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ABSTRACT: The filling level (W) dependence of the local structure of MnCl, through
the PVDF matrix was explored. The presence of a- and S-PVDF crystalline phases
were detected by X-ray diffraction, and it was confirmed by the infrared (IR ) absorption
spectra. A significant head-to-head content was implied by IR spectroscopy. Two filling,
level-dependent optical energy gaps were found through the UV-VIS spectral investi-
gation. An intrachain one-dimensional interpolaron hopping mechanism was assumed
to proceed in the temperature range of 350—375 K. The calculated values of the charge
carrier hopping distance were in the range of 6.5—-9.7 nm. The temperature dependence
of the direct current (dc) magnetic susceptibility exhibited a Curie—Weiss behavior.
Positive values of the paramagnetic Curie temperature (6,) for W up to 14.5% indicated
the presence of a ferromagnetic interaction, while negative 6, obtained for higher W
values suggested an antiferromagnetic interaction at lower temperature. The electron
spin resonance (ESR) analysis revealed the existance of both isolated and aggregated
Mn?2* jons within the PVDF matrix. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70:

1437-1445, 1998
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INTRODUCTION

Due to its strong piezoelectricity,' sensitive pyro-
electricity,? nonlinear optical properties® applica-
bility in infrared to visible conversion,* and micro-
wave response,” PVDF, in its various crystalline
forms and several of its copolymers,® has been ex-
tensively studied during the last three decades.
Space charge and ferroelectric dipolar effects in
these polymers have been already well explored.’
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Moreover, an increasing interest has been devoted
to PVDF as an electric and/or magnetic field sen-
sor.®. For this application, PVDF was filled with
transition metal halides (TMH).® However, the
knowledge of the effect of the local structure of TMH
on the physical properties of polymers is incomplete
so far,'® and some aspects deserve further studies.

Manganese is well known as a magnetoactive
multivalent element. Thus, its halides can be used
as fillers to modify the electric conduction, the
optical absorption, and the magnetic properties of
PVDF. On the other hand, MnCl, is considered
as a good candidate for one- or two-dimensional
phenomena.™

The present work is devoted to study the effect
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Figure 1 X-ray diffraction scans of various MnCl, filling levels for PVDF films.

of local structure of MnCl,-filled PVDF films on
their optical, electrical, electron spin resonance
(ESR), and magnetic properties.

EXPERIMENTAL

The studied PVDF films were prepared by a cast-
ing method. PVDF powder (SOLEF 1008) was
dissolved in dimethylformamide (DMF). MnCl,
was also dissolved in DMF. The solution of MnCl,
was added to the dissolved polymer with a suit-
able viscosity. The mixture was cast to a glass
dish and kept in a dry atmosphere at 30°C for two
weeks to insure removal of solvent traces. The
thickness of the obtained films was of the range
0.1 to 0.5 mm. PVDF films of the following MnCl,
mass fractions were prepared: 0, 0.001, 0.01, 0.1,
0.5, 1.0, 5.0, 10.0, 15.0, and 25%.

The X-ray diffraction (XRD) scans were ob-
tained using a Seimens type F diffractometer
with CuKa radiation and a LiF monochromator.
An infrared (IR) spectrophotometer (Perkin-—
Elmer 883) was used for measuring the IR spec-
tra in the wave number range of 200-4000
cm '. UV-IVS absorption spectra were mea-
sured in the wavelength region of 200—800 nm

using a spectrometer (Perkin—Elmer UV-IVS).
The ESR spectra were recorded on JEOL spec-
trophotometer (type JES—FE2XG) at frequency
of 9.45 GHz, using DPPH as a calibrant. The
magnetic susceptibility was measured using
Faraday pendulum balance technique of an ac-
curacy better than = 3%. Diamagnetic correc-
tions were done.

RESULTS AND DISCUSSION

X-ray Diffraction

Figure 1 shows the XRD scans of various MnCl,
filling levels for PVDF films. The assigned crystal-

Table I The Assigned Crystalline X-ray
Diffraction Peaks

W (wt %) 260 (Degree) Assignment
1 20.4 (110) B, (200) B
1 39.6 (002)
10 21.0 (110) B, (200) B
10 39.8 (002)
15 20.0 (110) @
15 39.0 (002)
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Figure 2 IR transmission spectra for variously filled PVDF films.

line peaks are listed in Table I. These peaks char-
acterize the a- and B3-PVDF crystalline *? phases
and the general feature of the observed spectra
suggests the presence of a significant fraction of

the amorphous PVDF phase. It is clear from Table
I that, for 15% filling level, there are no S-phase
XRD peaks; and the observed peaks are due only
to the a-phase.
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IR Analysis

The IR transmission spectra are shown in Figure
2. The main PVDF characterizing frequencies are
observed. Furthermore, the IR vibrations due to
a-phase ' (most notably at 490, 530, 618, 796, and
976 cm '), and the vibrations due to S-phase (at
445, 470, and 510 cm ') are clearly shown in Fig-
ure 2. This confirms the XRD implications about
the presence of both a- and (-phases for filling
levels < 15%. The structural disorder can be iden-
tified by investigation of the filling level depen-
dence of certain IR absorption peaks depicted in
Figure 3. The bands at 762 and 990 cm !, charac-
terizing the a-phase, exhibit changes in their in-
tensity behaviors at 0.1 and 0.5% filling levels.
The band at 990 cm™' shows a sharp intensity
peak at 1.0% filling level. The band at 1673 cm™*,
which is assigned to C—=C stretching in the mo-
nochlorinated alkenes™®

Cl

C=CH
/

changes its behavior also at 0.1, 0.5, and 1.0%
filling levels. It is noteworthy that the C—=C mode
is a suitable site for polaron formation. The band
at 762 cm ! is sensitive to head-to-head (h-to-h)
defects. According to the spectroscopic study by
Kobayashi et al., this band corresponds to h-to-h
concentration of ~ 12%. This value is comparable
with (10%) that obtained by Hasegawa et al. for
the pure PVDF.

Optical Absorption

The UV-VIS optical absorption spectra (in the
range of 200—800 nm) of the unfilled PVDF and
PVDF-filled with various mass fractions of MnCl,
were measured. Figure 4(a—c) depicts the photon
energy (hv) dependence of log «, for the concerned
filling levels, where £ is plank’s constant, v is the
photon frequency, and the absorption coefficient
a(v) was calculated,’ using the following for-
mula:

a(v) = In[t;(v)/t:(v)]/(de — dy) (1)
where ¢; and ¢, are the transmittances of two films

(of the same filling level ) with thicknesses d; and
ds. It is noticed that most of the curves of Figure 4
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Figure 3 The filling level dependence of some IR ab-
sorption peaks at (A) 762, () 990, and (®) 1673 cm ™.

1

are characterized by two linear regions, indicating
two optical gaps E,; and E,, of values given by '®

a(v) = B(hv — E,)*/hv (2)

where B is a constant. The filling level depen-
dences of E,; and E,, are plotted in Figure 5. £,
and E,, experienced minimum values at W = 0.1
and 0.5%, respectively. This may arise from the
change of the density of the induced energy states
due to the change of the MnCl, filling mode.

DC Electric Conduction

The dc electrical resistivity p, was measured in
the temperature (T') range of 298—393 K for the
present PVDF films. In the present work, the
mono- and/or dichlorinated alkenes (detected by
the IR analysis), indicating the presence of conju-
gated polyene, may evidence the formation of po-
larons and/or bipolarons in the polymeric ma-
trix.'” Therefore, the present results may be dis-
cussed on the basis of the Kuivalainen et al.
modified interpolaron hopping model,'® in which
the conduction is attributed to phonon-assisted
hopping between polaron and/or bipolaron found
states in the polymer. According to this model,
the electric resistivity can be expressed as
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Figure 4 The photon energy (hv) dependence of log
a for variously filled PVDF films.
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Figure 5 The filling level dependence of E;; and E,,
optical gaps.

p = [ET/Ae*y(T)(RZ/0)] X [(Y,
+ pr)2/(pr)] X exp(2B1R,/{) (3)

where A; = 0.45; B; = 1.39; Y, and Y, are the
concentration of polaron and bipolaron, respec-
tively; and R, = (8/47Cipp) '/ is the typical sepa-
ration between impurities whose concentration
i8 Cimp; € = (£1:€0) V2 is the average decay length
of a polaron and bipolaron wave function; and
&1 and & are the decay lengths parallel and
perpendicular to the polymer chain, respec-
tively. According to the calculations of Bredas
et al.,'® polarons and bipolarons induce defects
of the same extension. The electronic transition
rate between polaron and bipolaron states can
be expressed as

Y(T) = yo(T/300k)"*! (4)

where n is a constant ~ 10, and the prefactor, vy,
=12 x 10" s 7!, was estimated by Kivelson.?

The order of magnitude of p in the present
work was adjusted with the impurity concen-
tration Ci,,, which actually was the filling par-
ameter. The parameter {;; = 1.06 nm, while £
~ 0.22 nm,?! which depends on the interchain
resonance energy and the interchain distance.?
Taking Y, = Y,, for simplicity, which is an ac-
ceptable approximation,’” and using eqs. (3)
and (4), we can obtain the values of the hopping
distance R,.

The temperature and filling level depen-
dences of R, are shown in Figure 6, respectively.
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Figure 6 (a—c) The temperature dependence of R,; (d) the filling level dependence

of R,.

A linear temperature dependence of R, is no-
ticed, while its filling level dependence exhibits
a broad peak around W = 0.1%. It is remarkable
that the calculated values of R, are in the range
of 6.5-9.7 nm. Considering the monomer unit
length to be ~ 0.25 nm,? it can be noticed that
the hopping distance is of the range of 26 to 34.4
monomer unit lengths. This indicates that (1)
the present conduction mechanism is of an in-
trachain one-dimensional hopping type; and
that (2) the concentration of hopping sites is
within the range of 3.9 to 2.9%, which is less
than the concentration of h-to-h defect sites
(~ 12%), identified by the IR analysis of the pres-
ent work (discussed in the preceding IR analysis
section). This indicates that the average hopping
distance is three or four times the h-to-h defect
separation length. Thus, it is thought that not all

the defect sites can act as hopping sites. The de-
fect site must exhibit certain local charge and free
volume to act as a hopping site. These local
charges and free volumes are influenced by MnCl,
filler, which prefers normally to reside in the close
vicinity of h-to-h defect.?*

DC Magpnetic Susceptibility

The dc magnetic susceptibility (x ) was measured
in the temperature range of 90-270 K, for the
present PVDF films. The temperature depen-
dence of the reciprocal susceptibility is plotted in
Figure 7. It is clear that x obeys Curie—Weiss law
in which

x=C/IT +6,) (5)
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where C is the Curie’s constant and 6, is the
paramagnetic Curie temperature. The values of
6, for various filling levels were calculated using
eq. 5, and the values were plotted in Figure 8.
Positive 6, values were found for W up to 10%,
indicating the possibility of ferromagnetic inter-
actions between the manganese ions at lower
temperatures. On the other hand, the negative
6, value, obtained for W = 15%, suggests an
antiferromagnetic exchange interaction be-
tween the manganese ions. A critical filling level
(W, = 14.5%), at which 6, changes its sign, can
be noticed in Figure 8. Moreover, the effective
magnetic moment u. was calculated, using eq.
(6); and the obtained values were plotted as a
function of W in Figure 8.

tetr = 2.839Vx,, T (6)

where x,, is the molar susceptibility of the filled
polymer. It is remarkable that the order of magni-
tude of . confirms the divalent state of Mn?*.

Electron Spin Resonance

Figure 9 shows ESR spectra of PVDF films of vari-
ous MnCl; filling levels. The spectra at low W con-
sisted of six lines and a broad component overlap-
ping the six lines. The six lines are ascribed to
the hyperfine structure of the manganese nucleus
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Figure 7 The temperature dependence of the recipro-
cal magnetic susceptibility for variously filled PVDF
films.
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(I = 5/2) with an unpaired electron, indicating
isolated Mn?" in the ionomer. The broad compo-
nent, of Lorentzian shape, represents the Mn?*
— Mn?" exchange interaction, which is caused by
the proximity of manganese ions, suggesting?>~2"
the presence of aggregated Mn?*. The individual
lines of the hyperfine structure became vague
with increasing the MnCl; filling level, indicative
of decreasing content of isolated Mn?*. In other
words, the increasing content of aggregated
Mn?". Furthermore, the spectrum of PVDF films
filled with 25% MnCl, exhibited a single peak,
indicating the absence of isolated Mn?*. The fill-
ing 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 and the asymmetry factor (A),
which is the ratio between the two halves of this
signal. The obtained values of AH and A are plot-
ted, as functions of W, in Figure 10. It is clear
that A decreases as W increases, confirming the
implication that Mn?* looses its symmetrical local
distribution as the filling level increases. On the
other hand, Figure 10 depicts a peak for H around
W = 15%, supporting the findings of Figure 8 that
the Mn?* — Mn?" ferromagnetic exchange inter-
action transforms to antiferromagnetic one at W
~ 14.5%. It is noteworthy that the magnetic field
(H), needed for an antiferromagnetic structure to
respond to ESR, is less than that needed for a
ferromagnetic one. This explains the decay of AH
for W = 15%.

CONCLUSION

It could be concluded that the present filled PVDF
films are characterized by a partially crystalline
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Figure 9 The ESR spectra of PVDF films of various MnCl, filling levels.

structure with a crystalline part of a- and S-types
in the case of W = 10%; while for W = 15% the
B-phase disappeared. The IR analysis revealed an
h-to-h (and/or t-to-t) concentration of 12%, which
is comparable to that found in literature. At 0.1
and 0.5% filling levels, we have noticed the fol-
lowing:

1. The intensity of the IR bands at 762 and
990 cm ™! changes its behavior;

2. The two optical gaps E,; and E,.,; exhibit
minimum widths. This was attributed to a

change in the MnCl, filling mode. The dc
electrical conduction mechanism was of a
one-dimensional intrachain type, based on
the phonon-assisted interpolaron hopping
model.

The hopping site concentration, calculated ac-
cording to this model, was within the range of
2.9-3.9% (<12%, the h-to-h concentration).
This implied that one-fourth or one-third only
of the h-to-h defects may act as a hopping site.
The dc magnetic susceptibility exhibited a Cu-
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Figure 10 The filling level dependence of AH and A.

rie—Weiss temperature dependence, with posi-
tive 6,, indicative of a ferromagnetic exchange
interaction between Mn?* ions up to W = 14.5%.
Higher W values revealed a negative sign of 6,
due to the antiferromagnetic interactions. The
ESR analysis suggested the presence of Mn?* in
two different forms, isolated and aggregated. As
W increases, the Mn aggregated form predomi-
nates.

At W = 25%, the isolated form completely
disappears. The present system serves as a
good candidate for (1) a one-dimensional elec-
tric conduction, (2) sensitive UV-VIS optical
absorption, and (2) ferro- or antiferromagnetic
interactions. It is remarkable that the above
advantages can be added to the well-known
other advantages of PVDF, such as the piezo-
and pyroelectric effects, as long as the - or a-
phase exists. The a-phase can be easily trans-
formed to polarized phase of high piezo- or py-
roelectricity.
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