the emission maximum for
PPV/PVA (a) and PPV/CPVA (b) membranes upon exposure to
different solvents. The error bars shown are based on the calculated
standard deviations from the average value of at least three
measurements with membranes from different batches. The excitation
was set at 395 nm.

enhancing the emission of PPV/CPVA. Besides the organic
solvents, the influence from water was also evaluated.
Interestingly, the emission of the PPV/PVA membrane was
greatly quenched, and the extent of quenching was comparable
to those for aromatic solvents. However, the emission of PPV/
CPVA was slightly enhanced by the addition of water, and the
enhancement was similar to those of nonaromatic solvents. The
sensing behavior toward mixed aromatic and nonaromatic
solvents was also evaluated by using THF/toluene as the
representative solvent. The fluorescence spectra of the PPV/
CPVA membrane upon exposure to the mixed solvent in
different ratios are shown in Figure S4, Supporting Information.
For all the spectra obtained with pure THF, the THF/toluene
mixture in different ratios, and pure toluene, significant
fluorescence quenching appeared only when the toluene
became the dominant component of the mixture (THE/
toluene < 1:1).

The results from the sensing experiments indicate the
aromatic solvents can be easily and rapidly distinguished from
nonaromatic organic solvents by the fluorescence intensity
change of the membrane. The interference from water can be
avoided if the cross-linked membrane is used. The recognition
of aromatic solvent can be attributed to the z—7 interaction
between the aromatic solvent and the PPV backbone, which
results in strong fluorescence quenching. The various
fluorescent responses toward different nonaromatic solvents
can be attributed to the different weak interactions between
solvent and PPV. The large difference between PPV/PVA and
PPV/CPVA membranes in the fluorescence response upon
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addition of water is because water can actually destroy the un-
cross-linked membrane, as will be more discussed later.

The reversibility of the sensing behavior and the reusability
of the material are key performance indexes if the material is
incorporated as the detecting tip into a sensory device or used
directly as a reusable testing strip. The reversibility study of
both PPV/PVA and PPV/CPVA membranes toward toluene,
as a representative for aromatic solvents, is shown in Figure 4.

14
(a) PPVIPVA
1.2
1.0

0.8 4

",

0.6 4

0.4 4

0.2 4

Cycles

Figure 4. Reversibility study of PPV/PVA (a) and PPV/CPVA (b)
fibrous membranes: the fluorescence intensity change I/I, vs “dry-
immersed” cycles. The red circle represents the initial state of the
membranes (intensity change I/I, = 1); the triangle represents the
intensity change upon the addition of toluene; the square represents
the intensity change of the dry state after removing toluene. The
excitation was set at 395 nm.

Both membranes displayed good reversibility with pronounced
“on/off” fluorescence response “without/with” the presence of
toluene. A slight difference exists between the two membranes.
For the PPV/CPVA membrane, the fluorescence after
removing the solvent (the fluorescence “on” state) returned
to a similar intensity as the initial fluorescence. However, for
PPV/PVA, the fluorescence at the “on” state after removing the
solvent was surprisingly increased, compared to the initial
intensity. This difference may be attributed to the PPV chain
reorganization that took place to some degree in the un-cross-
linked membrane. Ethanol was used for accelerating the
removal of toluene to arrive at a dry state, which would also
facilitate the PPV chain movement. Such chain movement
would be more limited in the cross-linked membrane and thus
the membrane displayed more steady fluorescence. Never-
theless, such variation of the fluorescence at the “on” state for
the PPV/PVA membrane had a minor effect on the recognition
of aromatic solvents under the experimental conditions we
employed. The cross-linked membrane may be more preferred
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since the presence of water has more interference to the sensing
behavior of the noncrosslinked membrane.

The development of a facile method for on-site rapid
recognition of aromatic solvents in the solvent wastes, expired
solvents, or unlabeled solvents may facilitate the targeted
recycling or post-treatment of these aromatic solvents.
Photophysical methods are much easier to carry out than
other spectroscopic techniques, such as NMR or IR, with
respect to sample preparation and instrument requirements.
However, no characteristic signal of common aromatic solvents
can be obtained by direct UV—vis or fluorescence measure-
ment. With the aid of the membranes, the class of aromatic
solvents can be easily identified. To our knowledge, there is no
other reported system specific for recognizing aromatic solvent
from other solvents. There are some reports in the literature
about sensing benzene or toluene in the vapor or in the liquid
state, but other nonaromatic solvents or compounds also had a
significant effect on the fluorescence of sensing materials.**~*
In most studies, the fluorescence responses from aromatic
solvents were usually used as a control for comparison but not
the major analytes; a shift in the emission wavelength, or
change in intensity ratio at different peaks/shoulders, is very
common, and different solvents may give different responses.
These responses might be advantageous in some ways, such as
giving a more accurate signal “read-out” and providing a more
direct visual view of the sensing result. However, in our system,
the recognition of aromatic solvent can be done with one
excitation wavelength and one emission wavelength. If the
fibrous membranes are incorporated as the sensing tip into a
small sensing device (such as a detection pen), the single
excitation and the narrow detection wavelength range for all the
solvents definitely can greatly simplify the setup. The whole
classification (between aromatic and nonaromatic solvents)
process can be easily accomplished by placing the sensing tip
into the solvent, pressing a button for excitation, and then
reading the output of the emission intensity. Though some
methods, such as NMR and IR, may provide more detailed
information about the chemical structure, the fluorescence
response of fibrous PPV/PVA and PPV/CPVA membranes
provides a method for easy classification of the solvents with a
simple setup and no need for delicate sample preparation.

3.3. Structural and Morphological Study of the
Fibrous Membranes as Binary Polymer Blends. To gain
a better understanding of the overall performance of the
membranes for the sensing application, a more detailed
structure and morphology investigation was carried out by
considering the membranes as binary polymer blend materials.
There are two major differences between PPV/PVA and PPV/
CPVA membranes. First, the functional groups in the polymer
matrix are different. Most —OH groups in PVA were converted
into the acetal groups in CPVA. Second, the polymer
architectures are different. The linear chains in PVA were
changed into the cross-linked network in CPVA. As for the
functional groups, both —OH and acetal groups are hydrophilic
and both can interact with water easily. However, the linear
chains in PVA can dissolve easily in water while the cross-linked
network in CPVA can only swell in water. The appearances of
PPV/PVA and PPV/CPVA membranes at the dry state
(without water or solvents) look very similar under ambient
light or UV light (Figure S). The photophysical properties
(such as excitation and emission spectra) for these two
membranes are nearly the same, indicating that the cross-
linking reaction has no significant influence on the PPV chains
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Figure S. Digital photos under different conditions and contact angle
measurements of the membranes. Contact angle images were obtained
about S s after a water droplet was in contact with the membranes.

in the membranes. There is a small difference in the apparent
color, which may be attributed to the different functional
groups or polymer architectures. After some water drops were
placed on each membrane, the PPV/PVA membrane shrank
whereas the PPV/CPVA remained unchanged the shape. The
images for neat PVA, CPVA, and PVA after 80 °C thermal
treatment (TPVA) are also shown in Figure S for comparison.
As expected, none of the three membranes have fluorescence.
The shape of CPVA remained unchanged after it was in contact
with water whereas the PVA and TPVA membranes were
damaged to a certain degree. The damage of the PVA
membrane is due to the dissolution of PVA in water. The
above results suggest that the thermal treatment of the PVA
membrane has no effect on improving its resistance to water,
whereas the cross-linking reaction was very effective. The
damage of the PPV/PVA membrane by water was slowed
compared to pure PVA and TPVA membranes, suggesting the
presence of PPV retarded the dissolution of PVA in water. The
cross-linking of PVA further improved the water resistance of
the PPV/CPVA membrane.

To further study the hydrophilicity/hydrophobicity of these
materials, the contact angle measurements were carried out, as
shown in Figure S. The images were taken about five seconds
after the water droplet was dropped onto each surface, to
ensure the interaction between the water and the surface
reached equilibrium. No contact angle was observed for PVA
and TPVA, since PVA and TPVA dissolved in water easily.
Even after cross-linking, the CPVA membrane displayed no
contact angle, which was consistent with the formation of
hydrophilic acetal groups. Interestingly, by adding only about
1% PPV into PVA, the contact angle was increased dramatically
to 85°. Cross-linking the PVA in the presence of PPV further
increased the contact angle to about 131°, and thus, the PVA/
CPVA membrane was transformed into a hydrophobic material.
The deformation process of the water droplet after it was in
contact with the membranes was tracked by a series of pictures
with a camera at different times (Figure SS, Supporting
Information). The rates for water droplet deformation before
the final disappearance were almost the same on PVA and
TPVA membranes. Such a deformation/disappearance process
was much longer for the CPVA membrane. With the addition
of about 1% of PPV into the matrix, the situation changed
greatly. For the PPV/PVA membrane, the water droplet
deformed slightly at the beginning and then remained on the
membrane. However, for the PPV/CPVA membrane, almost
no deformation was observed for the water droplet on it.

DOI: 10.1021/acsami.5b00991
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The results in Figure $ indicate that the addition of 1% PPV
improves the hydrophobicity of the fibrous membrane.
Comparing TPVA with PPV/PVA (both membranes were
thermal treated), the addition of about 1% of PPV in the PPV/
PVA membrane greatly retarded the dissolution of PVA in
water and increased the contact angle. Comparing CPVA and
PPV/CPVA, the addition of about 1% of PPV transformed the
hydrophilic membrane into a hydrophobic one. As shown in
the SEM (Figure 2 and Figure S1, Supporting Information), the
morphology of the fibrous structure was very similar for all
membranes. Such a dramatic change in the contact angle with
the addition of 1% PPV implies that PPV would be the primary
component on the surface of the fibers with PVA or CPVA as
the matrix. The hydrophobic PPV-rich surface greatly reduced
the hydrophilicity of the fibers.

The surface enrichment of PPV in the PPV/PVA and PPV/
CPVA membranes can be explained by the surface energy
difference between the two components in the binary blends.
The surface enrichment of one component with lower surface
energy in the binary polymer blends has been well-established
both theoretically*** and experimentally.**>° The structural
and compositional factors can affect the difference in the
surface energy of the components and thus the degree of the
segregation.” >° External factors (such as solvents*® or the
temperature47 during processing) also have a significant effect
on surface enrichment. Increasing temperature facilitates such
surface enrichment.*® In one example, one component can
reach 98% (in mass percentage) at the surface with an overall
50% of that component in the blend.*® Theoretical studies
suggested that such surface preference of one component is
more 4»pronounced when that component is “dilute” in the
blend.® Since the surface energy of hydrophobic PPV would be
much lower at the polymer—air interface than that of the
hydrophilic PVA or CPVA matrix, it is very likely that most
PPV chains would migrate to the surface during the thermal
treatment.

To further support the notion of the PPV segregation on the
surface of the fiber, we have characterized the fibrous
membranes using a surface energy dispersive spectrometer
(EDS) or cross-section TEM. The EDS and TEM results were
not conclusive. The reason might be that PPV has no
appreciable contrast from the matrix in the elements (except
the oxygen element) or in the material density. X-ray
photoelectron spectroscopy (XPS) is a very powerful technique
for characterization of such surface enrichment.*’>° We
measured XPS on PVA, CPVA, PPV/PVA, and PPV/CPVA
membranes (see Figure S6, Supporting Information). The
relative intensity of the peak for the C—O bonding in PPV/
CPVA or PPV/CPVA decreased, compared to that for the C—
C bonding (see Supporting Information for a more detailed
discussion). Such results suggested a reduction of the PVA or
CPVA concentrations in the area close to the surface (the
sample depth of XPS is about 5 nm for polymeric materials)
due to the presence of about 1% of PPV. This is consist with
the contact angle measurement, which may be more sensitive to
the topmost surface layer with respect to the hydrophilicity/
hydrophobicity change.*® Therefore, our experimental results
clearly showed that the surface of the PPV/PVA or PPV/CPVA
fibers is covered by PPV. Such a PPV-rich surface may be ideal
for the sensing application. The weak 77— interaction is usually
not able to provide strong and fast perturbation of emission if
the distance between the fluorophore and the analyte is
relatively far. The surface located PPV on the fiber can facilitate
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the fast and selective recognition of aromatic solvents based on
the 7—x interaction between the PPV and the aromatic
solvents.

Thermal studies, such as TGA and DSC, were also used to
characterize the membranes. As shown in Figure S7,
Supporting Information, the addition of about 1% of pre-PPV
or PPV had a minor effect on the thermal stability or glass
transition temperature (T,) of the PVA. TGA curves showed
PVA and CPVA were stable up to 250 and 270 °C, respectively.
The T, was about 73.5 °C for PVA, and no glass transition was
observed for CPVA. In our previous study,"® fibrous
membranes composed of substituent hydrophobic PPV and
hydrophobic poly(methyl methacrylate) (PMMA) matrix were
fabricated. Thermal treatment around the T, of PMMA
resulted in the deformation of the fibrous structure.
Interestingly, the 80 °C thermal treatment in the current
study did not affect the fibrous structure. The thermal
treatment would help the migration of PPV onto the surface,
and the rigid PPV on the surface layer might prevent the
deformation of the fibrous structure.

4. CONCLUSION

Fluorescent PPV/PVA fibrous membrane has been fabricated
via electrospinning followed by thermal treatment. By
dispersing the water-soluble PPV precursor polymer and the
PVA matrix in an aqueous solution, the electrospining was
accomplished in an environmentally friendly way. Cross-linked
membrane PPV/CPVA was obtained by simply placing the
PPV/PVA membrane in a sealed container with cross-linking
agent for 24 h at room temperature. PPV/PVA and PPV/
CPVA membranes displayed a negligible difference in
morphological and photophysical properties. Both membranes
displayed a large fluorescence quenching response upon
exposure to aromatic solvents. Water was found to damage
the PPV/PVA membrane due to the dissolution of PVA, and
the cross-linked CPVA helped to prevent the damage of the
membrane. Good reversibility in the sensing behavior was
observed for both PPV/PVA and PPV/CPVA membranes.
Both PPV/PVA and PPV/CPVA can be used for rapid
recognition of aromatic solvents from other organic solvents
routinely used in the research laboratories or chemical industry.
The single excitation wavelength and the single detection
wavelength make the recognition of the class of aromatic
solvents very simple without complicated instrumentation.
PPV/CPVA may be more robust for providing a long-term
usage without worrying about the interference of water or
humidity. Further, morphology and structural characterization
of the fibrous membranes as binary polymer blends gave insight
into the unique properties of the membranes. The contact
angle measurement showed conclusively that the small amount
of PPV improved the water resistance of the membrane
significantly. Such a change suggested that the PPV chains
would stay at the surface of the fiber and, therefore, would
facilitate the fast and selective recognition of aromatic solvents
based on the intimate 7—x interaction. The PPV-rich surface
and the contact angle change could be explained by the surface
enrichment of lower surface energy components in the polymer

blends.
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the membrane at different times, additional SEM images, and
discussion. This material is available free of charge via the
Internet at http://pubs.acs.org.
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