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Photoluminescence studies have been carried out on several amorphous poly(p-phenylene sulfide)
(PPS) films using a frequency-tripled pulsed Nd:(yttrium aluminum garnet) laser at 355-nm wavelength.
The main luminescence is attributed to the 7* — 7 transition where 7* represents the first excited singlet
state of the PPS molecule. The emission features of the amorphous films with different thermal-aging
treatments have been obtained, which revealed that the luminescence intensity was reduced and the peak
position was slightly shifted after thermal aging. The luminescence lifetime of PPS has been determined
to be 2—4 ns by use of a deconvolution method. In addition, a vibronic structure was observed in the
photoluminescence spectra at low temperature with the energy spacing nearly equal to the energy corre-
sponding to the phenylene-sulfur stretching vibration. These low-temperature data were analyzed using
the lattice-relaxation model with a two-level system. The results indicate that the Huang-Rhys parame-
ter and the temporary lattice distortion slightly decrease with the thermal aging of the polymer.

1. INTRODUCTION

Poly(p-phenylene sulfide) (PPS) is a semicrystalline
thermoplastic polymer which possesses excellent mechan-
ical, electrical, thermal, and chemical resistance proper-
ties. Enhancement of these properties of PPS have been
obtained through thermal-aging treatment for a variety
of products and applications.! PPS is also a nonrigid,
not-fully-carbon-backbone-linked polymer made conduct-
ing by AsFs doping.>”° The pristine polymer is commer-
cially available. It is easily melt processible, an impor-
tant property for potentially obtaining commercially vi-
able conduction plastics. PPS therefore has attracted
considerable interest in order to understand its structural,
electrical, and electronic properties. Many different ex-
periments have been devoted to the studies of both pris-
tine and doped PPS in the last decade,® !! including ab-
sorption'? and chemiluminescence.!> However, because
of its chemical complexity and the lack of an attractive
physical model such as the soliton, the research on the
electronic properties of PPS still lags behind that of con-
jugated polymers. Questions concerning the spectral and
temporal behavior of PPS emission still remain. Little
dat{a3 on PPS photoluminescence (PL) have been report-
ed.

In this paper we present the photoluminescence spec-
tra from a set of amorphous PPS films with different
thermal-aging treatments, excited at 355 nm by a pulsed
Nd:YAG. The main luminescence of PPS is attributed to
the m* — transition.!* 7* represents the first excited
singlet state of the PPS molecule which may possibly be
described as an exciton state.!> We found that the PL in-
tensity and shape are dependent on the duration of the
thermal-aging treatment. We used a deconvolution
method to determine the luminescence decay which is ap-
proximately exponential with a lifetime independent of
the thermal-aging treatment. We also discuss the tem-
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perature dependence of PL from PPS films. We observed
a vibronic structure in the PL spectra at low tempera-
tures, which indicates that the transition of the 7 electron
is coupled to the intrachain stretching vibration. A
lattice-relaxation model with a two-level system was then
developed to interpret the experimental data. Our results
show that the electron-lattice coupling strength in PPS is
slightly reduced after the thermal-aging treatment.

II. EXPERIMENT

The samples used for this study were obtained from
Phillips Petroleum Company. Amorphous films with and
without thermal-aging treatments were supplied. The
thicknesses of films were about 65 um. These films were
fabricated by a heat compression molding technique
whereby the material is pressed between two steel plates
at 500-600 psi at a temperature of 320°C. After mold-
ing, the amorphous films are quickly transferred to a cold
press, thus rapidly quenching the material. The average
molecular weight of these polymer films is between 40 000
and 50000.7 In the thermal-aging process the polymer
powder is heated to 260 °C in air for a specified number of
hours succeeded by a fast cooling (2—3 min). PPS has a
crystalline melting point T, of 285°C and a glass transi-
tion temperature T, of 85°C, respectively.! The trimer
and tetramer samples used in absorption measurements
were in the CCl, solution. The formulas of trimer and te-
tramer are (CGHs'S‘C6H4'S-C6H5) and (C6H5'S'C6H4‘S'
C¢H,-S-C¢Hs), respectively.

The experimental system used for PL measurements is
shown in Fig. 1. The excitation source was a Spectra
Physics GCR-4 Nd:YAG laser, using its third harmonic
at 355 nm with a pulse width of 6 ns, operating at 10 Hz.
The energy of the laser beam was reduced to about 50 uJ
per pulse. The light was incident on the PPS sample at
an angle of about 45°. The light emitted from the sample
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FIG. 1. Experimental setup for photoluminescence measure-
ments.

was collected at a right angle to the incident beam, fo-
cused onto the entrance slits of a SPEX 1404 double
grating spectrometer and detected by a HAMAMATSU
R943-02 photomultiplier tube (PMT) which was cooled
to —25°C. The signal from the PMT was directed into
an EG&G 4422 gated sampler with impedance of 50Q)
and averaged by the 4420 Boxcar Averager. For fast life-
time measurements the appropriate impedance match be-
tween the electronics and BNC cable connection was
carefully determined in order to avoid introducing signal
distortion. The spectral response of our experimental
system from 360 to 660 nm has been calibrated by using a
standard quartz tungsten halogen (QTH) lamp from the
Eppley Laboratory. This allowed all of our PL spectra to
be corrected. The absorption spectra were measured us-
ing a Cary 2400 spectrophotometer.

III. RESULTS

A. Absorption spectra

The absorption spectra of the unaged PPS film, as well
as its trimer and tetramer oligomers in CCl, solution,
were measured at room temperature in the region from
300 to 400 nm. As shown in Fig. 2, the absorption edge
significantly shifts to longer wavelengths when the
phenylene-sulfide chain is extended from trimer (3-phenyl
rings), to tetramer (4-phenyl rings), to polymer (~400-
phenyl rings). The absorption edges (at an absorbance
value of 2.0) are at 328, 338, and 364 nm, corresponding
to the trimer, tetramer, and amorphous PPS film, respec-
tively. The energy gap decreases when the m-orbital over-
lap extends over more phenylene rings. This property in-
dicates that even though the phenyl rings are orthogonal
to one another, the appreciable delocalization of the
electrons along the PPS chain still exists. This result is in
agreement with the previous study by Bredas et al.!®

Figure 3 shows the absorption spectra from a set of
amorphous PPS films with different durations of the
thermal-aging treatments. The spectrum of aged samples
has a higher absorption tail and shows higher broadband
absorption in the visible region compared with that of the
unaged sample. The absorption edges represent the
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FIG. 2. Room-temperature absorption spectra from an
unaged amorphous PPS film, and from the trimer and tetramer
oligomers in the CCl, solution.

m—7* transition in PPS.!* The sharp absorption edge
shifts from 364 nm for the unaged film to 365.5 for the 2-
h aged sample and shifts slightly further for samples with
longer aging time. The absorption peak was taken at 326
nm for the unaged PPS film from the absorption spec-
trum of a PPS thin film reported by Friend and Giles.'? It
has been reported7 that cross linking, chain extension,
and oxidization may occur when PPS is thermal aged in
air at 260° C. Therefore, the higher absorption tail reflects
the collective absorption behavior from the thermal de-
graded PPS molecules. The broadband absorptions in the
visible region are from chemical species which have
smaller energy gaps. These more colored species were
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FIG. 3. Room-temperature absorption spectra from a set of
amorphous PPS films with different aging times.
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formed during heating of the polymer in air. These
species possibly possess double bonds between carbon and
sulfur atoms.’

B. Room-temperature photoluminescence

The PL spectra shown in Fig. 4 were from a set of
amorphous PPS films with different durations of the
thermal-aging treatments. All these PL spectra show a
broadband emission with the maximum around 380 nm.
The FWHM (full width at half maximum) for each sam-
ple is about 2600 cm ™~ !. This broadband feature is due to
the amorphous nature of the film and the multiphonon-
assisted transitions.'® The main peak of the luminescence
is attributed to the 7* — 7 singlet transition. The 7 elec-
tron in PPS is partially delocalized along the chain.!® As
a result, the dominant electronic excitations are inherent-
ly coupled to the chain distortions. The intensity of the
fluorescence from aged films is reduced while the broad
band emission at longer wavelengths is relatively
enhanced. The reduction in peak intensity from the aged
films is probably due to the presence of quenching impuri-
ties?® which were unintentionally introduced during the
heating of the PPS in air. This process of impurity
genching is commonly due to an increase in the rate of
both intersystem and intrasystem crossing from the first
excited singlet state to the first triplet state and to the
ground state in the presence of the quencher.?’ The pro-
cess can be represented as

Q Q Q

IM*3M*, 'M*>M, M*>M, 3.1)
where 'M*, 3M*, and M represent first singlet excited
state, first triplet state, and the ground state of the PPS
molecule while Q is the quencher. Such quenching
behavior is typical of impurities such as oxygen. Previ-
ous investigations”?! confirmed that the oxygen atoms
entered the polymer when PPS was treated close to its
melting point in air. In addition, the energy of the excit-
ed state of PPS molecules may also be transferred to
secondary radiating centers which, in turn, emit their
own luminescence in the region of longer wavelengths.
These emissions at longer wavelengths are increased for
aged samples.
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FIG. 4. Room-temperature PL spectra from a set of amor-
phous PPS films with different aging times.

We also noticed that the peak position of the PL from
the aged PPS films was slightly shifted to shorter wave-
lengths, while the absorption edge was shifted to longer
wavelengths. Presumably, this is due to the change of the
electron-vibration coupling strength after the aging pro-
cessing. We will discuss the electronic-vibration coupling
in PPS in a later section.

C. Emission decay of PPS

The fluorescence lifetime measurements were carried
out using a deconvolution technique owing to the compa-
rable events in the time range between the PL decay and
the light source duration of 6 ns. In addition, the PMT
rise time is also of concern. At room temperature, we
measured the temporal decay profiles of all PPS films at
their peak positions (380-385 nm). We found that
different samples have almost the same decay profiles.
The lifetime was found to be 2.6+0.5 ns at the peak posi-
tion. At a low temperature of 7'=6 K, we measured the
emission profiles at both the main peak (365-370 nm)
and the second peak (380-385 nm). We found that the
luminescence at these two peaks has exactly the same de-
cay profiles. The fluorescence lifetime is 3.2+0.5 ns. Al-
though each lifetime value obtained has a significant er-
ror bar, they are still valuable because no fluorescence
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FIG. 5. Deconvolution of the laser pulse and the emission
pulse for an amorphous PPS film at room temperature. (a) The
measured laser pulse, (b) the measured emission pulse, (c) the
deconvoluted emission decay result.
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lifetime data of PPS have been available in the literature.

The situation at room temperature is illustrated in Fig.
5, where 7=2.6 ns gives the best fit; the situation at 7=6
K is illustrated in Fig. 6 where 7=3.2 ns. In both cases
the exponential decay fits are consistent with the mea-
sured results. This indicates that the actual emission de-
cay is approximately exponential.

D. Low-temperature photoluminescence

The PL spectra at temperatures of 293, 150, 80, and 6
K from an amorphous PPS film are shown in Fig. 7. The
PL intensity increases when temperature decreases. At
low temperatures the emission spectrum shows two well-
resolved peaks at 367 and 382 nm. The low-energy emis-
sion with a long tail extending to about 500 nm can be
recognized as phonon sidebands associated with the vi-
brational states of the polymer chain. The energy spac-
ing between the two peaks is about 1080 cm ™!, which is
similar to the energy of the intrachain phenylene-sulfur
stretching vibration. The latter has an energy of 1076
cm ! as determined from our Raman measurements.??

Figure 8 shows PL spectra at temperatures of 293, 150,
80, and 6 K from a 2-h aged amorphous PPS film. The
fabrication of this sample is the same as the amorphous
film except for the thermal-aging treatment. The main
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FIG. 6. Deconvolution of the laser pulse and the emission
pulse for an amorphous PPS film at 7=6 K. (a) The measured
laser pulse, (b) the measured emission pulse, (c) the deconvolut-
ed emission decay result.
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FIG. 7. PL spectra of an unaged amorphous PPS film at four
different temperatures: (a) T=6 XK, (b) T=80K, (c) T=150K,
(d) T=293 K.
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FIG. 8. PL spectrum of a 2-h aged amorphous PPS film at
four different temperatures: (a) 7=6 K, (b) T=80 K, (c¢)
T=150K, (d) T =293 K.
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FIG. 9. Temperature dependence of the PL peak intensities
for the amorphous and 2-h aged films.

peak and the sideband of the low-temperature spectrum
are at 366 and 381 nm, respectively. Note that the ener-
gy difference between these two peaks once again corre-
sponds to the energy of the intrachain phenylene-sulfur
stretching mode. Comparing the spectra of the aged film
with that of the unaged film, it is found that the relative
intensity between the main peak and sideband is changed
significantly. The main peak of PL is much more intense
than the sideband from the aged film. The peak position
in the PL spectrum of the aged sample is shifted towards
higher energy by about 80 cm™! (AA= 1.1 nm), while the
absorption is shifted towards lower energy by about 120
cm ! (AA=1.5 nm) (see Fig. 3).

The temperature dependences of the PL peak intensi-
ties from an amorphous film and a 2-h aged amorphous
film are shown in Fig. 9. The peak intensity of PL de-
creases when temperature increases. This is reasonable
because at high temperature the quenching rate is in-
creased for organic materials.?®

IV. INTERPRETATION
OF THE EXPERIMENTAL RESULTS

The experimental results described above show that the
7* —r transitions in PPS are coupled predominantly to
the phenylene-sulfur stretching vibration along the PPS
backbone.?? The 7—* excitation causes the temporary
lattice deviation owing to the lattice relaxation.?*2” The
strength of the electron-lattice coupling of an electronic
state depends strongly upon the spatial extent of that
state. The spectral changes of PPS films upon aging seem
related to the change in the electron-lattice coupling
strength. Based on the above information we used the
lattice-relaxation theory?*? to interpret the experimental
results.

A. Physical model for vibronic transitions

In general, there are interactions between the 7 elec-
trons of the phenylene rings and their neighboring atoms
in a PPS molecule. The electronic transition of the local-
ized 7 electron changes the equilibrium position of the
surrounding sulfur atoms in the polymer lattice. To sim-

plify, we take the phenylene ring with its 7-electron sys-
tem as a single unit. The center of the ring represents the
average nuclear position in the lattice. The 7 electron in
a phenylene ring interacts with its surroundings, behav-
ing as the electron-lattice interaction. The total Hamil-
tonian of the electron-lattice interaction system can be
written as

H=H,+H, +H,; ,

where H,, H, , and H; represent the -electronic,
electron-phonon, and lattice vibration Hamiltonians, re-
spectively. In the adiabatic approximation, the total
wave function of the system can be written as a product
of two functions:

4.1)

V. (r,q)=¢;(r,9)x;,(q) , 4.2)

where r represents the electronic coordinates and g
represents the nuclear coordinates; the function ¢;(r,q) is
an electronic wave function which depends parametrical-
ly on the nuclear coordinates and x; ,(q) is a vibrational
wave function which describes the nuclear motion. The
electronic and vibrational wave functions are solutions of
the following eigenvalue equations:2*

(He+HeL )¢i(r’q):Ei(q)¢i(r’q) ’
[HL+Ei(q)]Xi,n(q):Ei,nXi,n(q) .

The first equation of the system describes the station-
ary states of the electrons in the adiabatic approximation.
The second equation of the system describes the motion
of nuclei in the molecule and is denoted as the vibrational
equation.

In a simplified model, the electron-phonon interaction
Hamiltonian H,; and the electronic eigenvalue E;(q) are
taken as linear functions of the lattice coordinates g,.
The influence of localized electronic states on the lattice
vibration results in the displacement of the lattice equilib-
rium position.?

In the following, two levels, i and j, of the system are
assumed. For an optical transition (emission or absorp-
tion), the transition probability is proportional to the
square of the transition matrix element. For localized
centers showing lattice relaxation, the atomic
configuration changes with the transition, so in forming
the transition matrix element, the atomic vibrational
wave functions x; ,(q), X;.(q), as well as the electronic
wave functions ¢,(r) and ¢;(r) have to be taken into ac-
count. So one should write the transition probability

Wea | [ 250 | [ $jerdidr |xin@rda |, @.9)

(4.3)
(4.4)

where the electric dipole moment er is assumed. As the
integral over the electronic coordinates can be considered
as approximately independent of the vibrational coordi-
nates (the “Condon approximation”), one has approxi-
mately

[ #:i(r.qrerd;(r,9dr =M, ,

which is independent of lattice coordinates g. The optical
transition probability then is approximately

(4.6)
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4.7)

2
Wijc(Ml%' fXj,n'q)Xi,n(q)dq .

In this formula, the vibronic transition probability is
determined by the overlap integral between the initial-
and final-state vibrational wave functions.

Based on Eq. (4.7) we can predict that if a single pho-
non mode of frequency o, is involved, the emission spec-
trum will include a series of lines with frequencies

E=E, ,—pho, . (4.8)

This kind of spectral structure is known as the vibronic
structure and p is an integer.

Usually, a single-mode approximation is used to ana-
lyze the multiphonon vibronic structure in a spectrum.
For a polymer system, a two-level configuration coordi-
nate model is a good approximation®® to account for the
lattice relaxation (Fig. 10). The main peak in the absorp-
tion spectrum corresponds to a vertical transition from
the vibronic ground state of the level i to the vibronic
state of the level f (A — B) while the main peak in the
emission spectrum corresponds to a vertical transition
from the vibronic ground state of the level f to the vib-
ronic state of i (C— D). Using the harmonic approxima-
tion, the Stokes loss, which is the energy spacing between
the main absorption peak and the zero-phonon emission
line, is

L=10’A} , 4.9)
where A, is the displacement of the two adiabatic poten-
tial curves in the normalized configurational coordinate.
We can write the Stokes loss in terms of the number of vi-
brational quanta which is

S =%L;=%A%f . (4.10)
f:S1
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FIG. 10. Configurational coordinate diagram for two levels i
and f. The lower parabola represents the potential curve of the
ground electronic state of the PPS molecule while the upper pa-
rabola represents the potential curve of the excited electronic
state. The abscissa g represents the configurational coordinate.

Here, S is known as the Huang-Rhys parameter?
describing the strength of the electron-phonon coupling.
The Huang-Rhys parameter S can also be used in a gen-
eral situation with multiple vibrational modes and is writ-
ten as®

(o)X 2
E Aif,k . (411)

S=3
k
The Stokes loss then becomes

L=S{tiw),,=Sto , (4.12)

where the weighted average is over all phonon modes and
o is the effective phonon frequency.

Now consider the vibronic transition from the zero
vibronic state of the upper level ¢, ( to the vibronic state
of the lower level ¢ ,, corresponding to the transition at
the low-temperature limit. Using harmonic-oscillator
eigenfunctions, the overlap integral between the initial-
and final-state vibrational wave functions can be solved:*

2 g

]fl'lo(q)Xon(lI)dq’ =e 87,‘ . (4.13)
The distribution of the emission intensity versus energy
then can be written as

Sn

4.14)
n!

I :Mﬁe s

This formula is known as the “Pekarian Formula” which
follows a Poisson distribution. M; is the matrix element
of the transition between the excited and ground elec-
tronic states, S is the Huang-Rhys parameter, and value
e % is the Condon factor, giving the relative size of the
transition which occurs without the creation or annihila-
tion of phonons (0—O0 line), and » =0,1,2..., which
represents the number of phonons involved in a transi-
tion.

In our PL measurements, the excited source used is at
a wavelength of 355 nm which excites only the first 7*
singlet state of the PPS molecule. Therefore, we can use
a two-level system to analyze the localized -electronic
system of the poly(p-phenylene sulfide) film: a ground
level and an excited level. The dominant vibrational
mode which couples to the 7*—7 transition will be
shown to be the phenylene-sulfur stretching mode.

B. The electron-lattice coupling in PPS

Based on the physical model described above, the main
PL peak is associated with the vertical transition from
the zero vibronic state of the upper level to the vibronic
state of the lower level (C— D in Fig. 10); the main PL
peak of the unaged amorphous PPS film is at about
27250 cm ! (367 nm). The absorption peak is associated
with the vertical transition from the zero vibronic state of
the lower level to the vibronic state of the upper level
(A—B in Fig. 10). The absorption peak was taken at
30680 cm ™! (326 nm).!? The Stokes shift is then about
1700 cm ™~ '. The 1076-cm ™! phonon appears to dominate
the spacing between the peaks in the low-temperature PL
spectrum (Fig. 7). Therefore, it was used as the effective
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FIG. 11. Curve fitting for PL spectrum of an unaged amor-
phous PPS film at T=6 K. The decomposed vibronic structure
shows different phonon orders with Gaussian-shaped lines.

frequency in Eq. (4.12) allowing the Huang-Rhys parame-
ter S=~1.6 for the unaged amorphous PPS film to be
determined. This value is larger than the S value of 1.1 in
poly(3-methylthiophene) reported by Poplawski and
Ehrenfreund.?! This result indicates that the electron-
lattice coupling in PPS is greater than that in poly(3-
methylthiophene). It indicates that the 7 electron in PPS
is less extended than the 7 electron in this latter conju-
gated polymer.

Figure 11 shows the analysis for the PL spectrum of an
unaged amorphous PPS film at 6 K. Based on the
“Pekarian formula” (4.14), the PL spectrum is composed
of a main peak and the accompanied sidebands with a
neighboring energy spacing of 1076 cm~'. We used a
curve fitting program to fit the PL spectrum by adding a
series of Gaussian-shape lines with spacing of 1076 cm ™.
Each subsequent band corresponds to different phonon
orders (Table I). The relatve intensities of these bands
approximately follow the Poisson distribution with
S =1.6. The intensity ratio between the first and second
peaks is about 1.2. The mechanism of the large band-
width is mainly attributed to the inhomogeneous
broadening. The polymer sample is a complicated molec-
ular ensemble and has an amorphous nature. The mole-
cules in a polymer sample have different molecular
weights which are widely distributed between 40 000 and
50000.7 There are derivants, faults, unintentional impur-

TABLE 1. The curve fitting results of the PL spectrum from
an unaged PPS film (see Fig. 11).

Phonon orders

1 2 3 4

Peak positions (cm™!)

27250 26170 25094 24018
Standard deviations (cm™!)
418 455 483 412

ities, etc., inside the sample. The frequency of a transi-
tion is influenced by the molecular change as well as envi-
ronmental change. Hence, the profile, being a composite
of the transitions from different sites, shows a Gaussian
line shape.

Figure 12 illustrates the analysis for the PL spectrum
of a 2-h aged PPS film at 6 K. The spectrum is composed
of a main peak and sidebands with the same energy spac-
ing of 1076 cm ! as in the spectrum of an unaged sample.
The Stokes shift for the aged PPS sample is reduced be-
cause its absorption spectrum is shifted to a longer wave-
length while its emission spectrum is shifted to a shorter
wavelength. The Stokes shift for the 2-h aged PPS film is
reduced to about 1600 cm ™! and a value of S~1.5 was
obtained. The change of the S value indicates that the
strength of electron-phonon coupling in PPS is modified
after the aging process. According to the Poisson distri-
bution (4.14), the change of the S value will modify the
relative intensity among the main peak and sidebands in a
PL spectrum. This has been seen in Fig. 12 where the
spectrum shows a distinct intensity ratio of the main
peak emission to the sideband. The intensity ratio be-
tween first and second peaks for an aged sample is 1.36,
which aproximately follows the Poisson distribution.
The reduced Stokes shift for an aged PPS film also im-
plies that the displacement A, of the configurational
coordinate between two electronic levels in the aged sam-
ple is a little smaller than that in the unaged PPS film.
The results of the curve fitting for PL spectra (Figs. 11
and 12) from an unaged and a 2-h aged PPS films are list-
ed in Tables I and II, showing the peak positions and
standard deviations for different phonon orders.

We can relate the Stokes shift Sh to the lattice distor-
tion energy and solve the lattice distortion Aj, upon
knowing the lattice force constant. Using the data ob-
tained in a previous paper,?? the effective force constant
for the phenylene-sulfur displacement is Cgz~16
(mdyn/A). We can estimate the lattice distortion A] . in
terms of
A,

= | 4.15)
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WAVE NUMBER (10° cm )

FIG. 12. Curve fitting for PL spectrum of a 2-h aged amor-
phous PPS film at T'=6 K. The decomposed vibronic structure
shows different phonon orders with Gaussian-shaped lines.
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TABLE II. The curve fitting results of the PL spectrum from
a 2-h aged PPS film (see Fig. 12).

TABLE IIl. The electron-phonon coupling parameters.

L* E¢ E,* v

Phonon orders No. (cm™}) (cm™}) (cm™!) E,—E, S (A)
1 2 3 4 12 1700 27250 26170 1080 1.6  0.065
Peak positions (cm™!) 2° 1600 27330 26250 1080 1.5 0.062

27330 26250 25174 24098
Standard deviations (cm™!)
397 474 499 447

where p is the effective mass and Aj; has the unit of
length. The lattice distortion energy, 5 Ceg(Aj, )2, is equal
to the Stokes shift in our model. We then solved the lat-
tice distortion Aj,~0.065 A for the unaged amorphous
PPS film and A},~0.062 A for the 2-h aged film. The
distance between the center of phenylene ring and sulfur
atom is 3.13 A, which was obtained from the lattice size
of PPS given by Tabor, Magre, and Boon.*? The distor-
tion therefore is about 2.1%. The lattice-relaxation pa-
rameters for an unaged amorphous PPS film and a 2-h
aged PPS film are listed in Table III.

In general, the strength of the electron-lattice coupling
of an electronic state depends strongly upon the spatial
extent of that state.’> When the state is confined to a sin-
gle atomic site, the strength of the coupling of the elec-
tronic state to the lattice is large, much greater than 1;
whereas, when the state extends over many sites, the
electron-lattice interaction is, in general, much smaller.
Because the electronic state only interacts effectively with
atomic vibrations having wavelengths greater than its
characteristic length, a short-range electron-lattice in-
teraction, such as the deformation potential, will have a
coupling strength varying inversely to the spatial exten-
sion of the state. Thus, an electronic state which is
confined to an atomic site will have a large value of the
coupling strength S whereas a state which extends over a
large monomer will have a small-S value (i.e., coupling to
the lattice vibrations would be weak). These differences
are of crucial importance in discussing the magnitude
and temperature dependence of the hopping conductivity
among such states.>> As indicated by our absorption re-
sults as well as previous studies,!®!° the 7 electron in PPS
is partially delocalized along the chain; therefore, we ex-
pect to have a smaller-S value. Previous investigations
also indicated that both interchain and intrachain
crosslinking in PPS occurred during the aging process-
ing** and the photoconductivity near the absorption edge
was significantly enhanced after PPS was annealed in ox-
ygen at temperatures ranging from 250 to 295°C.3° The
intrachain crosslinking will increase the -orbital overlap
along the PPS chain. The increased photoconductivity is
the evidence of this behavior. Therefore, the electron-
lattice coupling strength should be reduced for aged sam-
ples, which is consistent with our PL results.

2An unaged amorphous film.
A 2-h aged film.

°Stokes shift.

4Main peak.

°Sideband.

V. SUMMARY

The absorption and PL spectra from various amor-
phous PPS films with different thermal treatment were re-
ported. The excitation of the 7 electron in PPS may form
a localized electron-hole pair and the PL of PPS could be
attributed to these intrachain excitons. The w-electron
system plays a key role in determining the electronic
properties of PPS, such as the conductivity upon doping.
Previous studies indicated that the 7 electron in PPS is
partially delocalized along the chain. As a result, the
dominant electronic excitations are inherently coupled to
chain distortions. Our low-temperature measurements
show that the photoluminescence of PPS films is accom-
panied by strong phonon sidebands whose frequency is
similar to the phenylene-sulfur stretching vibrations in
the polymer backbone. The lattice-relaxation model with
a two-level system was then used to analyze the PL data.
The lower level represents the ground electronic state and
the upper level represents the excited state (7*) of the
PPS molecule. Our low-temperature PL data were well
interpreted by using this model. The electron-phonon
coupling strength, the Huang-Rhys parameter S, as well
as the temporary lattice distortion A}, between the
phenylene ring and sulfur atom were determined for both
the unaged amorphous PPS film and the 2-h aged PPS
film. The results show that the strength of the electron-
lattice coupling was slightly changed after the aging pro-
cess. This change is expected because the 7-orbital over-
lap along the PPS chain was increased after the aging
process. In addition, the luminescence decay lifetime was
determined by using a deconvolution method. The
room-temperature PL intensity and peak shape, which
are related to the sample morphology and the thermal
process, were also discussed.
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