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ABSTRACT: PVA films with various filling levels of CrF;
and MnCl, were prepared. ESR and UV /VIS optical analysis
were used to shed more light on the structural modification
that occur due to filling with different levels and/or UV
irradiation. The ESR analysis revealed that the spin config-
uration of CrF,;, MnCl,, and CoBr,-filled PVA are different.
The filling level dependence of ESR parameters was dis-
cussed. The UV-VIS spectral analysis for pure PVA shows
absorption bands at 265 and 280 nm, which were assigned to
the presence of carbonyl groups. The addition of CrF; led to
the appearance of another bands at 418 and 596 nm. The
filling level and/or UV irradiation have no effect on the

position of absorption bands but the intensity of these bands
has been changed. The addition of MnCl, led to a new band
at about 350 nm due to charge transfer transition. The ligand
field parameters and optical energy gaps can be calculated
and discussed. The results of optical and ESR analysis indi-
cated that the Cr** or Mn®"* are present in its octahedral
symmetrical form within the PVA Matrix. SEM micrographs
of CrF; filled PVA is discussed. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 88: 104-111, 2003
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INTRODUCTION

Poly(vinylalcohol) PVA has several interesting physi-
cal properties, which are very useful in technical ap-
plications. PVA, as a semicrystalline material, exhibits
certain physical properties resulting from crystal-
amorphous interfacial effects.'?

In many technical applications, the observation of
changes in polymer structure allows the best polymer
composition and preparation conditions to be chosen
to achieve the desired properties of the final product.
In the study of physical properties of polymer, elec-
tron spin resonance (ESR) and optical spectroscopy
have been established as important tools for the inves-
tigation of polymer—dopant interactions.?> ESR spectra
have been applied to studying the nature of charge
carriers responsible for the observed conductivity. Op-
tical spectroscopy (UV/VIS and IR) has been applied
to study the band structure and electronic properties
of pure and doped polymer films. The information
obtained through ESR and optical spectroscopy can
then be utilized to unravel the polymer—dopant inter-
actions.

Additions of the dopant to the polymer matrix mod-
ify the energy band gap of these materials depending
on the type and magnitude of defect concentration of
dopant. These modifications give information pertain-
ing to optical, electronic, and electrical conductivity
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behavior of polymer. The investigations of optical ab-
sorption near the band edge and the resulting absorp-
tion spectra impart important information relating to
various processes occurring in polymers.* The study
of optical absorption and particularly the absorption
edge is a useful method for the investigation of opti-
cally induced transitions and for getting information
about the band structure and energy gap of both crys-
talline and amorphous materials.

The generalized use of polymeric materials in radi-
ation environments has recently increased the interest
in the interaction between radiation and dielectric ma-
terials. The primary process of the interaction of radi-
ation with matter is the production of ions and elec-
tronically excited states of molecules, which in turn,
may lead to the formation of free radicals.” Exposure
of polymers to UV irradiations causes changes in
structure and morphology,® and hence, in chemical
and physical properties. Studies on photodegradation
of polymers are important not only academically but
also industrially. Many kinds of useful polymers for
industrial purposes have been developed recently.
Fundamental studies on photodegradation are re-
quired to obtain photostable polymers and to estimate
the lifetime of polymer materials.

The effects of neutron and +vy-radiation on some
physical properties of PVA-metal halide compounds,
have been reported.”® In addition, the effect of UV
irradiation on the structure and morphology of PVA
doped with AgNoj, has been studied.” In our previous
study we investigated the effect of both filling level
and the nature of metal halide on structural modifica-
tions of PVA films."” Continuing this goal we are
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aiming, in the present article, to shedding more light
on these structural modifications by using SEM, UV/
VIS spectroscopy and ESR spectra.

EXPERIMENTAL
Sample preparation

The PVA and metal halides used in this work were
supplied by Aldrich Chemical Co., Milwaukee, WL
PVA was in the form of powder, has an average
molecular weight M, of 125,000. The present PVA
films, with different amounts of chromium fluoride
and manganese chloride, were prepared by casting
method as follows. PVA powder was dissolved in
distilled water (5 wt %) by heating up to 70°C for 3
days. Chromium fluoride or manganese chloride was
dissolved also in distilled water and added to the
polymeric solution. The solutions were left to reach a
suitable viscosity, after which they were casted in
glass dishes and left to dry in a dry atmosphere at
room temperature. Samples were transferred to an
electric air oven held at 60°C for 48 h to minimize the
residual solvent. The thickness of the obtained films
was in the range (0.1 to 0.2 mm). PVA films filled with
CrF; mass fractions 0, 1, 3, 5, 10, and 15%, and PVA
films filled with MnCl, mass fractions 0, 10, 15, 20, and
25% were prepared. The filler concentration W (wt %)
was calculated from the equation,

0 wr
W(wt %) = — o,
P

X 100 (1)

where wy and w, represent the weight of filler and
polymer, respectively.

Physical measurements

Ultraviolet-Visible (UV /VIS) absorption spectra of un-
irradiated and irradiated samples were carried out in
the wavelength range from 200-900 nm using a (Per-
kin-Elmer UV-VIS) spectrophotometer. The electron
spin resonance (ESR) spectra were recorded on a JEOL
spectrophotometer (Type JES- FE2XG) at a frequency
of 9.45 GHz, using DPPH as a calibrant. Scanning
electron micrograph of the studied samples were per-
formed using SEM (JEOL-JSM 6100).The SEM speci-
mens were prepared by evaporating gold onto the film
surface after drying under vacuum. Irradiation of the
samples was carried out using a monochromatic light
source of wavelength 254 nm from a low-pressure
mercury lamp Cole- Parmer (100 watts).The distance
between the light source and sample was 5.0 cm. The
thermal effects of the UV lamp were compensated by
regulating the sample temperature to be fixed around
298 = 1 K.
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Figure 1 The ESR spectra for pure PVA.

RESULTS AND DISCUSSION
Electron spin resonance (ESR)

The ESR spectrum of unfilled PVA is presented in
Figure 1. It is characterized by three main broad sig-
nals'' (due to the pure PVA matrix) with superim-
posed hyperfine lines (due to free radicals). The ob-
tained spectra may arise from residual free carriers
and/or neutral defects in the PVA chain structure. In
some of such structural defects' the unpaired electron
result from a domain wall in the bond alternation
resulting in a neutral m-electron free radical. This un-
paired electron would be delocalized over several car-
bon atoms in closer analogy to a domain wall. Such
defects could arise principally in the isomerization
process of converting cis-to-trans forms. On the other
hand, the ESR may arise from o-electron radicals,
exhibiting a g-factor <g, (the free electron g-factor).'?
These electrons are expected to be localized in an sp?
or sp° orbital, so the hyperfine splitting from adjacent
'H or *C nuclei would be easily distinguished if trans-
defects occurred in the m-system.

The average rotational correlation time (7,) of mo-
bile spins of pure PVA was calculated using the fol-

lowing equation:'!

T, =6.6X107" Wo [(ho/h—1)1/2 + (ho/hﬂ)l/z -2] (2

where wj, is the line width of the midfield signal (in
Gauss) and h_,hy and h,, are the peak-to-peak
heights of the low-, central, and high-field signals,
respectively. The calculated value of (7,) of the present
virgin PVA film is 295 ns.

Figure 2 displays ESR spectra of PVA filled with
various mass fractions of CrF;. It is clear that the PVA
characterizing spectrum disappeared. The spectra are
characterized by a broad Lorentzian signal. The anal-
ysis of the present ESR spectra may provide informa-
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Figure 2 The ESR spectra of PVA filled with various mass
fractions of CrF;

tion on the distribution of chromium ions in the PVA
matrix. The present signals are located around Lande
factor (g) ~ 1.82, which is close to the value of g
= 2.0037,"* corresponding to the symmetrical octahe-
dral coordinated Cr ** ions in PVA matrix, coupled by
strong dipolar and superexchange interactions.'°The
broad Lorentzian signal is due to the Cr’"-Cr’" ex-
change interaction, which is caused by the proximity
of chromium ions, suggesting'® the presence of aggre-
gated Cr’". The filling level dependence of the filler
local structure can be clarified more explicitly with the
aid of the peak-to-peak separation (AH) of the main
ESR Lorentzian signal. The obtained values of (AH)
are plotted as a function of filling level (W) in Figure
3. From this figure we can see that AH decreases with
increasing (W), which means a sharp ESR signal indi-
cating most ordered Cr®" distribution within the PVA
matrix. Using the present ESR spectra, the following
parameters were calculated and listed in Table I: the
g-factor, the asymmetry factor (F), which is the ratio
between the heights of the two halves of the signal,
and the spin relaxation time 7 (in ms). The deviation of
the g-value from 2.00 is partly ascribed to'” the con-
tribution of orbital angular momentum to the mag-
netic moment of Cr’". Table I demonstrates that the
filling level dependence of g, F, and 7 parameters are
nonmonotonic. This may be ascribed to the influence
of structural defects, which depend on the mode of
filling at various filling levels."

It is worthwhile to compare between the ESR spec-
trum of the following metal halide-filled PVA:

1. The present system (CrF;-filled PVA) in which
the spectrum characterizing PVA disappeared
and was replaced by a single broad Lorentzian
signal indicating an aggregated Cr’* forms.
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2. The ESR of MnCl,-filled PVA, which were stud-
ied previously'” showed that the spectrum char-
acterizing PVA disappeared. This spectrum was
replaced by six lines superimposed on a Lorent-
zian signal, indicating an isolated Mn*" with an
unpaired electron and a significant hyperfine
structure of the manganese nucleus (S = 5/2).
This was for filling level W < 15%. For filling
level W = 15%, a single Lorentzian signal ap-
pears, indicating Mn*"-Mn*" exchange interac-
tion within the aggregated Mn** forms. It is be-
lieved that the spectra are well described by S
= 5/2 (the free ion spin) and the (trapped) ex-
cited electrons of Mn?* (as a multivalent ion)
probably interact with OH groups of PVA. This
argument is based upon filling level dependence
of the OH bending mode noticed in IR analysis."”

3. The ESR of CoBr,-filled PVA, which were stud-
ied by Tawansi et al.,*> showed that the spectrum
characterizing PVA is not destroyed. The noticed
superimposed hyperfine lines are due to the free
radicals, whereas the deformation of the main
three signals may be attributed to the effect of the
filler. The ESR spectra confirm the argument that
the electrons are transmitted from the free radical
traps to the alcoholic group of PVA. A relatively
low percentage of one dimension Ising antiferro-
magnetic CoBr, - 2H,0 microcrystallites, contain-
ing spin clusters, which is assumed to be ran-
domly distributed within the PVA matrix. These
microcrystallites may induce Ising- like magnetic
interactions along the PVA chains.

From the previous discussion, it is clear that the spin
configuration of the three systems (CrF;, CoBr,, and
MnCl,-filled PVA) are different. The various behav-
iors may be attributed to one (or more) of the follow-
ing factors: (1) the different characters of halides (F, CI,
and Br); (2) the intrinsic features of Cr, Mn, and Co;
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Figure 3 The dependence of the peak-to-peak separation
(AH) for ESR spectra on filling level (W) of CrF;.
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Figure 4 The UV/VIS absorption spectra for films of CrF;
filled PVA system before UV-irradiation.

and (3) the crystalline and magnetic structures of each
halide and their mode of chelation to the PVA chain.

Optical spectroscopy

The UV/VIS spectrophotometric scan in the wave-
length range 200-900 nm of pure PVA polymer and
filled PVA with various mass fractions of CrF;, be-
fore UV irradiation was recorded and shown in
Figure 4. The observed spectra exhibit transitions
characterizing PVA, which can be assigned as fol-
low.? The spectrum of the unfilled sample contains
an absorption peak at 280 nm and a shoulder at
about 265 nm. These bands are attributed to carbon-
yl-containing segments of the general form
—(CH=CH),, CO—, where n = 1,2, ..., resulting
from the presence of acetaldehyde and dissolved air
in the vinyl acetate monomer during polymeriza-
tion. The shoulder at 265 nm is due to the absorption
by simple carbonyl groups along the polymer chain.
The peak at 280 nm is assigned to the carbonyl
groups associated with ethylene unsaturation of the
type —(CH=CH), CO—, and is indicative of the
presence of conjugated double bonds of polyenes.

TABLE I
Filling Level Dependence of the ESR Parameters (g, 7,
and F), Calculated Using the Spectra in Figure 2

W (wt) G T (ms) F
0 — 0.295 —
3 1.8179 7.22 0.58
5 1.8211 7.69 0.76
10 1.8126 7.69 0.61
15 1.8204 741 0.69

TABLE 1I
Filling Level Dependence of Wavelength and Intensity
of Absorption Bands Observed in Figure 4

W (wt %) A (nm) A A (nm) A A (nm) A
0 265 0.38 — — — —
3 265 1.28 418 0.5 596 0.42
5 265 1.6 420 0.71 598 0.62
10 265 2.3 420 091 597 0.8
15 265 2.6 428 1.25 605 1.05

The weaking (or the shoulder form) of this band is
due to the presence of isolated carbonyl groups.

For the filled samples, the spectra contain two ab-
sorption peaks at about 418 and 596 nm in addition to
a shoulder at 265 nm.The disappearance of the absorp-
tion band at 280 nm indicates that the concentration of
the —(CH=CH), CO— carbonyl groups is decreased
in the ligand. It is reasonable to assign the absorption
bands observed at 596 and 418 nm to the transitions
*Agg — Ty, v, and *Ay, — “Ty, (P), v5 respectively.'”
There is no observable change in the band position
with filling levels W = 3, 5, and 10 wt % of CrF; but for
W = 15% of CrFj, the position of the peaks is slightly
shifted towards higher wavelength (Table II). This
suggests that the geometry is not altered. On the other
hand, the intensity (A) of the absorption peaks in-
creases with increasing filling level, W, as shown in
Figure 5. The dependence of the intensity of the bands
on the filling level provides an evidence for the incor-
poration of Cr’" into PVA matrix. From the nature
and position of the observed bands, it can be assumed
that the Cr®" ion in its octahedral symmetry is respon-
sible for the observed spectrum. This confirms the
findings of ESR.

From Figure 4 it is clear that, the pure PVA shows a
sharp absorption edge nearly like the crystalline ma-
terials at wavelength about 235 nm, while the filled
samples with CrF; leads to the appearance of an ad-
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Figure 5 The dependence of absorption intensity peak (A)
on filling level (W) of CrF;, at (a) A = 265 nm, (b) A = 418 nm,
and (c) A = 596 nm.
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ditional absorption edge at higher wavelengths. The
position of the main edge for the filled samples lies at
higher wavelength than that for pure PVA. The ab-
sorption coefficient a(v), at various frequency values
(v) was calculated using the following formula:*

Eg (eV)
| |
m
=

T T T T T T T 7T
-2 0 2 4 6 8 10 12 14 16

W (wt)

Figure 7 The dependence of the optical energy gaps E,;
and E; on filling level (W) of CrF;.
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on the photon energy (hv) for pure and CrF;-filled PVA films with different contents.

a(v) = [In{(Ty(v)/ T,(»)}/(d, — dy)], (3)
where T; and T, are the transmittances of two films of
the same CrF; content with thicknesses d; and d,,
respectively. To determine the optical energy gaps for
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Figure 8 The UV/VIS absorption spectra for films of CrF,-
filled PVA system after UV-irradiation.
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TABLE III
Filling Level Dependence of Wavelength and Intensity
of Absorption Bands. Observed in Figure 8

W wt % A (nm) A A (nm) A
0 _ _ _ _
3 418 0.42 595 0.32
5 420 0.68 597 0.51
10 420 0.74 597 0.58
15 425 0.81 605 0.65

the studied films, the quantity (ahv)'/? is plotted
against the photon energy (hv) according to Davis and
Mott formula:*'

a(v) =B’ (hv — Eg)z/hv, (4)

where B’ is a constant, / is Planck’s constant and Eg is
the optical energy gap. Figure 6 represents the plot of
(ahv)'/? vs. (hv) for the PVA films containing different
contents of CrF;. This figure shows a linear depen-
dence of (ahv)'/? on the photon energy (hv) in two
regions representing the two optical absorption edges.
These absorption edges are characterized by high op-
tical energy gap, E,, and lower energy gap E,. The
values of the optical energy gap, for the studied sam-
ples are obtained from the extrapolation of the linear
region of the plots to the point (ahv)'/? = 0. Figure 7
depicts the dependence of E,; and E,, on the CrF;
content. It is clear that E,; and E, decrease as the CrF;
content increases. The variation of the calculated val-
ues of both higher and lower optical energy gaps may
reflect the role of CrF; in modifying the electronic
structure of the PVA matrix. In the present study, the
observation of two optical absorption edges in the plot
of (ahv)'/? vs. (hv), may be attributed to various pol-
aronic and defect levels. The higher absorption edge,
E,, seems to be related to the PVA matrix (ligand), and
it changes due to the induced energy states from the
octahedral symmetrical field of chromium. These
states are characterized by the transitions *A,, — “T,,,
v, and *A,, — *Ty, (P), v3, It is argued that the lower
absorption edge E,, evidences the presence of another
type of induced states depending on the filling level of
CrF;.

The absorption spectra of UV-irradiated pure and
filled PVA with various mass fractions of CrF; are
shown in Figure 8. One can show that the exposure of

pure PVA to UV irradiation has no influence on their
UV spectral features. Bravar et al.*> mentioned that
even prolonged exposure of PVA to UV irradiation
does not provoke neither an increase of the existing
bands nor the appearance of new bands. This means
practically that under mild conditions of irradiation,
the oxidation of PVA is not possible. Rabie and Dagh-
estani® concluded that exposure of PVA to y-irradia-
tion in the range from 0.5 to 5.0 Mrad does not result
in the appearance of new infrared absorption bands,
but the exposure to 10 and 15 Mrad causes a remark-
able increase in the intensity of the carbonyl band at
1710 cm ™% On the other hand, for the filled PVA
samples with different mass fractions of CrF;, no ob-
servable shift in the position of the bands has occurred
by UV irradiation. However, the absorption intensity
of the bands shows a remarkable decrease due to
irradiation (see Table III).

The ligand field parameters D, (splitting energy), B
(Racah interelectronic parameter), and B (the ratio B/B,,
where B, is the Racah parameter for free ion) for CrF;
filled PVA films with different mass fractions have been
calculated by Tanabe-Sugano procedures' and are listed
in Table IV using the following equations:

1 1/2
B= 510 [7(vs — 2v) * 38115 — 1615(v, — 13))] )

1
D, =

1
1= 10 5(21}2— v3)+SB] (6)

B = B/B (7)

From the observed electronic transitions, the B val-
ues decrease with increasing the filling level and its
value is less than that of the free ion (B, for Cr’>" = 918
cm™"). This may be taken as an indication for the
formation of metal-polymer complex and to indicate
that the ionic bonds formed by Cr®** carry some cova-
lent character and that the effective charge experi-
enced by the d-electrons has been decreased.'” This
may also indicate the increasing degree of overlapping
between wave functions of chromium ions and that of
the ligand OH group. The decrement of 8 from unity
indicates more covalence for the formed compounds.
The values of (10 D,), the difference between the t,,

TABLE 1V
Filling Level Dependence of Spectral Parameters (B, 8, and D,), Calculated Using the Spectra in Figures 4 and 8

Before irradiation

After irradiation

W (wt %) v, cm ! vy cm ! Bem™! B D, cm™ v, cm™! vy cm ! Bcm™! B D, cm™!
3 16,779 23,923 746.3 0.813 694 16,807 23,923 746 0.81 696
5 16,722 23,810 742.6 0.809 692 16,750 23,810 743 0.81 694
10 16,750 23,810 742.6 0.809 694 16,750 23,810 743 0.81 688
15 16,529 23,365 728.6 0.794 687 16,529 23,529 734 0.80 685
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Figure 9 The UV/VIS absorption spectra for films of
MnCl,-filled PVA system before UV-irradiation (a) W = 0,
(b) W =5 wt %.

and e, states in an octahedral structure, were decrease
but not pronounced.

The results obtained after irradiation indicate that
the values of B, B, and D, remain unaffected, suggest-
ing that the geometry of the formed compound is not
affected by UV irradiation.

The UV/VIS absorption spectra of W = 0 and 5 wt %
MnCl,-filled PVA films are shown in Figure 9. Compar-
ing the spectra of pure PVA with that of PVA filled with
MnCl,, one can notice that a new band is observed at A
~ 350 nm in addition to the band at A = 285 nm (which
characterizes the virgin polymer). The band at A ~ 350
nm is probably due to charge-transfer transition, which
may be due to the formation of a new compound [PVA-
Mn(11)]. The intensity of this band increases slightly
with increasing the filling level. The absence of any band
in the visible region is characteristic of the presence of
Mn*" in a high-spin octahedral configuration (t32g ezg)
with spin-forbidden transitions, which is a direct conse-

40 |-

hv (eV)
Figure 10 The dependence of (ahv) '/ on the photon en-
ergy (hv) for films of MnCl,-filled PVA system (a) W = 0, (b)
W =5 wt %.
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TABLE V
Dependence of the Optical Energy Gaps (E,; and E_,) on
MnCl, Filling Level W (wt %)

W (wt %) 0 3 5 10 15
E.1(eV) 4.82 4.63 5.16 529 5.18
E(eV) — 3.05 2.61 3.05 3.42

quence of the presence of spin-orbit coupling. The as-
signed band positions for the other filling levels (10, 15,
20, and 25 wt % MnCl, )were found to be similar and
therefore are not presented here. Also, it is observed that
the exposure of filled PVA samples with different mass
fractions of MnCl, to UV irradiation has no influence on
their UV spectral features.

From eq. (3) one can calculate the absorption coeffi-
cient @ (v) for MnCl,-filled PVA films with different
contents, and consequently the quantity (ahv)'/* can be
determined. Figure 10 represents the plot of (ahv)'/? vs.
(hv) for pure PVA and PVA films containing 5 wt % of
MnCl,.This figure shows a linear dependence on photon
energy (hv) in two regions representing two optical en-
ergy gaps. The higher energy gap (E,,) is due to the pure
PVA and the lower one (E,,) is due to addition of MnCl,.
The values of optical energy gaps (E,, and E,,) for pure
and PVA filled with different filling levels of MnCl, are
calculated and listed in Table V. It is obvious that the
change of the values of the optical energy gaps with
increasing MnCl, content is nonmonotonic. Assuming
that energy gaps to be influenced by the induced states
due to MnCl, filling of PVA, one may attribute the
optical behavior to the change of the filling mode of
MnCl, chliation to the PVA matrix.

SEM micrography

The SEM micrograph of the morphology of PVA films
for various filling levels of CrF; is shown in Figures 11
and 12. The micrograph in Figure 11 of unfilled PVA
is characterized by normal crystalline with uniformly
circular shape (of smooth boundaries and the grown
ones are nearly of equal sizes of average diameters ~ 8

-

1,588 10¢m WD16

Figure 11 SEM micrograph for pure PVA film.
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Figure 12 SEM micrograph for PVA films filled with CrF; (a) WD16 and (b) WD15.

pm), randomly distributed in a continuous amor-
phous matrix, and indicating the occurrence of a ho-
mogeneous growth mechanism. Figure 12 shows a
very thin plate (lamellae) structure, which is distrib-
uted in amorphous matrix, beside the original crystal-
line phase. For filling level W = 5 wt % CrF; [Fig.
12(a)], a lamellar structure started to grow homoge-
neously in the structure with plate average thickness
of 1 um and average spacing of 10 um, while in the
case of W = 10 wt % CrF; the thickness and separation
of lamellar structure increased to 3 and 13 um, respec-
tively. The appearance of lamellar structure besides
the original crystalline phase indicates the existence of
another crystalline phase due to filling of CrF;.

CONCLUSION

The results of this work showed that there are changes in
the measured parameters for the studied samples due to
filling or UV irradiation. These changes had been inter-
preted in terms of the structural modification of the PVA
matrix, which depends on the filler content, and the
chemical nature of the filler. The ESR results revealed
that the spectrum characterizing PVA is not destroyed
due to addition CoBr,, contrary to MnCl, and CrF;. The
distribution of Cr’" is in aggregated form within the
PVA matrix, while that of Mn?" is in isolated and/or
aggregated modes. Also, it was found that the g-factor
< 2.00 indicates the contribution of the orbital angular
momentum to the magnetic moment of Cr**. The UV/
VIS spectra revealed two optical energy gaps of filling
level dependent width. The higher optical gap charac-
terizes the ligand matrix in either its pure or modified
form. The lower optical gap is thought to arise from
different induced energy states. The calculated ligand
field parameters indicate the formation of metal poly-

mer—complex and the geometry of the formed com-
pound is not affected by UV irradiation. SEM micro-
graphs revealed the appearance of another crystalline
phase beside the original PVA crystalline phase.
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