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ABSTRACT: New nanocomposite hybrid films of a well
dispersed cerium disulphate Ce(SO,), nanoparticles into the
polyvinylpyrrolidone (PVP) matrix were prepared by a cast-
ing technique. The nanostructural nature and complex for-
mation were investigated using the transmission electron
microscopy (TEM), the nuclear magnetic resonance (NMR),
and the Infrared (IR) spectroscopy. The magnetic measure-
ments at room temperature, using a vibrating sample mag-
netometer (VSM), and the obtained magnetic parameters
revealed that the investigated nanocomposites belong to a
category of magnetically soft materials that find widespread
applications in contemporary fine technologies. Optical

absorption spectra were measured in the ultraviolet (UV)-
visible region and the fundamental absorption edge E,, the
energy gap E, and width of the tail of localized states E,
were evaluated and discussed in terms of the solid band
theory. The monotonic increase of these optical parameters
with the dopant concentration may be attributed to probable
segregation effects occurring in the amorphous host matrix.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122: 2121-2129, 2011
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INTRODUCTION

The interest in novel structures and properties of
polymeric blends and composites still motivates in
recent years extensive studies, as does the increasing
importance in practical applications of new poly-
meric products having widely ranging physical and
physicochemical properties without parallel in pure
homopolymers.' ™

In this respect, the polymeric composite systems
containing rare-earth metal salts belong to a rapidly
advancing branch in polymer science and technol-
ogy, particularly in the synthesis of polymeric nano-
structures.”'* The resulting nanostructures, in par-
ticular, exhibit exclusive functionalities originated
from both polymers and inorganic additives, and
thus they have received remarkable attention
because of their potentially promising applications
in the fabrication of Elastic lasing materials and elec-
trochemical devices.”'>'* Magnetic polymeric nano-
composites, from another side, are of great interest
for utilization in high speed and high capacity opti-
cal and magnetic information storing media. >
Recently, there has been considerable interest in
magneto-optical devices which combine magnetic
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and optical phenomena.'” However, the techniques
and methods used to synthesize, fabricate and char-
acterize polymer inorganic nanoparticles (NPs) com-
posite materials have been awaited to be developed.

The afore-mentioned arguments stand up for the
author’s choice of some rare earth metal-doped poly-
mers to be a subject of systematic comparative stud-
ies, to find similarities and differences in polymer
properties, keeping in mind the importance of the
investigations of various additives in the synthesis
and characterization of the resulting composites.'*?
He has recently investigated some structural, mag-
netic and optical properties of PVP thin films doped
with the rare-earth halides GdCl; or HoCl,.'?

In the present follow-up study, the rare earth
metal salt cerium (IV) sulfate has been selected as an
additive to the polymer PVP for a similar purpose.
A detailed literature survey indicated that there is
nothing available, to the author’s knowledge, on the
physical properties of the nanocomposite system
PVP-CG(SO4)2.

Tetrahydrated cerium sulfate Ce(SO4),.4H,0, from
one side, is a crystalline compound of little solubility
in water, used as highly active oxidant in the synthe-
sis of polymers. Its complete structure determination
is still ambiguous and investigations of its polymor-
phic forms revealed obvious disagreement among
different references.'®"”

The water-soluble and physiologically inert poly-
vinylpyrrolidone (PVP), from the other side, is a
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highly amorphous polymer, characterized by its un-
usual colloidal and complexing properties, and it
has been extensively used as a film-forming or coat-
ing material with good optical quality and mechani-
cal strength. It finds widespread applications in the
synthesis of nanostructures. It behaves adhesively in
many solid substrates. Besides, the pyrrolidone rings
in PVP contain a proton accepting carbonyl moiety
and prefer to complex with many inorganic salts,
resulting in fine dispersion and surface passivation
of them.”®

The present article describes the synthesis of new
PVP-(CeSOy), nanocomposite thin films by a casting
technique with the purpose of investigating a proba-
ble complex formation. Also, systematic studies
were attempted on the structural, magnetic and opti-
cal properties of the prepared samples to better char-
acterize them in terms of the relevant theories, and
to determine some of their physical parameters.

EXPERIMENTAL

PVP with FW = 40,000 was supplied by GFS chemi-
cals, Powell, OH. The transition metal salt cerium
disulphate, with empirical formula Ce(SO4),.4H,0,
FW 404.30, and purity 99.9%, was supplied by Strem
Chemicals, Newburyport, MA.

The solution method was used to obtain film sam-
ples. A known amount of PVP granules was dis-
solved in doubly distilled water to prepare a clear
solution. Also, known amount of Ce(504),.4H,0 salt
was dissolved in small amount of distilled water
containing few drops of 0.1M H,SO, at room tem-
perature. Solutions of Ce(504),.4H,0O and PVP were
mixed together with different weight percentages, 2,
5, 10, and 15 wt % Ce(SO4),, using a magnetic stir-
rer, at 50°C on a water bath for several hours to
obtain complete dissolution. Higher dopant concen-
trations were difficult to obtain because of its limited
solubility in water (36 g L', at 50°C). Thin films of
appropriate thickness (~ 80 pm) were cast onto glass
Petri dishes, and then dried in air at room tempera-
ture for about 7 days until the solvent was com-
pletely evaporated.

Morphological investigations were performed
using a transmission electron microscope of the type
Jeol JEM-1230 (Jeol, Tokyo, Japan) at a working volt-
age of 100 keV. Images were recorded under an
axial illumination at approximate nanoscale focus.
The diameter of the objective aperture used was 1
pum. The particle size distribution was determined
for the particles of diameters up to 100 nm by meas-
uring the maximum diameter of more than 300 par-
ticles along a fixed direction on the micrographs.

"H NMR and "C NMR spectra were recorded at
room temperature (in DMSO + D,0O) using Varian
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Gemini 200 MHz NMR spectrometer, Santa Clara,
CA.

A vibrating sample magnetometer of the type
VSM-9600-1 (LDI Electronics, Troy, MI) was used to
determine hysteresis loops for prepared samples at
room temperature and applied magnetic fields up to
8 kOe.

The IR spectral analysis was performed using a
PYE Unicam spectrophotometer (Pye Unicam, Cam-
bridge, UK) over the wavenumber range of 5004000
cm™'. The UV-visible absorption spectra of the sam-
ples under investigation were carried out employing
a Berkin-Elmer 4-B spectrophotometer (Perkin-
Elmer, Waltham, MA) in the wavelength range 200-
800 nm.

RESULTS AND DISCUSSION
Transmission electron microscopy (TEM)

Figure 1(A,B) shows a typical TEM overview of
Ce(SO4), nanoparticles (NPs)in the samples [A] PVP
+ 5 wt % Ce(SOy), and [B] PVP + 15 wt % Ce(SOy),,
respectively. It can be seen that the additive salt is
properly dispersed in the PVP matrix and the sam-
ples under investigation are nanostructured materi-
als. The images also show that the shape of the
particles in Figure 1(B) appears spherical, and the
distance between the particles appears relatively
shorter than that in Figure 1(A).

Figure 1(C,D) shows the histograms of the par-
ticles size distribution in the PVP + 5 wt % Ce(SOy4),»
and PVP + 15 wt % Ce(SO4), samples, respectively.
Statistical results revealed that the values of the av-
erage particle size for samples [A] and [B] are 43.75
and 68.14 nm, respectively. It can be observed that
more agglomerated particles, at the expense of sepa-
rated ones, are present in the sample containing rela-
tively higher concentration of the dopant.

Mainly, the nanoparticles containing cerium ions
experience a resultant permanent magnetic moment
proportional to their volume.”® Hence the particles
are permanently magnetized and possess a tendency
to agglomerate. The agglomeration can also be partly
attributed to some extent to electrostatic or Van der
Waals’ forces between particles.

IR spectra

Figure 2 shows the infrared transmittance spectra
and the assignments of the most evident absorption
bands of pure PVP and Ce(SO,),.4H,0O samples, to-
gether with their composites in the wavenumber
range 5004000 cm ™.

Ce(504)2.4H,0 infrared spectrum (a) contains a
characteristic intense peak at 1628 cm ™', in addition
to a broad band at about 3320 cm™' related to the
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Figure 1 TEM images of the samples: (A) PVP + 5 wt % Ce(SO4); and (B) PVP + 15 wt % Ce(SO4),. The corresponding
histograms (C) and (D) present the particle size distribution. The arrow indicates examples of the average particles size.

O(HOH) bending and v,ss(HOH) stretching vibra-
tions of the coordinated water molecules. Other
bands, probably due to sulfate groups, can be
observed at 598 cm ™! (v4) and 1115 ecm™! (v3), in
addition to a small band at 673 cm™' (v;) corre-
sponding to metal-oxygen and metal-hydroxide
bonding.*"**

In contrast, the PVP infrared spectrum (b) contains
the main peaks corresponding to the majority of
vibrational modes, in spite of the symmetry decrease
entailed by the existence of the heteroatom and a
carbonyl group in the pyrrolidone ring. Table I indi-
cates that the empirical assignments of the most evi-
dent absorption bands for pure PVP thin film inves-
tigated in the present work are consistent with those
previously reported in the literature.”>* The rela-
tively broad v(OH) stretching band centered at about
3450 cm ™! indicates the presence of stretching vibra-
tion associated with free and numerous hydroxyl
groups (OH7), in addition to hydrogen-bonded
(H—O—H) due to residual water because of not
using vacuum drying for the investigated samples.

The observed characteristic band of PVP at 1675
cm ! is due to the carbonyl (C=0) stretching, which
is very sensitive to hydrogen bond formation with
water molecules. Some authors reported that the
v(C=0) shifts from 1680 to 1652 cm ! as the concen-
tration of absorbed water is increased.'***

In addition, the distinctive doublet appearing at
2362 and 2342 cm ™', along with a small broad peak
at 2134 cm™ !, are clearly evident in the obtained
spectrum of pure PVP.

Figure 2 shows also the IR spectra ¢, d, e, and f
which characterize the PVP thin films doped with 2,
5, 10, and 15 wt % ceric sulfate, respectively. At the
first glance, one can find that the main typical bands
of both the polymer and dopant are greatly affected
in shape, intensity and position with their composi-
tion ratio in the composites under investigation.

Careful examination of the IR spectra of these
composites showed that the addition of Ce(SO4), to
PVP makes the band at 3450 cm™' more intense
with a slight shift (~ 24 cm ') toward lower wave-
lengths, and entails the split of the small overlapped

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 IR spectra of (a) Ce(SO4),.4H,0, (b) PVP, (c) 2,
(d) 5 and (e) 10 and (f) 15 wt % Ce(SO4),-doped PVP.

bands at 2955 and 2922 cm ™! into two gradually dis-
tinguished sharp bands at 2998 and 2914 cm™ ' for
all dopant concentrations, except that of 15 wt %
Ce(SOy4), in which these sharp bands seemed to be
nearly diminishing (spectrum f).

Besides, the two bands assigned to C—N and CH
bending modes at 1494 and 1373 cm ™', respectively,
became well sharply defined with varying intensity
and remarkable shift to 1429 and 1316 cm ', respec-
tively. Also, very intense sharp band at 1061 cm '
between other two relatively small sharp bands at
1115 and 980 cm ™' have been developed in the spec-
tra of all composites, probably due to the sulfate
group incorporated in the polymeric complex.”!

On the other hand, the position of the characteris-
tic band at 1675 cm ™' exhibited an irregular decrease
(about 17 cm™ ') with the increase of dopant concen-
tration. It is worth noting that the presence of some
weak sidebands and shoulders shown in the spectra
of the investigated samples arises because of
vibronic coupling.

All those observed peak shifts and changes in
shapes and intensities provide strong support to the
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formation of complexation between PVP backbone
and nanoparticles (NPs) of cerium disulphate. The
pyrrolidone groups of PVP prefer to complex with
cerium disulphate NPs, resulting a fine dispersion
and surface passivation of them.®

NMR characterization

Figure 3(a) demonstrates the "H NMR analysis of
pure PVP dissolved in DMSO+D,0. It revealed the
presence of two signals appeared at 1.9 and 2.07 ppm,
corresponding to the methylene protons H-7 and H-4.
Furthermore, signals at 3.15, 3.54, and 3.77 ;)pm are
related to H-3, H-5, and H-6, respectively.?"‘l’2

On the other hand, '"H NMR spectrum of the PVP/
Ce(S04), composite (90 : 10 w/w) dissolved in DMSO
+ D,O showed that a probable partial complexation
may be occurred due to the presence of peak shape
variation and downfield shift of the signal at 3.77
ppm to appear at 4.57 ppm, and the appearance of
two new signals at 5.02 and 5.32 ppm which are still
of unspecified assignments, Figure 3(b).

Figure 4(a) shows a characteristic signal of *C
NMR of PVP at 174.41 ppm related to cyclic amide
carbonyl carbons (C-2) of the pyrrolidone ring. Fur-
thermore, methylene carbons signals at 18.16 and
30.13 ppm are attributed to C-7 and C-4, respec-
tively. Besides, methylene carbons of the pyrrolidone
ring at 41.74 and 43.67 ppm corresponding to C-3
and C-5, respectively, are present. Finally, a methine
carbon signal at 44.75 ppm is related to C-6.>**

Figure 4(b) depicts the ">C NMR spectrum of the
PVP/Ce(S504), composite (90 : 10 w/w) dissolved in

TABLE 1
The Assignments of IR Absorption Bands for Pure PVP
Thin Film

Frequency (cm™) Assignment

3741 } broad OH stretch

3450

2955 asym CH, stretch, ring
2922 sym CH, stretch, chain
1675 amide, C=0, C—N stretch
1494 C—N

1462

1407 } CH, sissor

1373 CH bend

1286 CH, wag, C—N stretch
1228

1170 } CH, twist

1019 C—C, CH, rock

931 C—C, ring breathing
845 C—C, ring

750 C—C, chain

650

573 } N—C=O0 bend, ring def.
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new signals. Inset of (A): Chemical structure of PVP.

DMSO. The observed downfield shift of the signal
related to methylene carbon C-5 to appear at 47.29
ppm and that related to the methine carbon C-6

200 180 160 140 120 100 80 60 40 20 0
PPM

(b)

200 180 160 140 120 100 80 60 40 20 0
PPM

Figure 4 13C NMR spectra of (A) PVP and (B) the com-
posite of PVP + 10 wt % Ce(SO4),.4H,O dissolved in
DMSO at room temperature.

to appear at 52.30 ppm may be also due to
partial complex formation depending on dopant
concentration.
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Figure 5 Representative B-H loops for (A) the composite film PVP + 5 wt % Ce(SO,), and (B) the composite film PVP +

10 wt % Ce(SOy), at room temperature.
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TABLE 1I
The B-H Curve Parameters Characterizing the Investigated Films of the Magnetic
Nanocomposites of the PVP-Ce(SO,4), Systems

Sample B, (e.m.u.gfl) B, (e.m.u.gfl) %:(SQR) H.O,) Hmax
PVP + 2 wt % Ce(SO4), 8.14 0.35 0.043 34.20 5.084
PVP + 5 wt % Ce(SO,), 8.39 0.31 0.036 42.75 6.300
PVP + 10 wt % Ce(SOy)> 8.71 0.57 0.065 35.56 5.102
PVP + 15 wt % Ce(SOy)» 8.37 0.53 0.063 37.04 5.573

Magnetic properties

In previous work,'> the author has made magnetic
studies on nanostructured thin films of PVP-GdCl;
and PVP-HoCl; composite systems by measuring
their magnetization versus the magnetic field at
room temperature and finding their magnetic char-
acteristics. In the present follow-up study, the hys-
teresis loops of the investigated PVP-Ce(SO4),
magnetic nanocomposites were measured using a
vibrating sample magnetometer (VSM) at room tem-
perature and applied fields up to 10 kOe to deter-
mine magnetic parameters such as the saturation
magnetic flux density (B;), remanent magnetic flux
density (B,), squareness ratio, SQR (B,/B;) and coer-
cive field (H.). The maximum permeability pm.x Was
also determined from the B-H relations. Representa-
tive B-H loops are given in Figure 5 and the
obtained results are summarized in Table II.

It is clear from Figure 5 and Table II that the val-
ues of magnetic B—-H parameters are composition de-
pendent and the composite film PVP + 5 wt %
Ce(SO,), shows slightly better magnetic characteris-
tics than the other samples.

As a matter of experimentation, the appearance of
hysteresis loops, although with relatively small val-
ues of B,, B,, SQR, and H,, along with permeability
values . relatively higher than 1, may allow one
to confirm a magnetically soft behavior at room tem-
perature for the samples under investigation.*>’
The uniform distribution of permanently magnetized
rare earth nanoparticles in the PVP matrix, as illus-
trated by TEM images (Fig. 1), is critical in develop-
ing the experimentally established magnetic behav-
ior for the investigated nanocomposites.

Optical properties

The UV-vis absorption spectrum is a powerful tool
for understanding the band structure and electronic
properties of pure and filled polymers. It gives valu-
able information about the electronic transitions
from the valence band to the conduction band. The
transition is direct when the wave vector for the
electron remains unchanged, but in the case of indi-
rect transition, interaction with a lattice vibration
(phonon) occurs.>

Journal of Applied Polymer Science DOI 10.1002/app

Figure 6 shows the absorption spectra of pure
PVP (spectrum a), Pure Ce(SO4), (spectrum b), to-
gether with the spectra ¢, d, e and f for the compo-
sites containing 2, 5, 10, and 15 wt % Ce(SOy),,
respectively, in the UV-visible range 200-700 nm.

The spectrum (a) of pure PVP exhibits a well-
defined absorption band at 249 nm, along with a
small shoulder at 280 nm, and ill-defined band at
380 nm. The spectrum (b) of the pure cerium com-
pound shows a gradual increase towards lower
wavelength, reaching a broad shoulder-like absorp-
tion peak at ~ 290 nm, followed by remarkable iden-
tical absorption band at about 235 nm in the UV
region.

The addition of Ce(SO,), to PVP has led to the
disappearance of the ill-band of PVP at about 380
nm, and entailed changes in shape, intensity and
position of the shoulder observed at 280 nm and the

Absorbance (Counts)

200 300 400 500 600 700
Wavelength (nm)

Figure 6 UV-visible spectra of (a) pure PVP, (b) pure
Ce(SOy)24H,0, (c) 2, (d) 5, (¢) 10 and (f) 15 wt %
Ce(S04),.4H,0-doped PVP.
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TABLE III
Absorption Edge Position, Direct and Indirect Optical Band Gap, and Urbach Tail
for PVP-Ce(SO,), Nanocomposite Films

Band gap E, (eV)

Absorption Urbach
Sample edge E, (eV) Indirect E; Direct E; tail E, (eV)
PVP 2.65 242 2.80 0.28
PVP + 2 wt % Ce(SOy), 1.85 1.64 3.35 0.25
PVP + 5 wt % Ce(SO.), 2.27 1.75 3.54 0.31
PVP + 10 wt % Ce(SOy), 2.34 1.85 3.63 0.35
PVP + 15 wt % Ce(SO4)» 2.49 2.12 3.76 0.38

where T is the transmittance, A is the absorbance
and d is the thickness of the film.

Making use of the solid band theory, the vari-
ation of a, (athv)'/?, (0hv)? and In(or) with incident pho-
tonenergy /v enables one to determine the absorption
edge E,, the indirect transition energy E;, the allowed
direct transition energy E; and the Urbach tail E,,
respectively, for the investigated samples, following
the procedures described in previous works.'**! Fig-
ures 7-10 depict the corresponding relations, and Ta-
ble III summarizes the calculated energies characteriz-
ing the investigated composites. The insets show a
general trend of monotonic increase of the calculated
physical parameters with the increase of dopant con-
centration. This behavior may be partly attributed to
probable segregation effects occurring in the poly-
meric amorphous matrix.>*

The variation of the calculated values of the opti-
cal energy gaps may reflect the role of Ce(SO4)>
additives in modifying the solid band structure of
the PVP matrix due to the existence of various defect
levels.”® The density of localized states was found to
be proportional to the concentration of these
defects™ and consequently, to the concentration of
the Ce(S0,), content. The monotonic increase in the
optical band gap with increasing dopant concentra-
tion also indicates the increase in the grain size and
the reduction in the disorder due to the fact that
more spherically agglomerated particles are present
in the sample containing relatively higher concentra-
tion of the dopant,®*>® as previously illustrated by
TEM images, Figure 1.

These optical changes provide further evidence for
a probable complex formation in the composites
under investigation, showing good conformity with
the information obtained from the IR spectroscopy
and magnetic measurements in the previous
sections.

5,31-33

CONCLUSIONS

i. A casting technique was used to prepare new
hybrid thin films of PVP doped with cerium
(IV) sulfate nanoparticles (NPs).

Journal of Applied Polymer Science DOI 10.1002/app

ii. The images of TEM confirmed the nanostruc-
tural nature of the investigated composites
and showed that agglomerated particles, as
well as separated ones, are clearly present in
the PVP sample containing 15 wt % Ce(SO4),.

iii. The changes in the shape, intensity and posi-
tion of the characteristic bands of PVP in the
IR spectra allow suggesting a complex forma-
tion in the investigated composites.

iv. The downfield shifts and their assignments for
various carbons in the 'H NMR and '*C NMR
spectra provide further tending support to the
formation of PVP-Ce(SO4), complex.

v. The hysteresis loops obtained using a VSM
and the determined magnetic parameters
revealed that the investigated nanocomposites
possess magnetically soft behavior under the
conditions of experiment. A permeability
value of 6.3 for the composite PVP + 5 wt %
Ce(SOy), is the highest among all of the
samples.

vi. The UV-visible spectra characterizing the
investigated samples were discussed in terms
of the solid band theory and the calculated
optical parameters were found to increase
monotonically with the gradual increase of
dopant concentration. This result indicates the
effective role of the Ce(SO,), additives in mod-
ifying the band structure in the polymer
matrix.
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