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Poly(p-phenylene selenide) (PPSe) was prepared by condensation polymerization of

2.4 dibromobenzene and sodium selenide. The synthesis product in the form of powder was
purified. The structure of the resulting polymer was investigated by infrared spectroscopy,
wide-angle X-ray spectroscopy, electron diffraction, ultraviolet, electron spin resonance and
elemental analysis. "H-nuclear magnetic resonance (NMR) solid measurements were used to
determine the molecular dynamics for undoped and SO;-doped PPSe. The NMR
investigations for undoped PPSe have shown that there are no essential differences in the
structure and molecular motion between PPSe and PPS. After doping PPSe with SO,
contrary to PPS, a third component of relaxation time, T, is observed. The relaxation times for
this component are connected to the interaction of protons with paramagnetic centres which
are generated as a result of the doping process. The electrical conductivity of SO;-doped
PPSe at the beginning of the doping process rapidly increased to about 6 x 10" Scm™" and
then decreased more than one order of magnitude because of the chemical reaction which

had occurred.

1. Introduction

In recent years, conducting polymers with a non-
degenerate ground state have attracted strong interest.
Various conjugated polymers exist which belong
to this group, such as poly(p-phenylene) (PPP),
poly(pyrrole) (PPy), poly(thiophene) (PT), poly(p-
phenylene sulphide) (PPS), etc. Polaron-type defects in
these polymers have been theoretically predicted [1]
and experimentally verified [2]. The transport proper-
ties of the neutral form of these compounds are mainly
related to the band gap which is rather significant.

Conjugated polymers can be chemically or electro-
chemically doped to reach metallic conductivities. The
ionization potential and electron affinity values deter-
mine the capability of these polymers for oxidative
(p-type) or reductive (n-type) doping.

One polymer with a non-degenerate ground state is
poly(p-phenylene selenide) (PPSe) which has been
only investigated up to now to a small extent [3-6].
Moreover, investigation on the nuclear magnetic res-
onance (NMR) in solid PPSe has not been reported
to date.

It is known [ 7], that PPS doped by strong p-dopant
molecules has a rather high conductivity (~ 1 Scm™1)
but during the doping process the chemical structure
of the polymer is changed, resulting in at least one new
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(PBT) polymer. Substitution of sulphur by selenium in
poly(p-phenylene chalcogenide) chains may be favour-
able in an electronic sense, due to the increased metal-
lic character of selenium and its smaller electro-
negativity. Moreover, there is experimental evidence
that doped selenium molecular compounds have
higher conductivities than similar sulphur systems and
better electrical properties at low temperatures [§, 9].
On the other hand, contrary results were reported
when a heavier chalcogen (Se) was used to produce the
chalcogen-containing polymers [3, 5].

In the present work we investigated 'H-NMR solid
in undoped and SO;-doped PPSe and compared these
results with PPS. It is known from the literature
[10, 117 that the resonance lines in PPS have a two-
component character above the glass temperature.
The two-phase behaviour of a polymer is usually
associated with the presence of at least two regions
which differ in the degree of chain motion. The narrow
component of the resonance line is, in general, charac-
teristic of amorphous domains, and the broad com-
ponent corresponds to crystalline region present in
semicrystalline PPS. The temperature dependences of
T) and T, have shown that at low temperature the
relaxation process is due to the interaction between
protons and paramagnetic centres [11]. At higher
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temperatures the relaxation is described by the dipolar
interaction which is in line with the rotations of the
phenyl rings around the suiphur-phenyl-sulphur axis
(10, 11].

2. Experimental procedure
Poly(p-phenylene selenide) (PPSe) was synthesized
from p-dibromobenzene and sodium selenide in the
presence of NMP and a flow of argon at high temper-
ature (393-413 K) for 20 h.

All reagents used in the synthesis were especially
purified, and the solvent was distilled directly before
the reaction was performed. After extraction of oligo-
mers, the product in powder form was vacuum dried
at 368 K.

"H-NMR experiments were performed for undoped
and SO;-doped PPSe. In both cases, polymer in the
form of powder was degassed to climinate remain-
ing oxygen and moisture (p= 10"3torr (1 torr

= 133.322 Pa), temperature 373 K, time 24 h). The
doping process was carried out in a special chamber
under a pressure of SO;— vapour of about 80 torr.
During the doping procedure, the colour changed
from beige to black. Under the same conditions, the
pressed pellets (396 MPa) of PPSe and PPS (com-
mercial product) were doped to measure the electrical
conductivity using the two-contact electrodes method.

Fourier transform-infrared wide-angle X-ray, elec-
tron diffraction, uitraviolet-visual, electron spin reson-
ance studies and elemental analysis methods were also
used to characterize the physico-chemical structure of
the investigated materials.

In the 'H-NMR experiments, the linewidth and
relaxation times, T}, as functions of temperature for
undoped and doped PPSe were investigated. The
linewidth measurements were made on a spectrometer
with self-acting stabilization on H, and a frequency of
30 MHz[12]. The relaxation time measurements were
made using a pulse-spectrometer [13] with a fre-
quency of 30 MHz using the n/2—1—n/2 method. The
pulse width was 2 ps and the dead-time of the spec-
trometer was 10 ps.

3. Results and discussion

3.1. Elemental analysis

The composition (as obtained from chemical analysis)
of the PPSe after extraction of oligomers and the
drying procedure, is given in Table I. Chemical ana-
lysis of the pure product showed a small percentage
of bromine which is located on the end of the chains.

TABLE 1 The composition of PPSe after extraction of oligomers
(obtained from elemental analysis)

C H Se Br Purity (%)
Found 45.17 2.64 48.50 3.04 99.75
Calculated 4647 2.60 50.93 -
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The bromine content, assuming that all chains have
terminal bromine groups, gave the possibility of calcu-
lating the average degree of polymerization (DP) and
the molecular weight (MW) which are, in this case, 33
and 5278, respectively.

Elemental analysis of PPSe corresponds to
(Ce.0H4.2S€4.99Brg o3) and showed that no diselenide
linkages were present in the chain of PPSe and the
product was of high purity.

3.2. Infrared studies

Fourier transform—infrared (FT-IR) spectra of the
pure and SO,-doped poly(p-phenylene selenide) are
shown in Fig. 1. The spectrum of the undoped PPSe
displays the characteristic triad at high energies (1565,
1471 and 1379 cm~!') which is attributed to the ring
stretching vibrations. The out-of-plane vibrations of
the two paired hydrogen atoms in the phenyl ring at
814 cm ! indicate the para substitution of the phenyl
ring. The presence of the typical bands for p-phenylene
polymers at 1005 and 474 cm ™! [14] as well as the
carbon-selenide stretching vibration at 500 cm ™! also
confirm the proposed structure for poly(p-phenylene
selenide). The absence of diselenide linkages near
285cm™! detected in separate experiments, is con-
sistent with the result of elemental analysis which
showed a stoichiometric C:Se ratio. The infrared
spectrum of the undoped PPSe is very similar to that
of PPS [14, 15] except for the C-Se stretching vibra-
tion band which is shifted to lower frequencies accord-
ing to the mass effect and reduced electronegativity of
selenium in comparison to sulphur.

The FT-IR spectrum of SO;-doped PPSe shows
significant changes in comparison to that of the un-
doped sample. The characteristic feature of this spec-
trum is a broad absorption at 3700-2500 cm ™!, which
is due to the hydrogen-bonded OH groups undoubt-
edly coming from SO,-OH groups. The presence of
these groups upon doping with SO, is strongly evin-
ced by the appearance of a band at 1176 cm ™, which
is assigned to the asymmetric stretching vibrations of
SO;H groups, as well as a new band at 851 cm™1,
which is due to the out-of-plane vibrations of the
isolated hydrogen in the phenyl ring. The low intensity
of these bands and small changes in the other bands
indicate that the main part of PPSe remains un-
changed upon doping with SO;. '

The enhanced conductivity of PPSe doped with
SO, is a result of the formation of the other adducts.
However, the concentration of these adducts is too
low to be detected by infrared spectroscopy.

3.3. Ultraviolet-visible (UV-VIS)
spectroscopy

The electronic spectrum of PPSe shown in Fig. 2
exhibits a broad absorption band with the edge near
3.5¢V and a maximum about 4.1eV (3400 cm™ '),
with the tail into the visible accounting for the colour
of the polymer. The broad peak near 4.1 eV is assign-
able to a low-energy m — n* transition and is charac-
teristic of the optical energy gap of PPSe.
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Figure 1 FT-IR spectra of PPSe: (a) undoped, (b) doped with SO;.
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Figure 2 Electronic spectra of undoped PPSe.

3.4. Wide-angle X-ray (WAXS) and electron
diffraction (ED) studies

The X-ray diffraction pattern of pure (without oligo-
mers) PPSe powder shown in Fig. 3 reveals partial
crystallinity and a structure isomorphous to that re-
ported [16] for PPS. The strongest peak is observed at
26 = 20.3° with the shift compared to PPS, to larger d-
value in line with the increasing Van der Waal’s radius
of selenium compared to sulphur. The crystallite size
{coherence length) calculated from the Sherrer equa-
tion for the strongest (111) crystalline reflection is
14.5 nm. The intensity of the residual Bragg peaks was
too small to calculate the crystallite size with sufficient
accuracy.

The electron diffraction patterns of pure PPSe, and
PPS for comparison, are plotted in Fig. 4. It can be
clearly seen that some narrow Bragg reflections exist,
but the d-spacing in the case of PPSe is a little larger
than in the case of PPS. For the strongest Bragg peaks
(11 1) for PPS, this d-value is 0.428 nm and for PPSe
0.431 nm. The d-spacing for the (1 1 0) Bragg reflection
is 0.469 nm for PPS and 0.479 nm for PPSe. Other
peaks for PPSe also show a shift to a larger d-value
compared to PPS.

(111)
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(12)
21) (110)

i — 1

30 20 10
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Figure 3 X-ray diffraction pattern for undoped PPSe.

After exposure to SO, the original reflections
become broader and partially disappear. The doped
PPSe sample showed a diffraction pattern typical of a
rather amorphous material. This indicates that at least
SO, molecules penetrate the whole structure of PPSe
and not only the amorphous part present in the
semicrystalline polymer. This phenomenon is known
for aryl polymers and was described [17] for a PPS
doped with AsFs vapour.

The X-ray and electron diffraction data suggest that
PPSe analogous to PPS crystallizes in the orthorhom-
bic system with two fragments of chain per unit cell.

3.5. Electron spin resonance (ESR) study
The ESR preliminary study (300 K) on undoped PPSe
indicated that the concentration of free spins was
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about 8.25 x 10'% sping~! and peak-to-peak distance
linewidth was about 5.1 G. Only one symmetrical line
of a Lorentzian shape was observed for the undoped
polymer. The g-value was 2.0030, very close to the
value of free electrons.

3.6. Electrical conductivity
In Fig. 5 the electrical conductivity as a function of
doping time of SO, is plotted for PPSe and PPS,
respectively. The maximum electrical conductivity for
PPSe is about 6x1075Scm™! and is almost two
orders of magnitude smaller than in the case of doped
PPS under the same conditions.

Moreover, during exposure to SO, vapour the elec-
trical conductivity for PPS increased in the initial
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Figure 4 Electron diffraction pattern for PPSe and PPS.
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Figure 5 Electrical conductivity of PPSe and PPS doped with SO4,
(pso, = 80 torr). (O) PPS, (@) PPSe.
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stage of the doping process, whereas for PPSe the
electrical conductivity decreased by more than one
order of magnitude after exposure to SO, for more
than 1 h. It is known [18] that doping of PPSe with
strong acceptor agents (AsF, SO;) produces a com-
pound with a low electrical conductivity which de-
creases during the doping process. It is probably the
result of chemical reactions between the backbone of
chain and acceptor molecules, as confirmed by the
infrared spectrum given above.

3.6.1. "H-NMR study of undoped PPSe

In Fig. 6 the shape of the NMR line is shown for PPSe
at low and high temperatures. At low temperatures
only a single line of linewidth about 7.5 G exists which
is characteristic for the rigid structure of PPSe. Above
280 K this single line becomes a two-component line,
as for other semicrystalline polymers above the glass
transition.

The narrow line of linewidth 1 G is connected with
the amorphous part of polymer, and the broad-com-
ponent line with the crystalline phase of a semi-
crystalline polymer. At higher temperatures (> 480 K)
the broad line disappears because of the melting of the
crystalline phase. The melting temperature of PPSe
measured by DTA is 490K [5].

In Fig. 7, the temperature dependence of linewidth
for both components is given. The dependence is
similar to that observed in PPS and the linewidth for
the rigid phase is the same in both PPS and PPSe
[11]. In the range 220-380 K, a gradual decrease in
the broad-component linewidth is observed, due to
the molecular reorientation process. The energy of
activation of this process is described by [19]

In(l/W — 1/4) = — E,/kT + In(1/B — 1/A)
(1)

where W is the linewidth at temperature. 7, 4 and B
are constant values of linewidth at low and high
temperatures, respectively, E , is the activation energy.

(b)

(a)

Figure 6 "H-NMR lines in PPSe, (a) 120 K, (b) 500 K.
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Figure 7 The temperature dependence of linewidth for PPSe.
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Figure 8 The linewidth as a function of 7~ for PPSe, related to
Equation 1.

Fig. 8 shows a plot of temperature dependence of
the linewidth for PPSe in the range 220-380 K. The
thermal activation energy of molecular rearrangement
is 15+ 1.6 kI mol ™! and is only slightly higher than
for PPS (14 + 1.0 kJmol ™! [11]). In the case of PPS
this energy was ascribed to a rotation of phenyl rings
in the crystalline phase [11]. However, from our
calculations of the proton interaction energy in the
crystalline phase of PPS, it was found that free rota-
tion of phenyl rings was impossible [20]. Therefore,
the narrowing line in PPSe may be assigned, as in
PPS, to the hindered rotation of phenyl rings in
crystalline regions of the polymer. It is possible that
full free rotation may exist in the amorphous phase or
at least at high temperatures (melt), before decomposi-
tion of the material.

3.6.1.1. Relaxation time, T;. Magnetization recovery
in PPSe was non-exponential over the full range of
temperatures. Fig. 9 shows an example of this depend-

ence on time at 120 K. The dependence may be shown
with high accuracy, c.c. = 0.9998, as a sum of two-
components. The fraction of the component of longer
relaxation time is independent of temperature and is
equal to 85%. The temperature dependence of relaxa-
tion time is shown in Fig. 10. The shape of this
dependence indicates that analogous to PPS [11], two
basis relaxation mechanisms exist in PPSe. At high
temperatures dipolar relaxation dominates; at temper-
atures below T, ;. temperature the relaxation rate
may be written as

/T

= ciexp(—E,/kT) (2)

2 10 18 26 34 42 50
Time (s)
Figure 9 The magnetization recovery as a function of time for PPSe

at 120 K. (——) Fitting of experimental points for a two-component
relaxation time.
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Figure 10 (O) Relaxation time spin-lattice 7} as a function of 77!
for undoped PPSe. (—@®—) Calculated from Equations 2 and 3 for
parameters given in text.
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In the low-temperatures range the main relaxation

mechanism is connected with interaction of protons

with paramagnetic centres, which is proved by the

small influence of temperature on 7. The presence of

these centres is also found from ESR investigations.
The paramagnetic relaxation rate is given by

1T{ = cyexp(—E,/kT) 3)

The total relaxation rate may be presented as an
expression which is the sum of Equations 2 and 3.

The experimental points of the longer 7; compon-
ent were fitted to this expression. Relatively good fit
was obtained for following parameters: ¢, = 4451,
E,=13kJmol™%, ¢, =0.16s7!, E, = 0.6 kImol '
It is represented by the full line in Fig. 10.

The activation energy of molecular move-
ments  characteristic for dipolar relaxation
(13 £ 2.6 kJmol~*) is in line with E, calculated from
the temperature dependence of linewidth, and is the
same order as in PPS [11]. It is pointed out that
dipolar relaxation is associated with the hindered
rotation of phenyl rings in the crystalline phase of the
polymer. The dramatic increase in relaxation time
above 480 K indicates the phase transition due to
melting of the crystalline region of PPSe. At the same
temperature, the broad-component of the resonance
line disappears.

The scatter of experimental points for the short-
component (Fig. 10) is higher than for the long-com-
ponent of 7). This is caused by the small fraction of
this component in the total relaxation process, 15%,
and therefore, a low accuracy in the case of the short-
component is obtained.

The temperature dependence for a short-compon-
ent is smaller than for a long one. This may indicate
that the dipolar relaxation related to this component
of T, is induced by molecular movements with a lower
activation energy. It may also reflect that in the
molecular region typical for a short-time component,
the concentration of paramagnetic centres is higher
than in the region described by a long-time com-
ponent.

1t is fulfilled for both processes assuming that the
short-time component is related to the amorphous
phase of the polymer.

Non-identical relaxation times, 7, for amorphous
and crystalline regions in PPSe, indicate that there is
no spin diffusion between both phases. This is con-
trary to the results of PPS, where identical relaxation
times for both regions were detected [11, 12]. Con-
siderably higher values of the long 7, component in
PPSe indicate a lower concentration of paramagnetic
centres in our material, compared to PPS [11, 12].

3.6.2. "H-NMR in SO;-doped PPSe

3.6.2.1. NMR linewidth. The NMR investigations of
SO;-doped PPSe were made only in the low temper-
ature range, because above 300 K a redoping process
occurs. In Fig. 11 the temperature dependence of
NMR linewidth for doped PPSe is shown. The line-
width is practically constant up to room temperature,
indicating that the rotation of phenyl rings in the
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crystalline phase of the polymer is completely hin-
dered by the doping molecules. Moreover, as a result
of the doping process, the NMR line becomes nar-
rower by about 0.5G, compared to the undoped
sample. Thus the interactions between protons are a
little weaker as a result of chain separation by the SO,
molecules.

3.6.2.2. Relaxation time, T,. Magnetization recover-
ies in doped samples of PPSe are non-exponential
over the whole temperature range. This is clearly seen
in Fig. 12 where the magnetization recovery at 120 K
is shown. Interpretation of this magnetization re-
covery in the framework of the two-component re-
laxation time was unsuccessful because of insufficient
accuracy. So the expression

exp[—(t/T1)"] @

was applied, which is related to relaxation through
paramagnetic centres without spin diffusion. The fit-
ting of the experimental points to the above expres-
sion was fulfilled only in a very limited region. The
best fit gives three components of 7;. The proton
fractions corresponding to these components are: for
the short one 15%, for the medium one 45% and for
the long one 40%. The temperature dependence for all
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Figure 1] The temperature dependence of NMR linewidth for
PPSe doped with SO;.
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Figure 12 The magnetization recovery as a function of time at
120 K. (——) Fitting procedure for three-component relaxation
times.
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T, components in doped PPSe are given in Fig. 13.
The values of medium and long 7; components are the
same as those of the undoped sample. Thus approxim-
ately 85% of the polymer remains undoped and re-
laxation proceeds in the same way as in the undoped
PPSe. However, the short-component of T, is much
lower for doped than undoped PPSe. This is the result
of the increased concentration of paramagnetic cen-
tres in the effectively doped part of the polymer. Such
a phenomenon has already been observed in PPS
doped with SO, [22].

4. Conclusions

Resonance lines in PPSe as well as in PPS are two-
component at elevated temperatures. The broad com-
ponent corresponds to the crystalline phase and the
narrow one to the amorphous phase. The linewidths
for the crystalline phases of both polymers are identi-
cal at low temperatures, which confirms the sugges-
tions given by Acampora et al. [5] about the isomor-
phism of crystalline PPSe and PPS.

The temperature dependence of linewidth in PPSe
is similar to that observed in PPS. The activation
energy in the high-temperature range is of the same
order for both polymers and is connected with hin-
dered rotation of phenyl rings in the crystalline phase
of the polymer. The melting point of that phase ob-
tained from broad-line measurements is close to that
observed by the DTA method. It is lower by about
70 K than for PPS.

The magnetization recovery in 7 relaxation time
measurements for PPSe is non-exponential over the
whole temperature range and may be considered a
two-component dependence. On the other hand, in
PPS the relaxation is mono-exponential due to rapid
spin diffusion between amorphous and crystalline
phases. The existence of two relaxation times in PPSe
may reflect the fact that spin exchange between the
phases is restricted, compared to PPS. The temper-
ature dependence of relaxation times for PPSe is
similar to that of PPS.

Two relaxation mechanisms were found in PPSe,
analogous to PPS. At high temperatures, dipolar re-
laxation dominates which is caused by hindered rota-
tion of phenyl rings. At low temperatures the relaxa-
tion is connected with interaction of protons with
paramagnetic centres, the presence of which was con-
firmed by ESR. Considerably longer relaxation times
at low temperatures in PPSe in comparison to PPS
may indicate a lower concentration of paramagnetic
centres.

NMR measurements which were made for pure
PPSe show that there is no essential difference
between structure and molecular dynamics in PPS
and PPSe.

The doping of PPSe with SO; showed that electri-
cal conductivity increased, but its value was two order
of magnitude lower than for PPS doped under the
same conditions. The decreasing conductivity during
the doping process corresponds to the chemical reac-
tion between SO; and the backbone of chains, which
was confirmed by infrared spectroscopy. The SO,
molecules penetrate the whole volume of the polymer
yielding, as a result, an almost amorphous structure.

The linewidth is slightly narrower for doped PPSe
at lower temperatures compared to the undoped
sample. Over the whole range of temperatures the
linewidth is almost constant; this may reflect total
hindered rotation of phenyl rings by penetrating
molecules. As a result of the doping process, the third
component of 7; occurs with a participation of 15%.
The values of relaxation time for third component
indicate that this component is due to the relaxation
process between protons and paramagnetic centres
generated by SO;-molecules, analogous to PPS.

On the other hand, elemental analysis showed that
in a doped sample there was almost 20% sulphur
atoms, which corresponds well with the results of
nuclear relaxation measurements.
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