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ABSTRACT: Polyhydroxamic acid (PHA) from polymethacrylamide (PMAA) was pre-
pared. Chromium chloride (CrCl,;) and ferric chloride (FeCl,;) salts were added to the
polymer in order to increase its electrical conductivity, i.e., the dopants help produce
semiconducting properties. The positron annihilation lifetime technique spectroscopy
(PALS) was used to study the changes in the free volume as a function of FeCl; and
CrCl, concentrations. ortho-Positronium lifetime components were used to estimate the
free volume parameters. It was found that the hole size and the total free volume
fraction decreased with FeCl; concentration. On the other hand, the hole size increased
slightly with CrCl; concentration and then decreased, while the total free volume
fraction increased continuously. The free volume distributions were determined from
ortho-positronium distributions. The electric conductivity as a function of FeCl; and
CrCl, concentrations showed fluctuation behavior and showed a continuous increase
with the increase in temperature. The correlation between positron annihilation pa-
rameters and electric conductivity were discussed. © 2001 John Wiley & Sons, Inc. J Appl
Polym Sci 81: 2095-2101, 2001
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INTRODUCTION

In positron annihilation lifetime spectroscopy
(PALS) one employs the antiparticle of electron—
i.e., the positron—as a nuclear probe to the free
volume hole size of polymers.? Because of the
positively charged nature of the positron and
positronium atom (a bound atom that consists of
an electron and positron), they were repelled by
the core electrons of the polymer and trapped in
open spaces, such as holes, free-volume, and
voids. Therefore, the positron and positronium
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(Ps) annihilation signals were found to be contrib-
uted mainly from the free-volume holes in a poly-
mer. Ps has two spin states called ortho-positro-
nium (o-Ps) and para-positronium (p-Ps), which
have lifetimes of 140 and 0.125 ns in vacuum,
respectively. In polymers, the o-Ps lifetime is
shortened to 1-5 ns due to the pick-off process.?
Currently, PALS has been mainly developed in
monitoring the o-Ps annihilation lifetime for poly-
meric applications. Free-volume hole sizes V/,
fractions f, and distributions in a variety of poly-
mers have been reported using PALS methods.
A PAL spectrum of a polymer usually consists
of three different mean lifetimes—m;, 75, and 75—
which have relative intensities (I, I,, and I3),
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Figure 1 PHA from PMAA.

indicating the relative number of positrons anni-
hilating with that lifetime to the different anni-
hilation processes. While the lifetime of o-Ps 74
can be related to the size of the cavity V, its
intensity I3 is considered to be related to the
fraction f of cavities such that

f=ALV,
where A is a parameter that can be determined by

calibrating with the specific volume expansion
coefficients below and above Tg.3
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Figure 2 (a) O-Ps lifetime 75 and (b) o-Ps intensities
I, of PHA vs FeCl; concentrations.
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Figure 3 (a) O-Ps lifetime 75 and (b) o-Ps intensities
I, of PHA vs CrCl; concentrations.

Recently, PALS has been shown to be a useful
technique for studying the structural properties
of electronic and ionic conducting polymers.*
These studies indicate that the macroscopic prop-
erties of conducting polymers can be related to the
atomic scale free volume holes.* In the case of the
polyhydroxamic acid (PHA) polymer; due to addi-
tion of CrCl; or FeCl, solutions, the two hydrogen
atoms of OH groups of the hydroxylamins were
replaced by a metal ion Cr®>" or Fe?*.> When an
electric current is passed, these metallic ions be-
come mobile and increase the electric conductiv-
ity of the polymer. Accordingly, the conductivity
is an ionic conductivity. It is meant by the mac-
roscopic electric properties that the electric con-
ductivity of the polyhdroxamic acid prepared form
polymethacrylamide plays a role especially when
metal salts were added.

The aim of the work is to establish the effect of
adding salts such as FeCl; and CrCl; on the elec-
tric conductivity of PHA prepared from poly-
methacrylamide (PMAA). Also, this work showed
a correlation between the electric conductivity
and the free volume parameters of PHA using
PALS.
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Figure 4 Free-volume hole distributions V, pdf vs V, for (a) PHA-FeCl; and (b)
PHA-CrCl;. Smooth curves are drawn through data points for clarity.

EXPERIMENTAL

Preparation of Methacrylamide

One hundred grams (1 mole) of methylmethacry-
late (MMA) was added in a round-bottomed flask.
One hundred eighty milliliters of concentrated
ammonia solution (sp.g. 0.88) was then poured in
the flask. The mixture is allowed to stand with
occasional shaking until it became homogeneous
(1-2 days, a longer period of standing is not harm-
ful). The MMA was purified by distillation under
vacuum to rid of the inhibitor, any polymer
present, or any other impurities.> The method of
preparation of MAA was made by making use of
the procedure® for preparing acetamide from
ethylacetate.

Preparation of Polymethacrylamide

One hundred grams of MAA was added in a
round-bottomed flask. Add 200 ml of chloroform
and 1 g of benzoylperoxide were added and re-
fluxed for 30 min. The polymer is separated by
distillation.

Preparation of Polyhydroxamic Acid from PMAA

Polymethacrylamide was dissolved in chloroform
and poured into 1 L. beaker. The amount of g of
hydroxylamine hydrochloride was dissolved in a
mixture of water and ethyl alcohol, and added to
the above solution in a beaker. Forty-five grams of
sodium hydroxide was dissolved in a small
amount of water and added into the beaker such
that the pH > 11 and then left for 24 h. The bulk
is acidified to pH 1-3 by 3 N HCI, and the precip-
itate was washed several times with water and
dried. The polymer was dissolved in dichlorometh-
ane and the solution was divided into fractions.

1. Fractions were made by adding 0.125,
0.150, 0.250, and 2.0 mole per gram of
FeCl; of polymer, respectively. The ferric
salt solution of PHA from PMAA were
poured into petro dishes; films of 1 cm di-
ameter and 1 mm thickness were obtained.

2. Other fractions were made by adding 0.25,
0.50, 1.0, and 2.0 mole per gram of CrCl; of
polymer, respectively. The chorium salt so-
lution of PHA from PMAA were poured in
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petri dishes; films of 1 cm diameter and 1
mm thickness were obtained.

Measurement of the Specific Electric Conductivity
of the Polymers

The specific electric conductivity of thin films of
the polymers was measured by the method men-
tioned before.” Specimens of 1 cm diameter and 1
mm thickness were tightly adjusted between the
plates of two copper electrodes of an electric cell.
The temperature was measured by a thermocou-
ple adjusted into the cell near the sample. A ther-
mocouple temperature probe of the type TP-30
(BK PRECISION) attached to a millivoltmeter was
used to measure the temperature. The electric cell
was put in an electric furnace in order to measure
the resistivity at different temperatures. An electric
circuit was used composed of a regulated pc power
supply a high impedance electrometer (Keithley
electrometer of the type 610c), and the cell.

Lifetime Measurements

The lifetime measurements have been performed
in air at room temperature using a fast-fast co-
incidence system with a lifetime resolution of 230
ps full width at half maximum (FWHM). A 20
microcurie (uwCi) 22Na positron source is deposited
on Kapton foil, then sandwiched between two
similar pieces of the sample. PAL spectra contain-
ing 10°~107 counts were collected on each sample.
All of the PAL spectra obtained were analyzed
using the PATFIT® program, which is a finite
term lifetime analysis, with ; = 0.125 ns con-
straint and continuous lifetime analysis using the
Laplace inversion program CONTIN.?

In finite-term lifetime analysis, three lifetime
results were obtained giving variance < 1.1. The
shortest lifetime 7, ~ 0.125 ns is the lifetime of
p-Ps and the intermediate lifetime 7, ~ 0.35 ns is
the lifetime of the free positron. The longest life-
time 73 ~ 2 ns is due to o-Ps annihilation. The
mean free-volume hole radius obtained from the
results of o-Ps lifetime by using the following
semiempirical equation®’:

_Lf, B 1 (2mRY T
7'3—5 _.R70+%SH1R70

where the cavities were assumed to be spherical
with a radius of R. R, equals R + AR, where AR
is the fitted empirical electron layer thickness
(=0.166 nm).
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Figure 5 Plot of log o vs concentrations of (a) PHA-
FeCl; and (b) PHA-CrCl,.

The computer program CONTIN was employed
to provide the free-volume probability density
function V, pdf vs free-volume size V/, for a PAL
spectrum by using the measured reference spec-
trum in Al.

RESULTS AND DISCUSSION

The microstructure of PHA from PMAA which is
a polymer containing polar groups (NHOH) is
shown in Figure 1.

This polymer can be linked metal salts (e.g.
FeCl; and CrCl;) which possess paramagnetic
properties.® Salt-polymer composites are charac-
terized by interaction of the salt with a polar
matrix polymer which give rise to complex forma-
tion. These interactions have major effects on the
electrical conduction of the composites due to
chemical instability of the salt linked to the poly-
mer matrix as well as on the crystal state of the
salt in the polar polymer.

In case of doping FeCl; and CrCl, salt to the
polymer (PHA), the positron lifetimes at room
temperature were measured as a function of
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Figure 6 Plot of log o vs (a) free-volume size V,, (b) free-volume fraction f for
PHA-FeCls, (c) free-volume size V, and (d) free-volume fraction f for PHA-CrCl;.

FeCl; and CrCl, salt concentrations in the range
from 0.125 to 2 mole.

The second components (7, I;) were not men-
tioned here because they are nearly constant.
However, the third components, i.e. 0-Ps lifetime
75 and its intensity I; were strongly affected by
the dopants FeCl; and CrClg. The variation of 73
and I; with FeCl; salt concentration are shown in
Figure (2a,b). One can observe that both 75 and I,
decrease sharply for concentrations less than 0.25
mole while they almost constant for higher con-
centrations. This fact indicated that the FeCl,
salt mainly diffuses into the amorphous region
and the concentration 0.25 mole is an inflection
point. Firstly, before the inflection point FeCl,
has formed some complex with PHA. Fe*? is a
high spin ion and has a half filled d-subshell. This
has a stabilizing effect on the electron density,
and the Ps formation is inhibited to a greater
extend. On the other hand, the quenching of Ps

lifetime due to FeCl; or Fe™? ions is observed due
to both spin-conversion and oxidation reactions.?
Secondly, after the inflection point the paramag-
netic property of FeCl; is appeared. The interac-
tion of 0-Ps with paramagnetic material flips the
spin of o-Ps electron.'’

In the case of doping the polymer by CrCl, it
was noticed that there was a reflection point at
concentration 1 mole. Before it, 73 was increased
slightly and then the quenching of Ps lifetime due
to CrCl; or Cr*? ions is observed (Fig. 3a). After
the reflection point the paramagnetic properties
of CrCl; appeared'! and the o-Ps lifetime is al-
most constant. These properties did not affect the
intensity of o-Ps such that they increased with
increasing the concentration as shown in Fig.
(3b).

The distribution of free volume shifts from a
large to smaller size as the FeCl; concentrations
increase as shown in Fig. (4a). The distribution
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Table I Positronium Lifetime Results Obtained by Finite-Term Analysis in

PHA
Mole o (ohm™! em™) 75 (ns) I, (%) V (A")? f (%)
FeCl,
0.125 8.30 X 10~ *® 2.1982 14.816 115 3.1
0.150 8.30 x 10~ 4 2.0394 15.557 100 2.8
0.250 6.48 x 10715 2.0185 12.671 98 2.2
2.000 1.60 x 10713 2.0314 12.365 99 2.2
CrCl,
0.250 2.89 x 10716 2.0582 9.643 102 1.8
0.500 9.28 X 107 1% 2.1298 10.341 108 2.0
1.000 1.02 x 10~ 12 2.0412 11.848 100 2.1
2.000 1.70 X 10715 2.0322 13.583 99 2.4
Pure PHA 5.90 X 10716 2.1700 11.393 112 2.3
also becomes broader. At 0.25 mole of FeClg con-
centration, the distribution is narrower and above
it the free volume size becomes constant, where -10
this is an inflection point. (@ e 0.125 mole FeCl,
The distribution of free volume shifts from a o 0.15 mole FeCl,
small to a larger size at 0.5 mole as a function of g1 b 4 ImoleFeCl,
CrCl; concentrations [Fig. 4(b)], then it becomes °°3% @ 2moleFeCl
almost constant, which is consistent with the re- e 0
sults obtained by the finite-term analysis. o .1 * o ngiohh
These characters are also confirmed by the o AT - “En;'bo“‘
variation of the electric conductivity with salts = %, o2 sae
concentrations and free volume parameters (Fig. ‘e . nﬂ‘m‘%
5 and Fig. 6). The presence of transitional ele- -13 - .- 840 o oo
ments such as Fe and Cr in PHA increase the *e. Ca,
ionization which leads to the increase of conduc- %, +% o o0g
tivity (Figure 5). The correlation between the -14 %% 0 4 e ems
electric conductivity, the free volume sizes, and ' ' ' |
fractions indicated that PHA has higher conduc- 9 | (®) o 025 mole CrCly
tivity or exhibits semiconducting properties at o ImoleCrCly
small size and fraction as shown in Figure 6. The & s 2mole CrCl,
highest conductivity at 100 A® free volume size -10 - °°o°
and 2% free volume fraction in both 2 mole FeCl, %
and 1 mole CrCl; concentrations as listed in Table o -11 i °°o°° .
I. These results indicated that PHA can be used 20 fa, °
as a semiconductor at these two concentrations. = ‘. . h‘. ® %00 0 0000
The specific electrical conductivity of PHA in -12 ‘e, “s‘
presence of FeCl; and CrCl; at different concen- Ceu, “Mas, as,
trations was between 107 '® and 107 % ohm™! 3 ‘.. e
cm ! at room temperature. e ..
The relation between log o and 1/7T is linear for S
PHA in the presence of FeCl; and CrCl,, as shown -14 ' ' | * 2t
in Figure 7(a,b) at different temperatures. No sig- 2.7 2.8 2.9 30 31
nificant variation in o is observed less than 40°C. VT, K

The relation between the electric current and
voltage in presence of FeCl; and CrCl; was Ohmic
for PHA from PMAA as shown in Figures 8(a,b).

Figure 7 Plot of log o vs reciprocal temperature for
(a) PHA-FeCl; and (b) PHA-CrCl,.
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These experimental results imply that the in-
crease of the salt concentration was connected to
an increase in the number of charge carriers and
a reduction of the size and fraction of free volume.
The former factor is necessary and useful to the
conductivity, but the latter factor will limit the
segmental motion.* At a certain concentration,
when the increase of the charge carriers predom-
inate over the reduction of the size and fraction of
free volume, the conductivity was increased.

However, for another concentration, the inter-
action of salt with polymer segment suppress the
segmental motion. This induced a reduction of
charge transport in the polymer and consequently
causes a decrease in the conductivity. These re-
sults were confirmed by the correlation between
the conductivity and the free volume parameters,
and by the probability density function of free
volume distributions.

CONCLUSIONS

The free-volume and conductivity mechanism of
two conducting polymers have been studied by
PALS. For the polymer PHA prepared from

PMAA and doped with FeCl; and CrCl; salts, the
73 and I; were strongly affected by the dopant.
The concluding remarks are as follows:

1. When the salts used as dopant, at low con-
centration (<0.25 mole for FeCl; and <1
mole for CrCly), there was an inhibition of
the Ps formation in free volume holes of
amorphous region. On the other hand, the
quenching of the Ps lifetime due to both
spin conversion and oxidation reaction was
observed.

2. At high concentration (>0.25 mole for
FeCl; and >1 mole for CrCls), there was no
change in cavity size due to the appearance
of paramagnetic properties of the salts.

3. The free-volume probability density func-
tions were consistent with the results ob-
tained by the finite term analysis.

4. The conductivity changed with the concen-
tration, which depended on the charge car-
rier numbers, the size and fraction of free
volume, and the interaction of the salt with
the polymer segments.

The authors wish to thank Prof. Dr. M. Yahia Abed for
his kind help. Thanks are also due to Prof. Dr. Alia. S.
Taha, Metrology Department, Atomic Energy Author-
ity, Cairo, Egypt, for valuable discussions.

REFERENCES

1. Jean, Y. C. In Positron Spectroscopy of Solids; Du-
pasquier, A.; Mills, A. P., Jr., Eds.; IOS Pub.: Am-
sterdam, 1995; p 563.

. Liu, J.; Jean, Y. C. Macromolecules 1995, 28, 5774.
3. Schrader, D. M.; Jean, Y. C. Positron and Positro-

nium Chemistry; Elsevier: Amsterdam, 1988.

4. Wang, S. J.; Wang, B.; Li, S. Q.; Peng, Z. L.; Dai,
Y. Q.; He, Q. C.; Zhang, S. P. Materials Science
Forum 1997, 255-257, 46-51.

5. Domb, A. J.; Growalho, E. G.; Langer, R. J Polym
Sci Part A Polym Chem 1988, 26, 2623—-1630.

6. Vogel, A. I. Practical Organic Chemistry; Longman:
New York, 1962; p 403.

7. Yahia Abed, M.; Hindia, T. A.; Mohammed, M. G.;
Mazrouaa, A. M. J Polym Mater 1999, 16, 47-53.

8. Kirkegaard, P.; et al. Comput Phys Commun 1981,
23, 307.

9. Gregory, R. B.; Zhu, Y. Nucl Instrum Methods Phys
A 1990, 290, 172.

10. Nakanishi, H.; Wang, S. J.; Jean, Y. C. In Positron
Annihilation Studies of Fluids; Sharma, S. D. C.,
Ed.; World Sci Pub: Singapore, 1988; p 292.

11. Madani, M. M.; Miron, R. R.; Granata, R. D. Mater
Sci Forum 1997, 255257, 369-371.

N



