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Abstract
The effect of UV irradiation and blending with phthalate and terephthalate
plasticizers on the photo-stability of Poly (4-vinyl biphenyl) was studied at
different intervals of irradiation time and in presence of air. The increase in
irradiation time on the photodegradation of polymer thin films caused a
change in the intensity and shape of the fluorescence band. It has been found
that the stability of the polymer decreases with the increase of irradiation
time, and to increases with the increase of the amount of added phthalate and
terephthalate plasticizers, which is evidence of polymer photodegradation.
The FT-IR spectra of irradiated pure and blended polymer with phthalate and
terephthalate plasticizers showed a decrease in some absorption bands and
increase in the other bands, this is also another factor for the occurrence of
photo degradation of the irradiated polymer. The increase in the intensity of
absorption of carbonyl and hydroxyl region, indicates a possible photogegradation of polymeric chains and the formation of alcohols, aliphatic ketones
and to the increase in the number of (C=C) that resulted from hydrogen abstraction during chains-scission.

Keywords
Excimer Fluorescence, Photodegradation Kinetics, Phthalate Plasticizers,
Poly (4-Vinyl Biphenyl), UV-Irradiation

1. Introduction
Polymer degradation is very important aspect due to the environmental research
and their use in industry. The photogegradation of polystyrene (PS) and substiDOI: 10.4236/msa.2017.813075 Dec. 14, 2017

1027

Materials Sciences and Applications

K. E. Al Ani et al.

tuted polystyrene (SPS) is of interest with respect to both the preparation of new
polymers and to the stability of these polymers towards UV irradiations. However, since polystyrene (PS) and substituted polystyrene (SPS) were found to degrade easily upon exposure to light energy, several mechanisms were proposed
but a totally consistent theory is yet to be agreed upon, due to the complexity of
the photodegradation processes that yield different photo products [1] [2]. The
nature of photo products resulted from exposure of polymer chains to light
energy was found to depend on the substituted group in the styrene chromophores, and to the environment of degradation [3] [4] [5] [6]. The photodegradation of polymeric chains in presence of air is started by the formation of excited chromophores are formed and then other process such as photo-oxidation,
chain scission and cross linking take place [7] [8].
It has been suggested two mechanisms for the photo-oxidation of polymeric
structures; the first is the photoreaction that is based on the dissociation of excited peroxide macro radicals, leading to the formation of water and carbon dioxide molecules; the second mechanism is hydroperoxides mechanism, which is
to form the ( RO*2 ) radicals that reacts with the polymer structures to produce
hydroperoxides radicals. A subsequent (ROOH) decomposition results in the
scission of polymeric chains and the formation of high molecular oxidation
products such as carbonyl, alcohols and ethers [9] [10] [11] [12]. Photogegradation of polymeric chains in presence of air is triggered by the formation of peroxy free radicals, which degraded the polymeric structures through a series of
chemical reactions, which lead to chain scissions and cross linking in the polymeric back bone. It was found that the mechanism of photodegradation of polystyrene and substituted polystyrene depends upon the mobility of free radicals
in polymeric matrix, and their bimolecular combination [13]. As a result of decomposition of irradiated chromophores, Hydrogen radicals are formed, and
they diffuse through the polymer matrix and finally initiate a free radical decomposition of polymer chains [14] [15] [16]. The photo-oxidation mechanism
of PS chromophores in solid films is dependent upon the rate of oxygen diffusion into the polymer matrix, and to the formation of charge transfer complexes
between polymer structures and oxygen molecules [17]. The photo-oxidation
process depends on the reactivity of the formed polymeric radicals with oxygen
molecules and to the diffusion process of oxygen into polymeric matrix. The
combination of the formed micro-radicals will lead to the cross-linking. As a result of the photo-oxidation of polymeric chains, a number of different photoproducts are reported [18]-[24]. Hydroperoxides, carbonyl and hydroxyl compounds were the main products that have been reported on the bases of IR and
UV-visible analysis [4] [5].
Electrophilic substitution is a general route for preparation of ring substituted
polystyrene. It has been reported that photodegradation of most of substituted
polystyrene are more easily photodegradable than polystyrene, owing to the
weak bonds in substituted polystyrene structures. The studies of photodegradaDOI: 10.4236/msa.2017.813075
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tion of ring substituted polystyrene have showed that degradation characteristics
are sensitive to the nature of substituents, in particular, electron-withdrawing
groups (Cl and Br) that tend to reduce the stability of polymeric chains, largely
by producing depolymerization radicals [18] [20]. On the other hand, fluoroatom substitution in phenyl ring in the polymeric chromophore tends to stabilize the polymer towards irradiations [18] [19] [20] [21].
It should be pointed out that polymeric additives were found to accelerate the
radiation-induced degradation of polystyrene and substituted polystyrene [9]
[25]. Phthalate and terephthalate as additives to substituted polystyrene causes
an increase in its flexibility, but increase the stability of the polymeric chains [26]
[27]. It was also found that the photo-stability of polystyrene was reduced by the
addition of bromine-containing flame retardants, carbonyl group, or poly vinyl
acetate, and appeared to depend upon the chemical structure of the polymeric
additives [28]-[32]. It was found that the increase in the amount of doped plasticizers decrease the stability of polymeric chains and the increase in irradiation
time of the UV-light causes also an increase in the efficiency of photodegradation process [33]-[39]. In many recent studies, it was found that blending with
phthalate plasticizers were more efficient in increase in the photodegradation of
polymeric chains than blending with terephthalate plasticizers [30] [31] [32].
The efficiency of photodegradation of polystyrene and substituted polystyrene
was found to increase with increase in exposure times and to increase with the
increase in the added mass of added plasticizers [33]-[39]. The changes in the
average molecular weight in photo-oxidized PS were produced as consequences
of chain dissociation by Norrish Type II reaction [34]. Phthalate plasticizers
were more efficient in the increase in the photodegradation of irradiated polymeric chromophores in solid films [31] [32].
According to the reported work on substituted polystyrene, no work has been
reported on the photodegradation of pure and plasticized poly (4-vinyl biphenyl) in solid films. It was found to be used in binding to other polymers, such
as poly (α-methylstyrene) and poly (triarylamine). The binding polymers are
normally used to improve film formation in a large area uniformly and to help
the poly (triarylamine) to form a stronger binding between source/drain electrodes onto dielectric layer in the active channel material of an organic thin film
transistor [40].
In the present work, the photodegradation of irradiated poly (4-vinyl biphenyl) films, and the effects of blending with phthalates and terephthalate plasticizers on the photo-stability were investigated with the following aims:
1) To investigate the possible influence of ring substitution on the mechanism
of photochemical reaction of irradiated poly (4-vinyl biphenyl), (PVBP) films
and also to compare its photo-stability with that of polystyrene and other substituted polystyrene.
2) To study the effect of blending poly (4-vinyl biphenyl), (PVBP) with
phthalates and terephthalate plasticizers on the photo-stability, and to select the
DOI: 10.4236/msa.2017.813075
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best polymeric additive that can cause less photodegradation effect on the irradiated polymeric films.
3) To apply Al Ani-Hawi relation [30], in order to evaluate some kinetic parameters, such as photo quenching rate constant and quenching efficiencies of
irradiated pure and blended polymer films.
The photodegradation processes of the exposed polymer films for different
intervals of time have been characterized by UV-visible, fluorescence and FT-IR
spectroscopic techniques.

2. Experimental
2.1. Materials
The sample of poly (4-vinyl biphenyl), (PVBP) was obtained from Sigma Aldrich
Chem. Co. The average molecular weight for the polymer is 115,000, and was
used as received. Dichloroethane (DCM) solvent as a spectroscopic grade was
obtained from Fluka GMBH, and showed no absorption or emission in the
range of 293 - 550 nm. The used plasticizers, dimethyl terephthalate (DMT), diethyl terephthalate (DET), dioctyl terephthalate (DOT), dibutyl phthalate (DBP),
and dioctyl phthalate (DOP), were obtained from Sigma Aldrich Co., and were
used without further purifications. These were of high purity of about (99.8%),
and were found to give no detectable absorption in the range (265 - 400 nm).

2.2. Preparation and Irradiation of Plasticized Polymeric Solid
Films
Poly (4-vinyl biphenyl) thin films with thickness of approximately 0.02 mm were
prepared by solution casting of the polymer in spectrograde dichloroethane on a
spectroscopic window (quartz plate of 1.0 mm × 20 mm diameter). Moreover,
about 0.02 mm thick poly (4-vinyl biphenyl) - plasticizer films, containing different wt% plasticizers were prepared by solution casting [polymer + (5 - 15
wt%) added plasticizer], using spectrograde dichloroethane solvent. These films
were used as to gain better insight into the possibility of photodegradation of the
polymer during irradiation. The films were dried in a vacuum oven at 293 K for
6 hours, as to ensure the complete removal of solvent traces [41].
Irradiation processes of solid films were exposed to different intervals of irradiation time in air, from (0 - 120 min), Using JASCO- Spectrofluorometer
with a built in Hydrogen-Xenon lamp (6808-J007A-model number ESC-333)
supported with monochromator of holographic grating with 1800 groves/mm.
All solid films were exposed to the same rate of irradiation intensity for different
intervals of irradiation time in air, from (0.0 - 120 min). The intensity of incident radiation was (4.9 mW/cm2), and the distance between light source and
samples was (5 cm).

2.3. Absorption and Fluorescence Spectra Measurements
UV-Vis absorption spectra of non-irradiated PVBP and the used plasticizers
DOI: 10.4236/msa.2017.813075
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were obtained using an Agilent 8453 UV-Vis spectrophotometer.
Fluorescence spectra of pure and blended polymer solid films were recorded
on JASCO-FP 6500 Spectrofluorometer. The parameters were constant for all
measurements, and the excitation wavelength was 288 nm. The emission wavelength range was 290 - 550 nm, and all fluorescence spectra for solid films were
obtained using a thermostated solid sample holder at 298 K.

2.4. FT-IR Spectroscopy
Infrared spectra were collected using a NICOLET-MAGNA-IR-560 spectrometer, (the manufacturer Thermo Nicolet Corporation, Madison, USA). The
working wavenumber range of the spectrometer was from (4000 to 500 cm−1) at
(4 cm−1) optical resolution and 3 scan repetitions per analysis. The FT-IR spectra
were recorded for the irradiated and the non-irradiated polymer films, whereas
the transmittance was plotted as function of the wavenumber.

3. Results and Discussion
3.1. The Absorption Spectra of Poly (4-Vinyl Biphenyl) and
Phthalate and Terephthalate Plasticizers
The UV-absorption spectra of both, poly (4-vinyl biphenyl), the phthalate and
terephthalate plasticizers in dichloroethane solutions at room temperature are
shown in Figure 1(a) and Figure 1(b) respectively.

Poly (4-vinyl biphenyl) molecular structure.

As can be seen from Figure 1(a), the absorption spectrum of poly (4-vinyl
biphenyl) was found to absorb radiation in the UV-region in the range of (270 330 nm) with a maxima at (288 nm), approximately similar to those of polystyrene and other substituted polystyrenes. The small changes in the position and
the shape of absorption spectrum may be attributing to the chemical structure
and the position of substitution in phenyl ring [6]. The excitation wavelength
that has been used for PVBP films was 288 nm for fluorescence spectra and

FT-IR spectra measurements. Both phthalate and terephthalate plasticizers absorb radiation in the range of (215 - 262 nm) and are far away from the absorption region of PVBP films, as shown in Figure 1(b).
DOI: 10.4236/msa.2017.813075
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Figure 1. UV-absorption spectra of; (a) non-irradiated Poly (4-vinyl biphenyl) in DCE
solution and (b) for Dimethyl terephthalate (DMT), Diethyl terephthalate (DET), Dioctyl
terephthalate (DOT), Dioctyl phthalate (DOP), and Dibutyl phthalate (DBP).

3.2. Effect of UV-Irradiation Time on Intensity of Fluorescence
Spectra of Pure and Blended PVBP Films with DMT, DET, DOT,
DBP and DOP Plasticizers
A number of studies on the photodegradation of polystyrene and para-substituted
polystyrene have received a considerable attention, mainly due to their industrial
importance [18] [20]. However, the photodegradation of some substituted polystyrene has been studied extensively but no works have been reported on the
photodegradation of puce and plasticized PVBP by fluorescence and FT-IR
spectroscopic techniques.
The fluorescence spectrum of PVBP film composes from a minor band as
monomer fluorescence at (λmax = 342 nm) and a major band at longer wavelength as excimer fluorescence at ((λmax = 372 nm). The fluorescence spectrum of
pure PVBP films irradiated at (λext = 288 nm) is shown in Figure 2.
Blending of PVBP films with phthalates (DBP and DOP), and terephthalates
(DMT, DET and DOT) plasticizers at (5.0%, 10% and 15.0% wt.), showed a gradual decrease in the intensity of polymer fluorescence with increasing of amount
of added plasticizer and decreases with increasing of irradiation times. The fluorescence spectra of blended PVBP films with (5% wt, 10% wt and 15% wt) DOT
DOI: 10.4236/msa.2017.813075
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is shown in Figure 3.
The fluorescence spectra of blended PVBP films with, (5% wt, 10% wt and
15% wt) DOP are shown in Figure 4.

Figure 2. Fluorescence spectra of irradiated pure PVBP in solid film, at the exposure
times (0.0, 15, 30, 45, 60, 75, 90, 120 min), at (λext = 288 nm).

Figure 3. Fluorescence spectra of irradiated PVBP Blended with; (a) 5% wt DOT, (b) 10%
wt DOT and (c) 15% wt DOT in solid film, at exposure times (0.0, 15, 30, 45, 60, 75, 90,
120 min), at (λext = 288 nm). Dotted lines are for 0.0 min irradiation.
DOI: 10.4236/msa.2017.813075
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As can be seen from Figure 3 and Figure 4, the fluorescence spectra for
blended PVBP films, photo-irradiated for (0.0 - 120 min) was obtained at room
temperature and excitation wavelength of 288 nm. Irradiation of the PVBP film
at different exposure time was accompanied by the gradual quenching in the intensity of the excimer band, as well as a small red shift in the (λmax) of the excimer fluorescence band of (372 - 380 nm), as shown in Table 1.

Figure 4. Fluorescence spectra of irradiated PVBP Blended with; (a) 5% wt DOP, (b) 10%
wt DOP and (c)15% wt DOP in solid film, at exposure times (0.0, 15, 30, 45, 60, 75, 90,
120 min), at (λext = 288 nm). Dotted lines are for 0.0 min irradiation.
Table 1. Red shift in the (λmax) of the excimer fluorescence band of irradiated plasticized
PVBP films.

DOI: 10.4236/msa.2017.813075

Added Plasticizer

PVBP + 0.0%
Plasticizer

PVBP + 5%
Plasticizer

PVBP + 10%
Plasticizer

PVBP + 15%
Plasticizer

DMT

372

377

378

380

DET

372

373

376

377

DOT

372

375

377

377

DBP

372

374

375

376

DOP

372

374

376

378
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It is more likely that this red shift occurs as result of photodegradation of the
polymeric chains, and can be attributed to the formation of conjugated double
bonds along the polymer chain during the photodegradation by hydrogen abstraction process [36] [42]. The shift in the excimer fluorescence band is in good
agreement with that reported with irradiated blended polystyrene [8], poly
(4-methoxystyrene) [30] and poly (4-methylstyrene) [32]. Tovborg and Kops
[36] pointed out that quenching of polymeric emission might be attributed to
the energy transportation of the oxides formed by the photo-oxidation of polymeric chromophores, or to the quenching effect of the peroxide formed during
UV-irradiation.
Blending of PVBP solid films with different percentages of DMT, DET, DOT,
DBP and DOP plasticizers, showed only decrease in the intensity of the fluorescence bands without formation of exciplex fluorescence at longer wavelength.
Most likely, the energy transfer complex formed between the polymer chromophore and the plasticizer molecule is not stable enough to give exciplex fluorescence emission [41]. The decrease in excimer fluorescence may be attributed to;
first, quenching of excited polymer chromophores by plasticizer molecules [41];
second, to the distraction of polymeric chains by photochemical reaction
through formation of free radical reactions [5] [7].

3.3. Kinetics and Mechanism of Photodegradation of Pure and
Blended PVBP Solid Films
From the quenching process for the intensity of excimer fluorescence of irradiated PVBP films for different intervals of time and by blending with phthalate
and terephthalate plasticizers, some kinetic parameters can be collected by applying Al Ani and Hawi relationship [30]. The intensity of excimer fluorescence
o
of non irradiated polymer film is denoted by ( I EX
), whereas ( I EX ) represents

the fluorescence intensity of irradiated pure and blended PVBP films at different
o
intervals of time. The quenching ratio is denoted by ( I EX
) ( I EX ) , and can be

represented by the following relationship [30]:
*

o
 I EX

′ ) ( A) ( t )

 = 1 +  ( k PQ

 I EX 

{

}

(1)

where [A] = number of (photons/s) absorbed by polymeric chromophores.

t = time of irradiation in s.
′ = rate constant.
k PQ

In the photo-quenching processes, if we assume that the number of photons
released from the light source and absorbed by polymer chromophores is constant (A), Then according to (Equation (1)), we can write:
k PQ =

{( k ′ ) ( A)}
PQ

where ( k PQ ) is the photo-quenching rate constant, and the efficiency of
quenching ratio  I o ∗ I ∗  is given by the following equation:
 [ EX ] [ EX ] 
DOI: 10.4236/msa.2017.813075
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*

o
 I EX


 = 1 + ( k PQ ) ( t ) 
 I EX 

(2)

According to Equation (2),  I o ∗ I ∗  -values were plotted against time
 [ EX ] [ EX ] 
of irradiations (t). From the plots, the photo-quenching rate constant (kPQ) values and quenching efficiency ratio  I o ∗ I ∗  were calculated and used to
 [ EX ] [ EX ] 
estimate the efficiency of photodegradation processes for pure and blended irradiated polymer. The plots of the ratio of excimer fluorescence  I o ∗ I ∗ 
 [ EX ] [ EX ] 
against the different irradiation times of pure and blended PS films with 0.0%
wt, 5.0% wt, 10.0% wt and 15.0% wt of DMT, DET and DOT plasticizers are
presented in Figure 5.

Figure 5. Effect of added mass percent of DMT, DET and DOT on excimer fluorescence
quenching of blended PVBP films at different irradiation times.
DOI: 10.4236/msa.2017.813075
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As can be noticed from Figure 5, an increase in the amount of added terephthalate plasticizers resulted in the decrease in the degradation ratio of

I o
 with the increase of exposure time, and decrease in the photoI
 [ EX ]∗ [ EX ]∗ 
quenching rate constant. On the other hand, the increase in the amount of added phthalate plasticizers resulted in a higher decease in the photo-quenching rate
constant (kPQ) as shown in Figure 6. The same results were obtained in the photodegradation of blended Poly (4-tert-butylstyrene) and Poly (4-methylstyrene)
films [10] [32]. Blending with DBP showed a higher photo quenching rate constant than in blending with other phthalate or terephthalate plasticizers.
As can be seen from Figure 4 and Figure 5, the photo-quenching efficiencies
of excimer fluorescence I o ∗ I ∗ of pure and blended P4VBP were plot[ EX ]
[ EX ]
ted at different intervals of exposure time and at different amount of added plasticizers and found to increase by the increase in exposure times, and to decrease
by the increase in the amount of blended plasticizers.
From Figure 5 and Figure 6, the photo quenching rate constants in blending
with phthalate plasticizers are higher than that obtained in blending with terephthalates plasticizers. The order of increase in photo quenching by blending
with terephthalates plasticizers is DOT, DET and DMT, whereas in blending
with phthalate plasticizers, DOP showed a higher efficiency of photo-quenching

(

)

Figure 6. Effect of added mass percent of DBP and DOP on excimer fluorescence
quenching of blended PVBP films at different irradiation times.
DOI: 10.4236/msa.2017.813075
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of polymeric fluorescence.
The increase in irradiation times to PVBP films caused an increase to both the
excimer fluorescence ratio and to the photo-quenching rate constant (kPQ), this
indicates that fluorescence quenching by added plasticizers may be accompanied
by photochemical reaction in the polymer backbone. Also, there is a possible
reaction, between the free radicals formed by the chain scission of polymeric
chains and the added plasticizer molecules, which increase the efficiency of the
quenching process. It was reported that chains scissions and changes in the molecular weight distribution, as well as, photo-oxidation process that was interpreted as a reaction involving benzene ring-opening photo-oxidation was also
the process that resulted from irradiation of polystyrene and substituted polystyrene in the presence of polymeric additives [35] [37]. It has been reported that
the photo stability of PS was reduced by the addition of polymeric additives,
which depends on the chemical structure of the additive. Chain scissions, and
changes in the molecular weight distribution, were the main reactions resulted
from the photo-oxidation of irradiated plasticized polystyrene films [3].
From the data in Figure 5 and Figure 6, and by applying the Al Ani-Hawi relationship [30], where the ratio I o ∗ I ∗ was plotted against different in-

(

[ EX ]

[ EX ]

)

tervals of the exposure time, from the slope of the obtained lines, (kPQ) values
were calculated for pure and blended PVBP films with different percentages of
DMT, DET, DOT, DBP and DOP, and are presented in Table 2.
Table 2. Relative intensities of the ratio

(I

o
EX

I EX ) for excimer fluorescence and excimer fluorescence photo- quenching rate

constant values (kPQ) of irradiated pure and blended PVBP films.

(I

I EX ) Ratio

R2

kPQ

6.902

0.9978

0.0479

120

6.152

0.9855

0.0394

10% - DMT

120

5.433

0.9799

0.0355

15% - DMT

15% - DMT

120

4.739

0.9777

0.0289

377

5% - DET

5% - DET

120

5.937

0.9980

0.0388

PVBP

378

10% - DET

10% - DET

120

4.987

0.9972

0.0317

PVBP

383

15% - DET

15% - DET

120

4.367

0.9857

0.0264

PVBP

375

5% - DOT

5% - DOT

120

5.552

0.9951

0.0390

PVBP

377

10% - DOT

10% - DOT

120

4.908

0.9906

0.0313

PVBP

378

15% - DOT

15% - DOT

120

4.064

0.9720

0.0248

PVBP

371

5% - DBP

5% - DBP

120

5.811

0.9770

0.0395

PVBP

360

10% - DBP

10% - DBP

120

5.445

0.9951

0.0355

PVBP

358

15% - DBP

15% - DBP

120

4.652

0.9907

0.0294

PVBP

373

5% - DOP

5% - DOP

120

6.906

0.9973

0.0429

PVBP

374

10% - DOP

10% - DOP

120

5.987

0.9891

0.0378

PVBP

378

15% - DOP

15% - DOP

120

5.079

0.9989

0.0311

Polymer

Excimer (nm) (Max)

Plasticizers (%)

Plasticizers (%)

Time (min.)

PVBP

372

0.0%

0.0%

120

PVBP

373

5% - DMT

5% - DMT

PVBP

376

10% - DMT

PVBP

379

PVBP
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As can be seen from Table 2, blending PVBP films with phthalate and terephthalate plasticizers, gave a lower values for the photo-quenching rate constant in comparison with that for pure polymer. It was found that the parasubstituted group in the phenyl ring of the monomer and the structure and bulkiness of the used plasticizer molecule play a big role in the photo-quenching
and photo-stability of plasticized polymers [9] [10]. Furthermore, the photostability of polymer chains was found to depend on the above mentioned factors
as well as the UV-exposure time. It has been reported previously that the presence of plasticizer molecules in polymer matrix caused lowering in the activation
energy during the photodegradation of poly (fluorostyrene) isomers films [23]
[24], and was attributed to the lowering in the charge transfer character of the
excimer conformation. It was also found that the main process resulted from irradiation of blended polymer film in presence of air, were photo-oxidation of
polymeric chromophores as well as chain scission and crosslinking processes
[33] [34].
The photo-quenching rate constant (kPQ) of excimer fluorescence increases
with the increase in molar mass of the used phthalate and terephthalate plasticizers; a fact that correlates well with that obtained for the thermal degradation
of substituted polystyrenes [1] [4]. The plot of the increase in the change of efficiency of excimer fluorescence quenching (ΔkPQ) with the increase in molar
mass is shown in Figure 7.
As can be observed from Figure 7, phthalate plasticizers showed a higher efficiency of photodegradation in comparison with that obtained for the photodegradation in blending the polymer with terephthalate plasticizers. The photodegradation process was found to increase by the presence of air during polymer
irradiation process. It depends upon the rate of oxygen diffusion into the polymer matrix, and to the stability of the formed energy transfer complex between
oxygen molecules and polymer structures [42] [43] [44] [45].
Furthermore, it is more likely that the increase in the bulkiness of plasticizer
molecule caused enhancement to the degradation process through the decrease

Figure 7. Effect of molar mass of the added plasticizer on the change in the photoquenching rate constant (∆kPQ × 10−3) of PVBP irradiated films.
DOI: 10.4236/msa.2017.813075
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Figure 8. Effect of amount of added plasticizer on the change in the photo-quenching
rate constant (kPQ × 10−3) of PVBP irradiated films.

in the stability of the energy transfer complex between excited polymer chromophores and the ground state plasticizer molecules [46]. It was reported that
the photodegradation process is dependent upon the chemical structure of the
substituent and also on the position of substitution in phenyl ring of the styrene
chromophores [42] [43].
The effect of the increase of percentage of added plasticizers to the photodegradation process and to the photo-quenching rate constant is shown in Figure 8.
As can be seen from Figure 8, the increase in amount of added plasticizer
caused a decrease the photo-quenching rate constant of irradiated polymer
chains and found to depend upon the structure of the used plasticizers, and also
on the amount of added plasticizers.
From the data obtained for irradiated pure and blended PVBP solid films, we
can notice that the photostability of PVBP is similar to that of polystyrene. This
fact can be explained as phenyl ring substitution (as an inert group) in the para
position of the styrene monomer increases the photostability of PVBP polymer
towards irradiation. On the other hand, the phenyl substitutions make the hydrogen abstracting process during the irradiation process as a difficult process.

3.4. FT-IR Spectra for Non-Irradiated and Irradiated Pure and
Blended PVBP Solid Films
In order to confirm the presence of photo degradation in the irradiated pure and
blended PVBP films with different amount of doped phthalate and terephthalate
plasticizers, FT-IR spectra were recorded of non-irradiated and irradiated films
under atmospheric oxygen, and at 298 K.
Figure 9 shows the FT-IR spectra of non-irradiated and irradiated for (0.0
and 120 min) of pure PVBP solid film, and were recorded immediately before
and after irradiation.
As can be seen from Figure 9, chemical changes were assessed by FT-IR spectra for photo-irradiated pure solid film. These changes of decrease in absorbance
for some bands, increase in other bands and red shift in the absorption of
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Figure 9. FT-IR spectra of non-irradiated film (solid line) and irradiated film for 120 min
(dotted line), in solid films of PVBP, at (λext = 288 nm).
Table 3. FT-IR band position in pure PVBP irradiated for, (0.00 min and 120 min) at (λext =
288 nm).
Polymer

PVBP

Band Band (cm−1) Band (cm−1)
(cm−1) (0.0 min) (120 min)

Type of vibration

Intensity

3446

3446

3441

(OH), stretching vibration of carboxylic acid Decreasing

3027

3027

3032

(=C−H), stretching vibration of Aromatic

Increasing

2919

2919

2924

(C−H), stretching vibration of benzene

Increasing

2842

2842

2852

(O−H} stanching vibration

Increasing

1644

1644

1646

(C=C} stanching vibration in dines

Increasing

1480

1480

1485

(C=C) stretching of aromatic

Increasing

1111

1111

1116

(C−O} stanching vibration

Decreasing

825

825

835

Conjugated double bond

Increasing

753

753

758

Decreasing

many bands, are corresponding to the photo-oxidation and photodegradation of
PVBP polymeric chains. It was noted that the most demonstrated trend is the
increase of the absorbance bands that were resulting from polymer chains photodegradation, are shown in Table 3.
As can be seen from Figure 9 and Table 3, modifications occur in the intensity of different absorption bands in the FT -IR spectra of the irradiated pure and
blended PVBP films. These changes correspond to photo-oxidation and photodegradation of polymeric chains [47] [48]. Transformation is clearly demonstrated by the decrease in absorbance of band at (3800 - 3400 cm−1), and by the
increase in the absorption band at 3027 cm−1, 2919 cm−1, 2842 cm−1, 1644 cm−1,
1480 cm−1, 1111 cm−1, 825 cm−1 and 753 cm−1, resulting from the polymer chains
photodegradation. Rabek and Ranby have assigned the absorption band at 3440
cm−1 to the increase in the photo-oxidation of benzene rings and to the decrease
in aromacity in the polymer sample [3]. They have reported during irradiation
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of polystyrene films, three cases of oxidation of the benzene ring being observed.
The formation of benzyl acetophenone chromophores; acetophenone structures;
and conjugated double bonds, were the main products resulted from the photooxidation of polystyrene films. The same observations were observed in the
UV-irradiation of Substituted polystyrene in solid films [19] [44].
Figure 9 shows the FT-IR spectra of non-irradiated and irradiated for (0.0
and 120 min) of blended PVBP with (10% DOT), (10% DET) and (10% DMT) in
solid films at irradiation wavelength of 288 nm.
As can be seen from Figure 10 and Figure 11, irradiation of PVBP blended
films in the presence of air with (10% added plasticizers), caused photodegradation

Figure 10. FT-IR spectra of non-irradiated solid film (solid line) and irradiated solid film
for 120 min (dotted line), of PVBP blended with; (a) with DOT, (b) with DET and (c)
with DMT plasticizers.
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Figure 11. FT-IR spectra of non-irradiated solid film (solid line) and irradiated solid film
for 120 min (dotted line), of PVBP blended with; (a) with DOP, and (b) with DBP plasticizers.

and photo-oxidation of polymeric chains leading to the increase the absorption
intensity in many regions in the spectrum. Chemical changes were assessed by

FT-IR spectra for irradiated blended PVBP solid films, and show typical functional group, in the hydroxyl (3800 - 3000 cm−1); C-H stretching vibration in the
aliphatic chain and in aromatic rings (2800 - 3100 cm−1); carboxyl stretching vibration (1800 - 1600 cm−1); and deformation vibration (1400 - 600 cm−1) regions.
The increase in the intensity, decrease in the intensity and red shift in position
of FT-IR absorption bands for pure and blended PVBP with (10.0% wt.) DOT,
DET and DMT are summarized in Table 4 and Table 5.
As can be seen from Table 5, the increase in intensity of the absorption bands
and the small red shift in these bands upon blending with these plasticizer can
give good indication that there is a change in the photo-product resulted from
irradiations.
As can be seen in Figure 10 and Figure 11, the photo-oxidation of polymeric
chains of pure and blended PVBP films, leads to increase in the absorption intensity in the bands at 1716 cm−1, 1649 cm−1, 1480 cm−1 and 1404 cm−1. The
bands found at 1649 cm−1 and 1480 cm−1, can be ascribed to stretching vibration
of the substituted benzene rings; it means that the aromatic rings lose their
symmetry through the photo-oxidation processes, and are almost in the same
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Table 4. FT-IR band position in blended PVBP with (10.0% wt) DOT, DET and DMT irradiated for, (0.00 min and 120 min) at
(λext = 288 nm).
Polymer

PVBP + 10.0% DOT

PVBP + 10.0% DET

PVBP + 10.0% DMT

Band (cm−1) Band (cm−1) (0.0 min) Band (cm−1) (120 min)

Type of vibration

Intensity

3749

3749

3748

C−O−C stretching vibration

Increasing

3421

3421

3421

(O−H), stretching vibration of carboxylic acid

Decreasing

3021

3021

3032

(=C−H), stretching vibration of Aromatic

Increasing

2919

2919

2919

(C−H), stretching vibration of benzene

Increasing

2840

2840

2842

(O−H) stanching vibration

Increasing

1721

1721

1726

(C=O) stanching vibration

Increasing

1608

1608

1610

(C=C) stanching vibration in dines

Increasing

1480

1480

1485

(C=C) stretching of aromatic

Increasing

1116

1116

1118

(C−O) stanching vibration

Decreasing

1106

1106

1106

825

825

835

Conjugated double bond

Increasing

763

763

768

(=C−H) stretch vibration

Decreasing

3743

3743

3749

C−O−C stretching vibration

Increasing

3446

3446

3449

(OH), stretching vibration of carboxylic acid

Decreasing

3021

3021

3032

(=C−H), stretching vibration of Aromatic

Increasing

2919

2919

2921

(C−H), stretching vibration of benzene

Increasing

2842

2842

2847

(O−H) stanching vibration

Increasing

1721

1721

1722

(C=O) stanching vibration

1618

1618

1623

(O−H) stanching vibration

Increasing

1480

1480

1485

(C=C) stanching vibration in dines

Increasing

1234

1234

1236

(C=C) stretching of aromatic

Increasing

1111

1111

1116

(C−O) stanching vibration

Decreasing

825

825

835

Conjugated double bond

Increasing

753

753

758

=C−H stretch vibration

Decreasing

3743

3743

3749

C−O−C stretching vibration

Increasing

3446

3446

3447

(OH), stretching vibration of carboxylic acid

Decreasing

3027

3027

3032

(=C−H), stretching vibration of Aromatic

Increasing

2919

2919

2921

(C−H), stretching vibration of benzene

Increasing

2842

2842

2847

(O−H) stanching vibration

Increasing

1721

1721

1723

(C=O) stanching vibration

1623

1623

1639

(C=C) stanching vibration in dines

Increasing

1480

1480

1490

(C=C) stretching of aromatic

Increasing

1106

1106

1106

(C−O) stanching vibration

Decreasing

830

830

835

Conjugated double bond

Increasing

758

758

763

(=C−H) stretch vibration

Decreasing
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Table 5. FT-IR band position in blended PVBP with (10.0% wt) DOP and (10.0% wt) DBP irradiated for, (0.00 min and 120 min)
at (λext = 288 nm).
Polymer

PVBP + 10.0% DOT

PVBP + 10.0% DET

Band (cm−1) Band (cm−1) (0.0 min) Band (cm−1) (120 min)

Type of vibration

Intensity

3742

---

3742

C-O-C stretching vibration

New band

3426

3426

3431

(O−H), stretching vibration of carboxylic acid

Decreasing

3021

3021

3032

(=C−H), stretching vibration of Aromatic

Increasing

2924

2924

2929

(C−H), stretching vibration of benzene

Increasing

2840

2840

2840

(O−H) stanching vibration

Increasing

1720

1720

1726

(C=O) stanching vibration

Increasing

1623

1623

1623

(C=C) stanching vibration in dines

Increasing

1539

1539

1539

1483

---

1483

(C=C) stretching of aromatic

New band

1116

1116

1118

(C−O) stanching vibration

Decreasing

1106

1106

1106

830

830

835

Conjugated double bond

Increasing

758

758

758

(=C−H) stretch vibration

Increasing

3857

---

3857

(O−H), stretching vibration

Decreasing

3741

3741

3743

C−O−C stretching vibration

Increasing

3441

3441

3446

(OH), stretching vibration of carboxylic acid

Increasing

3030

3030

3032

(=C−H), stretching vibration of Aromatic

Increasing

2924

2924

2926

(C−H), stretching vibration of benzene

Increasing

2845

2845

2847

(O−H) stanching vibration

Increasing

1721

1721

1726

(C=O) stanching vibration

1618

1618

1623

(O−H) stanching vibration

Increasing

1480

1480

1485

(C=C) stanching vibration in dines

Increasing

1234

1234

1236

(C=C) stretching of aromatic

Increasing

1111

1111

1116

(C−O) stanching vibration

Decreasing

825

825

835

Conjugated double bond

Increasing

753

753

758

(=C−H) stretch vibration

Decreasing

Increasing

position as observed in polystyrene spectrum [44]. The increase in absorption
intensity for the bands 1412 cm−1, 1090 cm−1 and 1074 cm−1 in blended films in
comparison with that of pure PVBP films, indicates that there is an increase in
the number of (C = C) that resulted from hydrogen abstraction during chainsscission process. The presence of the absorption band at 825 cm−1, may suggest
that the formation of conjugated double bond sequences in the main polymer
chain.
As can be seen from Table 4 and Table 5, many FT-IR absorption bands increase their intensities, other decrease their intensities while some new bands
appeared in irradiated blended PVBP films, and these changes increases with
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increase in amount of added plasticizers and with the increase in molar mass of
the used plasticizers. These changes correlate well with obtained for thermal degradation of plasticized poly (para-substituted styrene) solid films [1] [4]. The
trend of increase in the efficiency of photo-degradation was found, DOT >
DET > DMT. Phthalate plasticizers, DOP and DBP showed higher efficiency of
photo quenching than what was obtained by terephthalate plasticizers. This behavior may indicate that there is higher stability for the [terephthalate-PVBP]*
excited complex than that of [phthalate-PVBP]* excited complex.
It was reported by Szarka et al, that the thermo-oxidation of plasticization of
poly (vinyl chloride) (PVC) in dioctyl phthalate (DOP), showed an increase in
degradation process. Thermo-oxidation leads to PVCs with certain extent of internal plasticization by DOP chemically bound to the PVC chains and by the
oxidized chain segments as well. The added plasticizer can also degrade during
photo-oxidation and forming free radicals. The resulting radicals can combine
with the polymeric radicals, and thus the plasticizers can be chemically bound to
the polymer chain [49] [50], and hence accelerate the photogegradation processes
in blended polymeric matrix.
3.4.1. FT-IR Spectra from (2500 to 4000 cm−1)
As can be noticed from Figures 9-11 and Tables 3-5, modifications also noticed
in various absorption bands in the FT- IR spectra in the region (2500 - 4000
cm−1), of pure and blended PVBP films with 10.0% (wt) plasticizers, upon irradiation for 120 min. The FT-IR spectra for irradiated pure and blended PVBP
films with phthalate and terephthalate plasticizers show an increase in the hydroxyl stretching vibration region (3500 - 3300 cm−1). Also it shows a decrease in
the absorption intensity of a broad band centered at 3445 cm−1, associated with
carboxylic acid. The absorption bands at 3851 cm−1 and 3743 cm−1, are also responsible for the formation of aliphatic hydroperoxide [19]. The region (2800 3100 cm−1) shows three main bands at 3032 cm−1, 2924 cm−1, and 2837 cm−1,
which are attributed to the deformation and skeletal vibration of (C-H) in pure
and blended poly (4-vinylbiphenyl) films.
The FT-IR absorption spectra of blended PVBP with 10% DOT, DET, DMT,
DBP and DOP, show an increase in the intensity of many absorption bands.
These bands were assigned to the formation of more conjugated double bonds as
well as the formation of carbonyl containing compounds. It is more likely that
plasticizer molecule initiate free radicals-photochemical reactions that accelerate
the photodegradation and photo-oxidation process.
3.4.2. FT-IR Spectra from (1000 to 2500 cm−1)
As can be noticed from Figures 9-11, and Tables 3-5, modifications also noticed in various absorption bands in the FT-IR spectra in the region (1000 - 2500
cm−1). It showed the appearance of the absorption band at 1721 cm−1, that associated with the formation of carbonyl compounds resulted from the photodegradation of polymeric chains. However, the interpretation of this band is not
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simple because of the overlapping of the different types of carbonyl species in
the same frequency range. It is generally accepted to attribute the absorption
band for (C = O) stretching vibration at (1740 - 1720 cm−1), to saturated and
unsaturated ketones and aldehydes [45] [48]. The increase in the intensity of the
absorption bands at (1626 cm−1, 1593 cm−1 and 1485 cm−1) can also be attributed
either to the (C = O) stretching vibration of aromatic ketones, or to the stretching
vibration of the substituted benzene ring [8]. The other increase in the intensities
of the absorption bands of (1236 cm−1, 1101 cm−1 and 1056 cm−1) indicates an increase in the (C−O) stretch vibration of formed alcoholic compounds during photo-degradation of polymeric chains [43] [44], or to the (C=C) stretching of aromatic conformations resulted from the photodegradation process [47].
3.4.3. FT-IR Spectra from (500 to 1000 cm−1)
At low region of the FT-IR absorption spectra of pure and blended PVBP films
at the region (500 - 1000 cm−1), as in Figures 9-11, which shows an increase in
the intensities of many absorption bands at (825 cm−1, 753 cm−1 and 536 cm−1).
The increase in the intensity of these bands upon the increase in irradiation time and
in the added amount of plasticizers, indicate the presence of photo-degradation in
polymeric chains. The absorption band at (825 cm−1), was also observed in the
spectra of irradiated blended polymer films, which can suggests the formation of
conjugated double bond sequences in the main polymer chains. The same band
was observed by Grassie and Weir on photo-oxidation of polystyrene [6] [8].
From the FT-IR spectra of irradiated and non-irradiated pure and blended
PVBP films, modifications occur in different regions of the Spectra, which permit characterizing these modifications in the following points:
1) At high region of the FT-IR spectra, the absorption band at 3440 cm−1,
showed a noticeable decrease in pure and blended polymer. On the other hand, a
very small decrease was observed in the irradiated polymer that can be ascribed
to associate carboxylic acid group [45].
2) In the domain of the (C=O) stretching vibrations (Figures 9-11) of pure
and blended PVBP irradiated films, one can observes the increase in the intensity of the band at about 1721 cm−1, indicating the formation of carbonyl compounds resulted from the degradation of polymeric structures.. The increase in
the intensity of the band at 1645 cm−1, may well indicate that aromatic units lose
their symmetry throughout the photo-oxidation process.
3) The formation of broad band between (2800 cm−1 and 3050 cm−1), with
three breaded shoulders at 3021 cm−1, 2924 cm−1 and 2854 cm−1, assigned to the
(C−H), stretching vibration of benzene and (O−H) stanching vibration, and was
found to increase in their intensity with the increase of irradiation time. Such
observation suggests that the photodegradation process involves the oxidation of
benzene rings [7].
4) In the complex region of the (C−O) stretch and (C−O−H) bend vibrations,
an increase in the intensity of the absorbance is observed throughout the increase in irradiation times of the polymer, which becomes higher in the case of
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blended polymer films. Well-defined maxima appear in the spectra, as shown in
Table 3 and Table 4. Major increases at 1455 cm−1, and 1114 cm−1 could suggest
the formation of mono-substituted benzene rings [7] [9].
5) The presence of the absorption band at 825 cm−1, as can be seen in Figures
9-11, may suggest the formation of conjugated double bond sequences in the
main polymer chain during the irradiation process.

4. Conclusions
1) The irradiation of pure and blended PVBP films with different amount of
added phthalate and terephthalate plasticizers in presence of air increases the
photo-degradation of irradiated PVBP films. The efficiency of photo degradation
was found to increase with the increase in the bulkiness of used plasticizer, and
this can cause a decrease in the stability of the energy transfer complex between
polymer structure and the added plasticizer molecule.
2) The irradiation process to pure and blended PVBP films at 288 nm resulted
in a decrease in the intensity of excimer fluorescence, changes in the shape of the
fluorescence spectra and a small increase in the red shift of the fluorescence
band maxima. This indicates that absorbed light energy caused photodegradation of polymeric chains and was accelerated by the presence of air.
3) Irradiation of blended polymeric films showed an increase in the intensity
of the FT-IR absorption bands with the increase in the amount of added plasticizer, and an increase in the intensity of a new absorption bands at about (1645,
and 1714 cm−1). This indicates the formation of carbonyl compounds resulted
from the photo-oxidation of polymeric structures. The increase in other FT-IR
bands, at 3021 cm−1, 2924 cm−1, 2854 cm−1, 1623 cm−1, 1539 cm−1 and 1483 cm−1,
1106 cm−1, 830 cm−1 and 758 cm−1 could suggest that irradiation of polymeric films
caused s destruction of polymeric chains and produces different photoproducts.
4) The decrease in the intensity of the absorption band at 3441 cm−1 with the
increase in irradiation time for pure and blended polymer films indicates that
the decrease in aromacity of the polymer chromophores through the oxidation
of benzene ring and the formation of carboxylic acids group [41].
5) According to the obtained results on the photo-oxidation of PVBP films,
chain scissions are the initial degradation process and were enhanced by plasticization. Polymers degradation is normally affected by light energy as well as by
thermal heating by the environment. It is important for future study is the use
these combined techniques to obtain data on the analysis of the nature of photoproducts resulted from the degradation process, and to conclude the type of
mechanism of degradation. Thermal degradation of PVBP films is under investigations, and will be reported shortly.
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