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Abstract

Here is reported the synthesis, characterization, and volatile organic compound (VOCs) sensing
of a 1, 3-dimethyl polyphenylene vinylene polymer. The synthesis was performed by a Witting

condensation through the reaction of 1, 4-terphthaldehyde with the phosphonium chloride of


https://crossmark.crossref.org/dialog/?doi=10.1080/00032719.2017.1302463&domain=pdf&date_stamp=2017-06-20

meta-xylene. The material was characterized by infrared spectroscopy, elemental analysis, and
thermogravimetric analyses. Thin films of the polymer were prepared by spin coating at speeds
from 1000 to 5000 rpm. Ultraviolet-visible spectroscopy and surface plasmon resonance were
used to characterize the spin coated films. The thicknesses of the films were estimated by fitting
the curves and were between 4.5 to 24.5 nm depending on the speed. The refractive index of the
new polymer was 1.72. The polymer spin coated films were exposed to volatile organic vapors in
order to characterize their sensing properties by surface plasmon resonance as a function of time.
The results showed that the new material responded rapidly, sensitively, and reversibly to

volatile organic compounds.

Keywords: polymer thin film, spin coating, surface plasmon resonance (SPR),

thermogravimetric analysis (TGA), volatile organic compounds (VOCs)

INTRODUCTION

Polymer thin films have an important role for technological applications such as
electromechanics (Robert 1985; Zhang et al. 2006; Konry et al. 2008), biocompatible coatings
(Subr et al. 2006), novel drug delivery systems (Lynch, Gregorio, and Dawson 2005), chemical
and biochemical sensors (Badr and Meyerhoff 2005; Park et al. 2008), lenses (Sokuler and
Gheber 2006), waveguides (Kim et al. 2001), and other optical devices (Huang et al. 2004;
Matsui et al. 2004). Polymers provide remarkable advantages in optical applications owing to
their low cost, lightweight, durability, and practicality for making thin films using different
techniques. Polymer thin films can also be used in high temperature and space survivable coating
applications (Hoflund, Gonzalez, and Phillips 2001). These applications often require ultrathin

films such as nanoscale thickness while maintaining or improving the stability of the material.



There are a wide range of thin film preparation techniques to prepare solid state thin films of
organic materials such as Langmuir-Blodgett deposition (Capan, Tarimci, and Capan 2010),
Langmuir-Schaefer deposition (Spadavecchia et al. 2006), self-assembly (Cao et al. 2013), and

spin coating (Spadavecchia et al. 2004; Korczyc et al. 2017).

Spin coating is one of the most common coating processes for applying thin films on a
solid substrate. It can exhibit a fast and effective deposition using a rotating substrate with high
precision. Spin coating may be used to produce ultrathin organic films. Due to its interesting
distinctive properties, spin coating is used for applications that include third harmonic generation
(Chtouki et al. 2017), solar cells (Khavar et al. 2017), biosensors (Chou et al. 2016),
photodetectors (Jacob et al. 2017), gas sensing (Berger et al. 2016; Inyawilert et al. 2017), and

volatile organic compound detection (Daneshkhah et al. 2015; Evyapan and Dunbar 2016).

In recent years, new sensors have been developed for the determination of volatile
organic compounds (Rella et al. 2003; Evyapan et al. 2016). Polymers have the ability to interact
with volatile organic compounds and hence are suitable for their detection (Patil et al. 2015).
Therefore, polymer thin films have been developed with particular interest in the detection of
hazardous vapors (Hyodo et al. 2012; Oztiirk et al. 2016; Wisser, Grothe, and Kaskel 2016). The
sensitivity is directly related to the reactivity between vapor and polymer (Dubbe 2003). Hence,
the interaction mechanism and the sensitivity are the key features for the producing efficient

sensors (Evyapan and Dunbar 2016).

Here a novel 1,3-dimethyl polyphenylene vinylene polymer was employed for the
sensing for volatile organic compounds (VOCs). The synthesis and characterization of the
polymer are presented. Spin coating was used to control the thickness of the solid-state polymer

films. Characterization of the films was performed by ultraviolet-visible spectroscopy and
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surface plasmon resonance. The reproducibility and the uniformity of the thin films were
investigated, along with the thickness and refractive index. The sensing characteristics of the
polymer thin films were characterized for benzene, toluene, hexane, dichloromethane,
chloroform, butanol and ethanol using kinetic measurement with surface plasmon resonance. The

optical sensor responses are compared based on the film thickness and the analyte.

EXPERIMENTAL

Materials and Instrumentation

Triphenylphosphene, m-xylene, hydrochloric acid, acetone, formalin solution (35%) were
supplied by Fluka. Absolute ethanol, chloroform, benzene, hexane, dichloromethane, butanol,
toluene and sodium metal were supplied by Reidel-De Hean A.G, Germany and 1,4-

terephthaldehde was supplied by BDH, England.

Infrared spectrum were obtained using a KBr disk with a Model M8400S instrument
(Shimadzu). Carbon-hydrogen-nitrogen analysis was carried out using PerkinElmer 2400 series
Il analyzer. Thermogravimetric analyses were performed under nitrogen at 5°C/min using a DSC

Q 1000V 9.8 Build 296 analyzer.

Ultraviolet-visible spectra were recorded using Varian Cary 50 Scan spectrophotometer
from 300 to 900 nm. Surface plasmon resonance measurements were carried out using the home-
made setup (Kretschmann and Raether 1968) shown in Figure 1. The system consists of a semi-
cylindrical prism (refractive index of 1.515) and a He-Ne laser at 632.8 nm (Nabok et al. 1997).
The thickness and the refractive index of thin films were evaluated by fitting the SPR curves to
Fresnel equations using Winspall 3.02 software from the Max-Planck Institute (Evyapan et al.

2016).



Synthesis

Chloromethylation of m-xylene (1)

10 g of m-xylene, 72 g of 35% formalin, and 150 ml of concentrated hydrochloric acid
were refluxed for 5 h and the product was present in the organic phase. The product was
separated and washed several times with water and recrystallized in methanol to obtain a white

powder (yield 78%) with a melting point of 91°C.
Synthesis of m-xylene bis (Triphenyle Phosphonium Chloride Salts) (I1)

2.21 g of compound (1) and 7.34 g of triphenylphosphene in 100 ml xylene were refluxed
for 24 h. After cooling to room temperature, the white precipitate was washed with ether and

acetone, filtered, and dried under vacuum in order to obtain the product (yield 83%).
Synthesis of 1,3-dimethyl Polyphenylene Vinylene (I11)

The polymerization was carried out by a Witting condensation in stirred 1, 4-
terephthaldehyde (10 mmole) and the phosphonium chloride product (I11) (10 mmole) in 50 ml of
3:1 anhydrous ethanol:chloroform. 0.1 g sodium metal in 10 ml absolute ethanol was added
dropwise at ambient temperature with stirring for 24 hrs at room temperature. Subsequently 15
ml of 2% hydrochloric acid was added to obtain a pastelike product that was washed with 3:1

ethanol:water and dried under vacuum in order to obtain the yellow powdered product.
Preparation of Spin Coated Polymer Films

The 1, 3-dimethyl polyphenylene vinylene was dissolved in chloroform at 1 mg mi=.
Thin films were prepared via spin coating at spin speeds from 1000 to 5000 rpm to characterize

the thickness dependence. Spin films were transferred on 76 x 26 mm glass slides for ultraviolet-



visible spectroscopy and 35 nm gold coated glass substrates for surface plasmon resonance. The
gold layers were deposited by thermally evaporation for surface plasmon resonance. Pre-cleaned
glass slides were used for evaporation of gold and the speed of evaporation was 0.2 nm s at
10-% mbar. 100 pl f polymer solution was dispensed on the rotating substrate and allowed to spin
for 30 seconds. The thickness of thin films was controlled by changing the spin speed while

monitoring by UV-visible spectroscopy and surface plasmon resonance.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Polymer

Figure 2 summarizes the synthesis of the 1, 3-dimethyl polyphenylene vinylene polymer.
The dichloromethylation of m-xylene compound (1) was performed in presence of formalin
solution and concentrated hydrochloric acid under reflux for 5 h. Several papers describe the
preparation of this compound using different methods (Hu et al. 2010; Bakoz 2015). The
chloromethylated groups were introduced by Friedel-Craft alkylation. It is generally accepted
that the electrophilic reagent is formaldehyde protonated hydroxyl carbenium ion (*CH2 = OH).
The compound (I1) is called a Witting reagent and was obtained from the reaction of compound
() with triphenylphosphene through a Sn2 mechanism. The polymer was prepared through a
Witting reaction which is commonly used for the synthesis of alkenes. This method uses a

carbonyl compound as an electrophilic reagent in the presence of base as the catalyst.
Infrared Spectroscopy

The prepared compounds and polymers were characterized by infrared spectroscopy as

shown in Figures 3-5. For the compound (1), the spectrum indicates the presence of an aromatic



ring since the absorption bands appear between 900 and 650 cm™. The characteristic band at
3010 cm™! is from the stretching of C-H bonds of the aromatic ring. The peaks at 2974 and 2961
cm™! correspond to the aliphatic C-H bond stretching of the methyl group. The bands at 472 and

520 cm! confirm the extended C-CI bond.

For the compound (11), there are characteristic bands at 505 cm~* and 1103-1112 cm™
due to P-Cl and CH>-P, respectively. Figure 5 shows infrared spectrum of the prepared 1, 3-
dimethyl polyphenylene vinylene. The band at 3051 cm is due to the stretching of the alkenyl
C-H bond. The band at 999 cm™ is due to trans-vinylene out of plane C-H bending. The
characteristic band at 1701 cm~ corresponds to the stretching of the vinylene bond while the

band at 1598 cm is due to the phenyl ring C-H.
Elemental Analysis

The structure of synthesized polymer was also confirmed by the carbon-hydrogen-
nitrogen analysis. The calculated carbon ratio was 93.103% compared to 92.624% obtained
experimentally. The calculated hydrogen ratio was 3.712% with a measured value of 3.801%.
There are small differences between calculated and experimental values due to the high
molecular weight of polymer. However, the results confirm the chemical structure of the

repeating unit of the polymer.
Thermogravimetric Analysis

Thermogravimetric analysis monitors the change in mass of a material as a function of
increasing temperature or time. Thermogravimetric analysis is used to determine the composition

of materials and predict their thermal stability. It is beneficial for the investigation of polymers



and commonly used to characterize their stability (Alidagi et al. 2017; Ganapathi, Kalyon, and
Fisher 2017; Li et al. 2017). Polymeric materials commonly exhibit physical and chemical
changes when heat is applied. The thermal stability of polymers is defined as the resistance

towards thermochemical degradation and is expressed as functions of temperature or time.

The 1,3-dimethyl polyphenylene vinylene was characterzied by thermogravimetric
analysis. 5.08 mg was heated from 35°C to 700°C at a rate of 10°C/min. The mass change of was
recorded as a function of temperature and time and the results are shown in Figure 6. The ratio
of char-content was determined to be 10% at 400°C and the half-weight loss temperature was
estimated to be 303°C. The decomposition of the polymer was obtained from the derivative of
the thermogram and defined as optimum decomposition temperature. 1, 3-Dimethyl
polyphenylene vinylene exhibits one decomposition temperature at 318°C which demonstrates

the stability of the polymer.
Spin Coated Film Characterization

Polymer spin coated films have been prepared from 1000 to 5000 rpm to obtain various
film thickness. Figure 7 shows the ultraviolet-visible absorption spectra of 1, 3-dimethyl
polyphenylene vinylene spin coated films obtained at various speeds and compared with solution
spectra. The solution exhibits two bands at 273 and 315 nm that are attributed to the conjugation
of the double bond of the vinylene group with the benzene and with dimethyl benzene ring.

These transitions involve -7 transitions.

The spectra of spin coated films exhibit similar characteristics with the solution spectra.
The peak at 315 nm for solution is broadened and red-shifted to 340 nm. The shift is caused by

molecular aggregation following the organization of molecules on a solid substrate. The



ultraviolet-visible absorbance was employed to compare the thicknesses of the thin films. An
increase in absorbance indicates increasing film thickness. The spin speed changes the thickness
of spin coated films according to an inverse proportional relationship (Evyapan et al. 2013;

Evyapan et al. 2016). Similar results have been obtained in this study as shown in Figure 7.

In order to characterize the reproducibility of spin coated thin films, surface plasmon
resonance was also utilized. Figure 8 shows the SPR curves of spin coated polymer films as the
reflected light intensity versus the angle of incidence. The minimum reflected light intensity
value corresponds to the SPR angle (6spr). Coating a thin film on a gold substrate causes a shift
of Ospr compared with bare gold. This shift is directly related with the thickness and the optical
constants of thin film on gold surface as given by (Nabok et al. 1997):

_ /M) (e, le:)*d
(n,cosd)(le

(e-e)
(1)

m|_8i)28

where A is the wavelength of the laser beam (632.8 nm), n; is the refractive index of the
semi-cylindrical prism, |em| iS the modulus of the complex dielectric constant of the gold film, &;
is the dielectric constant of the medium in contact with thin film which was air for this work, ¢ is

the dielectric constant, and d is the thickness of thin film.

Figure 8 shows that the biggest shift belongs to 1000 rpm spin coated film which is the
lowest speed. If the speed is increased, SPR curves approach bare gold. Thinner films are
produced by the fastest spin speed which was also obtained from ultraviolet-visible spectra.
Table 1 lists the angle shift (A8°) values of the spin coated films. At higher spin speeds, the
angle changes regularly, while for lower spin speeds such as 1000 and 2000 rpm, the shifts are

larger and the SPR curves are broadened. The changes of the width of SPR curves are provided



in Table 1 as the change in the full width of half-maximum. The broadening of the SPR curves is
due to the damping of resonance with increasing film thickness (Ray et al. 2000). The curves are
also affected by the homogeneity and uniformity of thin film surface (Nabok et al. 1997). These
undesirable results are more likely seen for thicker films due to the accumulation of molecules.
Table 1 shows that the broadening of SPR curve is 0.8° for 5000 rpm spin coated film and 2.3°
for the 1000 rpm film. The surface plasmons are sensitive to the morphology of the dielectric
layer because higher spin speeds increase the thin film homogeneity. Thus, good agreement

between the ultraviolet-visible and surface plasmon resonance results are observed.

Another advantage of surface plasmon resonance is estimation of thickness and refractive
index of the thin films. These parameters are estimated using Fresnel refraction theory by fitting
SPR curves (Nabok, Hassan, and Ray 1999) using bare gold and its parameters. Table 1 gives
the thicknesses for the spin coated films, showing higher speed produces thinner and more
uniform spin coated films. The refractive index of the spin coated film is 1.72 which is in

agreement with organic materials (Evyapan et al. 2013).
Vapor Sensing

Surface plasmon resonance system was also used for to investigate the sensing properties
of spin coated films. Gas sensing measurements were carried out using a polytetrafluoroethylene
gas cell. Volatile organic compounds used as analyte included benzene, toluene, hexane,
dichloromethane, chloroform, butanol and ethanol. The volatile organic compounds were
introduced into the gas cell using a 10 ml syringe and were mixed with dry air to obtain various

concentrations. The SPR response of a spin coated film was obtained before and after exposure
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to volatile organic compounds. The interaction between thin film and analyte vapor causes a shift

in the SPR curve.

The kinetic response of sensor film as a function of time was also investigated. A fixed
angle was selected from the linear part near to the minimum of SPR curve and the Kinetic
response was recorded as the reflected light as a function of time. The organic vapors to
interacted with the sample for 2 min and dry air was introduced into the gas cell for 2 min.
Exposure to the organic vapors was 25% with dry air up to 100% in 25% increments. Figure 9
shows the response of the 3000 rpm spin coated film exposed to several volatile organic
compounds. Fast and reversible responses were obtained with all of the compounds. The
response and the recovery times were a few seconds. The recovery is nearly complete because
dry air causes the intensity to return to its initial value. The responses increased with the vapor

concentration, as shown in Figure 10.

The strongest response was obtained for dichloromethane followed by chloroform. There
are several reports of the determination of dichloromethane and chloroform (Acikbas et al. 2017,

Acikbas et al. 2016) that provide the same trend in sensitivity.

The response is produced from the interaction of the film with the vapor and depends on
physical properties of the analytes. The molecular size affects the response. Smaller molecules
more easily diffuse into the film (Evyapan and Dunbar 2015; Evyapan and Dunbar 2016).
Dichloromethane and chloroform are the smallest analytes and therefore have the largest
responses. Furthermore, the viscosity of dichloromethane (0.32cSt) is lower than the other
compounds. Lower viscosity causes faster diffusion into the film and a higher response. The

viscosity of butanol (3.64cSt) is the highest, resulting in the lowest response.
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The analyte vapor pressure also influences the sensor response. Higher vapor pressures
suggest rapid movement of the analytes that increase the size and speed of the response. The
dichloromethane vapor pressure of 47.06 kPa is highest value for the analytes in the study. The

lowest vapor pressure (0.63 kPa) is for butanol which has lowest response.

The interaction between vapor and thin film involves two steps. The first causes a sharp
response and then the sensor is saturated. The initial sharp response is a surface effect due to
adsorbed vapor on the surface of thin film. Secondly, the analytes diffuse into the film structure
in the diffusion effect (Evyapan and Dunbar 2015) that causes the setting of the response. In
order to investigate the diffusion of the analytes, various spin coated films were treated with

dichloromethane vapor.

Figure 11 shows the Kkinetic response of various spin coated films in the presence of
saturated dichloromethane. The response increased with a decrease in the spin speed. However,
the sensor increased with film thickness due to the diffusion of the analytes into the film. Larger
film thicknesses provide more cavities for analytes to diffuse and interact with the 1, 3-dimethyl
polyphenylene vinylene polymer. Figure 11 shows a decrease in the sensor response with time.
The diffusion is dynamic that includes the adsorption and desorption of the analytes. During the
diffusion into the film, some molecules are adsorbed by the film and some adsorbed molecules
are desorbed. When the rates of adsorption and desorption are equal, the sensor is saturated. The

penetration of analyte into film structure also swellings the thin film (Evyapan et al. 2016).

In order to monitor the film thickness after swelling, SPR curves of spin coated films
were recorded before and after vapor exposure. Figure 12 shows the shift of the SPR curves
following exposure to saturated dichloromethane on a 3000 rpm spin coated film. The SPR curve

shifts to higher angles as the film increases in thickness. The interaction between
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dichloromethane and the thin film causes a shift of ABspr = 0.4° from its original value of Ospr =
46.1°. Dichloromethane penetrates the film leading to swelling by 2.3 nm. Despite the adsorption
of organic vapors and swelling of the thin film, the refractive index of the spin coated film is still

approximately 1.7.

In order to control the recovery of the sensor, dry air was introduced and the response
was recorded as the recovery cycle. After the recovery cycle, the resonance angle was Ospr =
46.2° indicating suitable recovery. Large differences following recovery may be due to the

trapped analyte in the film structure.

CONCLUSIONS

A synthesized 1, 3-dimethyl polyphenylene vinylene polymer was used for thin film
preparation by spin coating. Characterization of the polymer was carried out using infrared
spectroscopy and thermogravimetric analysis. Thin films of the polymer were produced by spin
coating at various speeds. Ultraviolet-visible spectroscopy and surface plasmon resonance were
performed in order to control the reproducibility of spin coated films. The thicknesses of thin
films were evaluated by surface plasmon resonance fitting and were dependent upon the spin

speed between 4.5 and 24.5 nm.

Polymer thin films were exposed to different concentrations of benzene, toluene, hexane,
dichloromethane, chloroform, butanol, and ethanol. The response of sensor material was
monitored by surface plasmon resonance as the optical changes. Polymer thin films were found
to be sensitive to dichloromethane vapor in the presence of other VOCs. The response was
dependent upon the concentration of exposed vapor. The results showed that the physical

characteristics influence the interaction with the thin film. The molecular size influences the
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interlayer diffusion and penetration. Small molecules easily diffuse into thin film and provide a

rapid response.

The viscosity, vapor pressure, and polarity also influence the response. The low viscosity
and high vapor pressure of dichloromethane produce a rapid strong response. Butanol has a
higher viscosity and lower vapor pressure that reduces diffusion into the thin film. The thickness
of thin film also influences the sensor response. Increasing film thickness provides more cavities
for the vapor and increases the response. The interaction between the thin film and vapor
increased with the film thickness and caused swelling of the thin film. Exposure to
dichloromethane for the 3000 rpm spin coated film increased the thickness by 2.3 nm. The

synthesized 1, 3-dimethyl polyphenylene vinylene is sensitive and selective for dichloromethane.
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Table 1. Surface plasmon resonance parameters of the 1,3-dimethyl polyphenylene vinylene spin

coated films as a function of spin speed.

Parameter 1000 (rpm) | 2000 (rpm) | 3000 4000 5000
(rpm) (rpm) (rpm)

Angle shift (A6°) 2.5 2.1 15 1.4 1.2

Change of full width of half | 2.3 1.5 0.8 0.7 0.8

max (0°)

Thickness, d (nm) 24.5 22.4 7.7 6.6 4.5
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Figure 1. Schematic diagram of the Kretschmann (1968) configuration for surface plasmon
resonance using a semi-cylindrical prism (refractive index of 1.515) and a He-Ne laser (632.8
nm).
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Figure 2. Synthesis of 1, 3-dimethyl polyphenylene vinylene.
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Figure 3. Infrared spectrum of compound ().
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Figure 4. Infrared spectrum of compound (I1).
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Figure 5. Infrared spectrum of infrared spectroscopy result of the 1, 3-dimethyl polyphenylene
vinylene polymer.
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Figure 6. Thermogravimetric analysis of 5.08 mg of 1,3-dimethyl polyphenylene vinylene
polymer from 35°C to 700°C: (a) thermogram and (b) derivative of the thermogram.
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Figure 7. Ultraviolet-visible absorption spectra of the 1,3-dimethyl polyphenylene vinylene: (a)
in chloroform, (b) 1000 rpm spin coated film, (c) 2000 rpm spin coated film, (d) 3000 rpm spin

coated film, (e) 4000 rpm spin coated film, (f) 5000 rpm spin coated film, and (g) absorbance
change as a function of speed.
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Figure 8. Surface plasmon resonance curves of 1, 3-dimethyl polyphenylene vinylene spin

coated films: (a) bare gold, (b) 5000 rpm, (c) 4000 rpm, (d) 3000 rpm, (e) 2000 rpm, and (f) 1000
rpm.
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Figure 9. Kinetic response of the 3000 rpm spin coated film of the 1, 3-dimethyl polyphenylene
vinylene to the presence of: (a) butanol, (b) toluene, (c) hexane, (d) benzene, (e) ethanol, (f)

chloroform, and (g) dichlorormethane.
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Figure 10. Maximum sensor response for 25, 50, 75, and 100% of volatile organic compounds.
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Figure 11. Kinetic response of the 1, 3-dimethyl polyphenylene vinylene spin coated films to
saturated dichloromethane: (a) 1000 rpm, (b) 2000 rpm, (c) 3000 rpm, (d) 4000 rpm, and (e)
5000 rpm.
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Figure 12. Surface plasmon resonance of the 3000 rpm spin coated film of the 1,3-dimethyl
polyphenylene vinylene: (a) in air, (b) after exposure to saturated dickloromethane, and (c)
following recovery in dry air.
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