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ABSTRACT: Thermal properties of poly(thio-1,4-phenylene) (PPS) have been determined by differential
scanning calorimetry. The solid heat capacity was measured from 220 to 350 K and the liquid heat capacity
from 540 to 600 K. A detailed description of the glass transition at 363 K, its increase in heat capacity of
29.9 J/(K mol), broadness, and hysteresis effects, is reported. Three parts of the heat of fusion are identified.
Their corresponding crystallinities are w*(H), contributed by a higher melting peak; w®(L), contributed by
a lower melting peak; and w®(C), developed on cooling after isothermal crystallization. A rigid amorphous
fraction above the glass transition is needed to explain the failure of the two-phase model. Recrystallization,
perfection, and reorganization of crystals are identified. The width of the melting range was found to be about
150 K. There is considerable similarity in the glass transition and melting behavior of PPS and PEEK.

Introduction

Poly(thio-1,4-phenylene) (PPS) is one of the thermo-
plastic polymers considered recently as a high-temperature
engineering matrix material in composites. The polymer
has good thermal stability and high physical strength and
is easily processed.!™ In addition, PPS has recently gen-
erated interest as being the first melt and solution pro-
cessable polymer that can be rendered electrically con-
ductive.>® From the scientific point of view, engineering
processing is closely related to crystal structure, crystal
morphology, crystallization kinetics, and thermal proper-
ties.

The crystal structure of PPS has been reported by Tabor
et al.” Brady® has discussed in depth the effects of pro-
cessing conditions on crystallinity. The growth of single
crystals of PPS, as well as polycrystalline aggregates from
solution,® the determination of morphological character-
istics of melt-grown samples, including unique thin-film
morphologies,'® and the examination of structure and
morphological changes accompanying doping with con-
ductivity enhancing materials!! have been studied widely.
Crystallization kinetics of PPS, as a resin sample, has been
carried out by Lovinger et al.'? and with carbon fiber, as
a matrix material, by Jog et al.l3

Compared with those previous studies of the structure,
morphology, and crystallization kinetics of PPS, the
thermal properties of PPS are less well established so far.
The calculation of solid heat capacity of PPS has been
completed recently.'* The glass transition temperature,
T, of PPS varies with the measuring conditions, and lies
in the range from 357 to 365 K. The absence of liquid heat
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capacity data of PPS made it impossible to assess the
increase of heat capacity, AC,, at the glass transition
temperature. The equilibrium melting temperature of
PPS, T.°, is still uncertain. The only report of T,,° for
low to intermediate molecular mass PPS was between 576
and 588 K, based on Ty, — T, extrapolation.!? The heat
of fusion was claimed to be 8.65 kJ/mol per repeating unit
for 100% crystalline PPS 8

In this paper, we focus on the thermal analysis of various
semicrystalline PPS samples. Both the solid and liquid
heat capacities have been measured which now permits the
determination of AC, at T,. The crystallinity and mi-
cromorphology dependence of AC,, as well as T, are dis-
cussed. The concept of a “rigid amorphous” polymer is
introduced for PPS. It is the cause of lower heat capacity
of semicrystalline PPS above T, i.e., the rigid amorphous
fraction does not contribute to the increase in heat capacity
at T, but unfreezes only at a higher temperature. Similar
behavior was found, for example, for poly(aryl ether ether
ketone) (PEEK).!"> The overall “rigid fraction, f,”, is
computed from C, by setting

fr =1 -{AC,(m)/AC,(a)] (AC, in J/(Kmol)] (1)
where AC,(m) is the measured heat capacity increase at
T, for semicrystalline PPS and AC,(a) applies to totally
amorphous PPS. The crystallinity, in turn, is determined
by

we = AH(m)/AH,  (AH;in kJ/mol)  (2)

where AH(m) is the measured heat of fusion of the sem-
icrystalline sample and AH; the heat of fusion of a 100%
crystalline sample. If the two-phase crystallinity model
is valid, £, is equal to w®. If not, one finds f, > w® and a
rigid amorphous fraction exists between T, and T},. The
case of f, < w® has not been observed.

Semicrystalline PPS shows irreversible melting. Below
the main melting peak premelting peaks are found that

© 1987 American Chemical Society
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Figure 1. DSC trace of quenched PPS (liquid N,). The glass
transition temperature is at 363 K, AC, at T is 26.3 J/(K mol),
and the crystallization peak can be found at 4f0 K, melting occurs
at about 548 K. Heating rate, 10 K/min.

are usually due to effects of defect and/or crystal reorg-
anization, annealing, and/or premelting.!® A study of ir-
reversible crystal melting cannot only determine melting
temperatures and crystallinity but may also provide im-
portant information on polymer crystal domain size,
change of metastability, and melting kinetics.!®

Experimental Section

Materials and Samples. The PPS for our research was
acquired from Polysciences, Inc. No additional information had
been provided. From our characterization, the intrinsic viscosity
of the PPS is 27.655 mL/g in a-chloronaphthalene at 483.2 K.
According to our unpublished results, the relationship between
number-average molecular weight and intrinsic viscosity of the
PPS is [1] a-chioronaphthalene(483.2 K) = 0.290M %%, Therefore, the M,
of PPS can be estimated as 0.91 X 10%

From the thermal properties described below, the PPS sample
we used is closely similar to others used for prior experiments.>®
Samples for differential scanning calorimetry (DSC) were prepared
in aluminum pans. The sample weights were over 15 mg in order
to obtain sufficiently precise heat capacity measurements, and
the precision of the sample weight was within %1 ug.

Equipment and Experiments. All samples were measured
with a Perkin-Elmer DSC2 in our ATHAS Laboratory. Four
temperature ranges were selected for measurements: from 220
to 340 K was the range of measurement for the solid heat capacity
(below T, from 315 to 410 K the glass transition was analyzed,
the temperature range from 375 to 580 K permits the analysis
of melting, and that from 540 to 600 K is needed for the mea-
surement of the liquid heat capacity. The DSC was calibrated
in these four temperature regions individually, following the
standard procedures.!” Both temperature and heat-flow scales
were corrected by using standard materials. All pan weights were
kept within + 2 ug. The repeatability of our Al;O; heat capacity
calibrations were within £0.1%; the calculations were based on
the data of the National Bureau of Standards.!®

It was reported that PPS crystallized to some degree even
during quenching (~5%).>1* We also found that the crystalli-
zation peaks are typically somewhat smaller than the melting
endotherm. A DSC trace of a quenched PPS is shown in Figure
1. Figure 2 (curve A) shows a DSC heating trace comparison for
PPS quenched in liquid N, from the melt (600 K) and two
crystallized samples. Both determination of the heat capacity
increase of curve A at T, based on the solid and liquid heat
capacity data of PPS (see below) and observation under a po-
larizing microscope!? show a small amount of crystallinity.

Isothermal crystallization from both the melt and the glassy
state were carried out. For isothermal crystallization from the
melt, the samples were first heated to 600 K and held at that
temperature for about 2 min to destroy all crystalline nuclei. The
samples were then cooled quickly to the crystallization temper-
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Figure 2. DSC traces of PPS in the T, region: (A) quenched
PPS sample; (B) after isothermal crystaﬁization at 513.2 K from
the melt for 0.5 h, then cooled to 315 K at 0.31 K/min; (C) on
n-pentane induced isothermal crystallization for 0.5 h at 443.2
K from the glass and then cooled to 315 K at 0.31 K/min.?
Heating rate 10 K/min.

ature, T, and kept there for the predetermined crystallization
time, ¢t,. The isothermal crystallization was followed by cooling
at a rate of 0.31 K/min to 325 K and analyzed by heating or by
direct analysis from T, without prior cooling. The analysis traces
were recorded by using a 10 K/min heating rate, extending to
580 K.

For isothermal crystallization from the glassy state, the samples
were heated to 600 K and held at that temperature for 2 min,
as before. Then the samples were quenched in liquid N, directly.
Different crystallization temperatures, T, were chosen for iso-
thermal crystallization, and the samples were heated from below
T, to T, at the fastest heating rate (320 K/min). The crystal-
lization time, t., was counted for attainment of T,. For analysis
the same procedures (with and without cooling) were used as in
the case of crystallization from the melt.

In order to study the melting behavior, different heating rates
(0.31-40 K/min) were used for the analysis of samples.

Two-step isothermal crystallization experiments were performed
to get information on multiple melting peaks. The first step was
a crystallization at a lower 7', for time ¢t ; then the samples were
heated to a higher T, for completion of crystallization. The second
crystallization temperature was chosen in the range of the earlier
observed lower melting peaks. DSC melting traces were recorded
after the samples were cooled to 325 K at 0.31 K/min.

Nonisothermal crystallization at constant cooling rates from
0.31 to 10 K/min were accomplished by cooling directly from the
melt after being kept at 600 K for about 2 min.

The glass transition region is characterized by five temperatures,
as was illustrated before:'® T, the first perceptible beginning of
the glass transition; T and T, the extrapolated beginning and
end of the glass transition (indicative of the broadness of the major
portion of the glass transition); T}, the glass transition temperature
(chosen at half-devitrification when judged by the heat capacity
increase); and finally, T, the end of the glass transition, which
is reached when the heat capacity of the amorphous portion
reaches the liquid heat capacity.

To study the hysteresis at the glass transition, the samples were
heated to just above T, (370 K) and cooled at various chosen rates
before analysis. The hysteresis peak temperature was recorded.
The endothermic peak area above base line of the heat capacity
above T, was measured for the discussion of hysteresis.

Results

Solid State Heat Capacities of PPS. The experi-
mental temperature range for heat capacity measurements
was 230-330 K. Both amorphous and semicrystalline PPS
heat capacities agree to be better than £1% in this tem-
perature range. A tendency of lower heat capacities for
semicrystalline PPS can be suggested but is well within
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Table I
Thermal Properties of PPS in the Glass Transition Region Measured on Heating at 10 K/min
cooling rate Ty, K 7T, K Ty K T, K T, K ATy, K¢ AT, Kb AC,, J/(K mol)
A. Nonisothermal Crystallization on Cooling from the Melt to below T,

quenched 352 358 363 366 372 8 20 26.3

cooling -0.31 K/min 352 359 368 377 390 18 38 9.0

cooling -2.5 K/min 352 359 368 378 392 19 40 8.6

cooling -10 K/min 352 359 369 380 395 21 43 8.3

B. Isothermal Crystallization from the Glass, Followed by Cooling at —0.31 K/min to below T,

4432 K,05h 352 363 318 388 402 25 50 9.2

463.2 K, 0.5 h 352 363 376 387 400 24 48 9.5

483.2 K, 0.5 h 352 363 373 386 398 23 46 10.0

C. Isothermal Crystallization from the Melt, Followed by Cooling at -0.31 K / min to below T}

503.2 K, 0.5h 352 357 370 384 395 43 9.2

513.2K,0.5h 352 356 369 381 393 25 41 9.2

523.2K,1h 352 356 368 381 391 25 39 9.2

533.2K,3h 352 356 367 378 388 22 36 9.3

543.2 K, 24 h 352 356 365 375 386 19 34 9.2

aATl = T2 - Tl' bAT2 = Te— Tb'
experimental error. A calculation of heat capacities of fully S ' I i '
amorphous PPS below T, had been performed earlier by are- LN PPS -
using independently evaluated group vibration spectra and Yok ‘. i
the Tarasov temperatures 6, = 566.3 K and 6; = 40 K for o
the skeletal vibrations (five modes of vibration). The heat 374 1= . B
capacities measured in this research were fitted to the (k) L \ -
following equation (root mean square deviation, £0.2%) 70k o~ i
C, = exp[0.109038(In T)? - 1.7846(In T)% + B BN . i

10.7735(In T) - 18.9156] (3) e
3661 NG 4
in J/(K mol) with 15 runs on 10 samples in the tempera- N NG
ture range 220-340 K with £1.5% agreement of the various
runs at any one temperature. Equation 3 fits the calcu- se2(~ .
lated heat capacities to +0.2 + 0.2%, well within the ex- | 1 | L | l | | i
perimental error. 420 448 476 504 532 560
T (K)

Liquid Heat Capacities and Glass Transition of
Amorphous PPS. In the temperature range between 540
and 600 K, liquid heat capacities of PPS have been mea-
sured. The measurements could begin at 540 K since one
can cool PPS sample from the melt without crystallization.
The supercooling needed for molecular nucleation® leads
to a metastable melt of which the crystal does not grow
in the measuring time period. A linear relationship be-
tween heat capacities and temperature was found, as usual,
and was expressed as

C, = 0.12574T + 119.73 4)

in J/(K mol). Detailed thermodynamic functions will be
reported elsewhere.? The extrapolation of eq 4 to the glass
transition region provides, when combined with the cal-
culated solid heat capacity of PPS, the heat capacity in-
crease at T;. The calculation of AC, at 363 K is 29.9 J/(K
mol). Figure 2 shows the experimental data of AC, of
quenched PPS (curve A) with a AC,, of 26.3 J/(K mol). It
indicates that there is about 11% rigid fraction (f,) formed
during quench.

Glass Transitions of Semicrystalline PPS. In Table
I, data for 12 samples of different thermal history are
listed. Both the broadness of the major glass transition
region (AT} = Ty~ T;) and the width of the glass transition
(AT, = T, ~ T},) increase with cooling rate for nonisoth-
ermal crystallization and decrease with increasing crys-
tallization temperature, T, for isothermal crystallization.
Since the beginning of the glass transition temperature,
T4, is not changed for any of the samples, the decrease in
AT, is due to a shift of the end of glass transition to lower
temperatures with increasing 7', or decreasing cooling rate.
The change of the glass transition temperature as a
function of crystallization temperature is shown in Figure

Figure 3. Relationship between glass transition temperature T,
and isothermal crystallization temperature T
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Figure 4. Hysteresis of quenched PPS samples cooled at different
cooling rates through T from 370 K: (A) 0.31 K/min; (B) 2.5
K/min; (C) quenched t0 liquid Ny; heating rate 10 K/min.

3. Figure 2, above, shows three limiting DSC curves for
the glass transition region of PPS.

Hysteresis in the T, Region. Figure 4 shows the
hysteresis of the heat capacity of quenched PPS in the
glass transition region. The largest endothermic hysteresis
peak is observed for the cooling rate 0.31 K/min (AH =
122 J/mol). With increasing cooling rate, the endotherm
decreases, as shown in Figure 5. The hysteresis peak
disappears totally when the heating rate is equal to the
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Figure 5. Relationship between the enthalpy of the hysteresis
peak and the logarithm of cooling rate for liquid-N,-quenched
PPS samples. Heating rate is 10 K/min.

prior cooling rate. Finally, the quenched PPS sample
shows a small, but noticeable, exothermic hysteresis just
below T,. Such exothermic hysteresis becomes more ob-
vious on faster quenching of PPS samples (in n-pentane
externally cooled by liquid Ny).

There is no hysteresis effect for the semicrystalline PPS,
even though prior cooling rates of 0.31 K/min were used
(see curves B and C in Figure 2).

The influence of slow cooling through the glass transition
on crystallization can be observed by comparing the ex-
otherms in Figure 4. Slightly broader crystallization peaks
are seen when the slowest cooling rate (0.31 K/min) is used
(about 1 K on the low-temperature side of the crystalline
peak, the high-temperature crystallization changes little).
The heat capacities after crystallization are different up
to the major melting. The slower the prior cooling rate,
the lower the heat capacities. Quantitatively, the differ-
ence in C,, after quench or slow cooling through T, is 6-9
J/(K mol§ Such a change in heat capacity must be linked
to changes in the rigid amorphous fraction since little
difference exists in the heats of fusion. A change in heat
capacity of 6-9 J/(K mol) corresponds to 20-30% rigid
fraction.

Heat Capacity of Semicrystalline PPS above T',. As
described above, both solid and liquid heat capacity data
are available. This permits the determination of the rigid
fraction at the glass transition temperature, T, and its
change up to the melting transition temperature, T'.
Figure 6 shows the rigid fraction dependence of the heat
capacity in this temperature range for both isothermal and
nonisothermal crystallization. Up to 410 K, the semi-
crystalline PPS heat capacity data fit the calculation.
Above this an increasingly positive deviation occurs. This
deviation increases with decreasing rigid fraction and
merges at higher temperatures into the lower temperature
melting peaks (see below).

Isothermally crystallized samples at T, = 503.2 K, i.e.,
crystallized from the glass, show a heat capacity after the
lower melting peak that is below that expected for the
given rigid fraction. For example, PPS crystallized at T
= 443.2 K has a rigid fraction of 26% based on the AC,
at T, but its heat capacity at 470 K would correspond to
af. = 77%. This is far outside any possible error and must
be an indication of latent heat effects due to recrystalli-
zation or reorganization (see below). With increasing T,
this negative deviation in the heat capacity decreases, but
a small amount remains for all samples crystallized from
the glass. On crystallization from the melt, the two melting
peaks overlap. The heat capacity increases continuously
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above T,. The solid lines are calculated on the basis of eq 3 and
4. Clrcles are for isothermal crystallization data; triangles are
for nonisothermal crystallization data. (Special samples: f, =
0.60, the PPS sample was cooled at 80 K/min to 315 K; f; = 0.76
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bath and, then, isothermally crystallized at 443.2 and 483.2 K,
respectively. See ref 22. All other samples are listed in Table
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Figure 7. DSC melting traces after isothermal crystallization
of PPS from the glass at 443.2, 463.2, and 483.2 K for 0.5 h (curves
A to C, respectively).

beyond that calculated in Figure 6 from about 420 K to
the beginning of melting at about 525 K. The determi-
nation of the latent heat of fusion must thus be started
at 420 K for all samples and extended to the liquid state
at about 570 K; i.e., the melting range is about 150 K wide.

The Melting Temperature of PPS. For isothermal
crystallization from the melt and the glass, at different T,
all DSC melting traces are characterized by two melting
peaks. The smaller, low-temperature melting peak can be
observed about 10-20 K above the crystallization tem-
perature, and the larger melting occurs above 548 K.
Figures 7 and 8 show the DSC traces. At T, = 483.2 and
503.2 K the crystals grow so fast that 1sothermal conditions
are reached only after crystallization begins. It is clear that
the lower melting peak temperatures depend strongly on
crystallization conditions. The higher melting peak tem-
peratures, however, are almost constant below T, = 503.2
K and increase at higher temperature. The relationship
between T, and T, for both melting peaks is shown in
Figure 9. An extrapolation of this relationship to T, =
T,, leads to temperatures in the range 620-630 K.

For nonisothermal crystallization two melting peaks are
still recognizable and are shown in Figure 10. Both
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Table II
Thermal Properties of PPS in the Melting Transition Region Measured on Heating at 10 K/min
T., K, or cooling rate We(T) We(H) We<(L) WD) We(C) e f: — We(T)
A. Isothermal Crystallization from the Glass, then Cooling at -0.31 K/min
4432 K, 0.5 h 0.43 0.40 0.02 0.42 0.01 0.69 0.26
463.2 K, 05 h 0.445 0.40 0.03 0.43 0.015 0.68 0.24
4832 K, 0.5h 0.46 0.40 0.04 0.44 0.02 0.67 0.21
B. Isothermal Crystallization from the Melt, then Cooling at -0.31 K/min
503.2 K, 0.5 h 0.52 0.41 0.05 0.46 0.06 0.69 0.17
513.2 K,0.5 h 0.53 0.39 0.07 0.46 0.07 0.69 0.16
5232 K,1h 0.55 0.34 0.12 0.46 0.09 0.69 0.14
533.2K,83h 0.57 0.29 0.17 0.46 0.11 0.69 0.12
5432 K, 24 h 0.59 0.23 0.22 0.45 0.14 0.69 0.10
C. Nonisothermal Crystallization from the Melt
10 K/min 0.46 0.35 0.11 0.72 0.26
2.5 K/min 0.48 0.34 0.14 0.71 0.23
0.31 K/min 0.52 0.35 0.17 0.70 0.18
800 I50. CRYST. (MELT) 600 T T T L’
/ -
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580 / .
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Figure 8. DSC melting traces of isothermal crystallization of
PPS from the melt at 503.2, 513.2, 523.2, 533.2, and 534.2 K for
0.5 h for the first two samples, and then for 1, 3, and 24 h for the
latter 3 {curves from left to right, respectively).

melting peak temperatures decrease with increasing cooling
rates. Again, the heat capacities start deviating from a
fixed rigid fraction at about 420 K (see Figure 6).

The Heat of Fusion of PPS. The determination of
solid and liquid heat capacities of PPS permits also a
quantitative study of the heats of fusion by providing
reliable base lines. From the isothermal crystallization
experiments, three parts of the heat of fusion can be
identified: the heat of fusion connected with the of fusion
of the higher temperature melting peak, that of the lower
temperature melting peak, and the contribution from the
crystals grown during cooling at 0.31 K/min. The last
portion was determined by comparison of samples ana-
lyzed with and without cooling prior to heating. For
nonisothermal crystallization only the first two parts of
the heat of fusion can be evaluated. The results are listed
in Table IT in which w*(T) is the total crystallinity of the
samples; we(H) is the crystallinity of the higher tempéra-
ture melting peak, we(L) is the crystallinity of the lower
temperature melting peak, and w®(C) is a crystallinity
contributed during cooling; finally w*(I) = w*(H) + w*(L).

For isothermal crystallization from the glassy state w*(T)
and w°(L), as well as w(C), increase with increasing T.,.
The value of w°(H), however, stays almost constant. The
values of w*(T), w*(L), and w*(C) increase also in the case
of isothermal crystallization from the melt, but w*(H)
decreases. A compensation between w°(H) and w*(L) leads
to an almost constant w°(I) (about 0.46). The same results
for w*(H) and w°(L) can be observed from the isothermal

Figure 9. Relationship between crystallization temperature 7',
and melting temperature T, of PPS. The circles are melting
temperatures of the high-melting peak and the triangles are those
of the low-melting peak crystallized at different temperature. The
solid line is for Ty, = T..
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Figure 10. DSC melting traces after nonisothermal crystallization

at different cooling rates (0.31, 2.5, and 10 K/min, higher melting

peaks from right to left, respectively).

crystallization experiments without cooling before analysis.
The total crystallinity of the isothermally melt crystallized
PPS increases thus only with T, due to larger crystalli-
zation on cooling.

In Table II, the rigid amorphous fractions [f, — w°(T)]
are also listed, based on the comparison between AC, at
T, (eq 1) and the total crystallinity (eq 2). One can find
that the rigid fraction decreases with increasing 7', for
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Table III
Melting Behavior at Different Heating Rates at the Given
Crystallization Temperatures

heating rates, K/min  W*(L) We(H) we()
T, = 4632K,t, =05h
2.5 0.01 0.42 0.43
10 0.03 0.40 0.43
20 0.04 0.39 0.43
40 0.05 0.38 0.43
T,=5032K,t,=05h
0.31 0.01 0.45 0.46
2.5 0.035 0.425 0.46
10 0.05 0.41 0.46
20 0.06 0.40 0.46
40 0.07 0.38 0.45
T, =533.2K,t, =8h
0.31 0.07 0.39 0.46
2.5 0.13 0.33 0.46
10 0.17 0.29 0.46
20 0.19 0.27 0.46
40 0.21 0.24 0.45

isothermal crystallization (both from the glass and from
the melt) from 26% at T, = 443.2 K t0 10% at T, = 543.2
K.

For nonisothermal crystallization w*(T) increases with
decreasing cooling rate and so does the lower melting peak
crystallinity, w°(L). The higher melting peak crystallinity,
w*(H), however, does not change as also shown in Figure
10. The rigid amorphous fraction of the amorphous por-
tion decreases from 48% at a cooling rate of 10 K/min to
38% at 0.31 K/min, as shown in Figure 11.

Conversion between the Two Melting Peaks. Dif-
ferent heating rates have been used for analysis after
isothermal crystallization without cooling. The crystal-
linity of the lower melting peak decreases with heating rate
and the crystallinity of the higher melting peak increases,
keeping w(I) constant. The results are listed in Table III,
and Figure 12 shows a plot of crystallinity, w°(L), vs. the
logarithm of the heating rate. The conversion rates be-
tween the two melting peaks (the slopes of the linear re-
lationship between w*(L) and In ¢, dw®(L)/d In g) are 0.012,
0.015, and 0.029 at T, = 463.2, 503.2, and 533.2 K, re-
spectively, where ¢ is the heating rate in K/min.

Melting after Two-Step Isothermal Crystallization.
Figure 13 shows a DSC trace for the two-step isothermal
crystallization at T, = 513.2 K, followed by T, = 533.2 K.
Melting traces after one-step isothermal crystallization at
513.2 and 533.2 K are included for comparison. As has
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Figure 12. Relationship between the lower melting peak crys-
tallinity, w(L), and the logarithm of the heating rate.

been found for PEEK,'? the lower melting peak temper-
ature corresponds to that of the one-step crystallization
at the higher of the two steps. The higher melting peak
temperature, in contrast, is always that fixed at the first
step of crystallization, i.e., there is a “memory effect”.

Table IV lists the detailed analyses for three two-step
isothermal crystallizations as well as the corresponding
one-step crystallizations. One can find that w(L) and
w°(H) in a two-step crystallization are changed from the
one-step values, but w(T) and w*(I) do not vary. For

Table IV
Comparison of Thermal Properties Obtained by One-Step and Two-Step Isothermal Crystallization
T./K, t./h® T,/K Tn(L)/K T.(H)/K We(T) We(L) We(H) f. — We(T)
A
483.2, 0.5 373 495 548 0.46 0.40 0.40 0.21
503.2, 0.5 370 515 548 0.52 0.05 0.41 0.17
483.2, 0.5
503.2, 0.5 370 515 548 0.52 0.06 0.40 0.17
B
503.2, 0.5 370 515 548 0.52 0.05 0.41 0.17
523.2, 1 368 534 552 0.55 0.12 0.34 0.14
503.2, 0.5
523.2, 1 368 534 548 0.55 0.14 0.32 0.14
C
513.2, 0.5 369 523 549 0.63 0.07 0.39 0.16
533.2, 3 367 547 558 0.57 0.17 0.29 0.12
513.2, 0.5
533.2, 3 367 (547) 549 0.57 b b 0.12

¢Single temperatures and times express one-step isothermal crystallization experiments; double temperatures and times express two-step
isothermal crystallization experiments. ®Two peaks overlapped; W¢(L) and W¢(H) cannot be distinguished.
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Figure 13. Two-step isothermal crystallization from the melt.
(A) T, = 513.2 K, 0.5 h, cooled to 315 K at 0.31 K/min before
recording; (B) T, = 533.2 K, 3 h, cooled to 315 K at 0.31 K/min
before recording; (C) T, = 513.2 K, 0.5 h, heated to 533.2 K at
10 K/min, another 3-h crystallization followed by cooling to 315
K at 0.31 K/min before recording at 10 K/min.

example, w(L) of the two-step crystallization in the B set
is 14%, 2% higher than for the one-step isothermal
crystallization at T, = 523.2 K and 9% higher than for the
one-step isothermal crystallization at T, = 503.2 K. The
higher melting peak area is 32%, 2%, and 9% lower than
for one-step isothermal crystallization at T, = 523.2 and
503.2 K, respectively. In the C set of Table IV, one can
see that the higher melting peak of the first-step isothermal
crystallization overlaps with lower melting peak of the
second step. Only one melting peak can be observed. Even
though the higher melting peak of the one-step isothermal
crystallization at T, = 533.2 K is 9 K higher than that at
T. = 513.2 K (see also Figure 8).

Sequence of Crystallization. To understand the se-
quence of crystallization of PPS, isothermal crystallizations
at 533.2 K were performed by interrupting crystallization
at different times. Without cooling, the immediate
analyses are shown in Figure 14. After 2 min, there is only
a broad melting peak, intermediate between the high- and
low-temperature melting peaks. At later times the melting
peak gets sharper, and the higher melting peak develops.
With increasing time a distinct lower melting peak can be
seen after about 5 min. The ratio of we(L) to w*(H) in-
creases with time and both peaks move to slightly higher
melting temperature as crystallization proceeds.

Discussion

Heat Capacities. As expected, the low-temperature
heat capacities (230-330 K, eq 3) are practically inde-
pendent of the rigid fraction and the calculated heat ca-
pacities using an approximate vibrational frequency
spectrum! agree well with the large number of new mea-
surements of this research.

The liquid heat capacity given by eq 4 can be compared
to the liquid heat capacity of other phenylene-containing
polymers.® Subtracting the contribution of the phenylene
group, a heat capacity contribution with negative tem-
perature coefficient (—0.02087) results for the sulfur group,
as expected from similar contributions of oxygen
(-0.007117).%¢

Rigid Amorphous PPS. The failure of the two-phase
model in some polymers was recognized for a long time.
Nevertheless, a quantitative study of this phenomena via
thermal analysis was possible only very recently, starting
with poly(oxymethylene).?5% It has also been proven that
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Figure 14. Analysis of crystals grown at 533.2 K at different
lengths of time. Dashed line estimated base line.

the rigid amorphous fraction depends on the different
crystallization conditions for PEEK!® and, now, also for
PPS. In fact, the rigid amorphous fraction permits the
quantitative characterization of a linkage between crys-
talline and amorphous phases. We suggest that the mi-
cromorphological effect giving rise to the rigid amorphous
fraction must be of a nanometer scale to be detected at
the glass transition. For a long time arguments existed for
the description of the nonequilibrium, semicrystalline
macromolecules.”” Two models have been suggested: one
based on folding by adjacent reentry folds and the other
based on fringed micelles. In reality, the structure should
be thought of being in between both models.??® The
quantitative evaluation of the rigid amorphous fraction
may be a first step to assess interfacial strain.

With decreasing crystallization temperature, one as-
sumes crystals to become less perfect. The longitudinal
and lateral sizes of the crystals usually decrease. It seems
thus reasonable that the interface regularity decreases also.
Loose folds, cilia, and ties should increase. Furthermore,
an increased crystal growth rate leads to a decrease of time
for the crystals to adjust into the locally energetically most
favorable states. Internal stress cannot be released during
crystal growth and concentrates at the boundary between
crystalline and amorphous phases. Therefore, the neces-
sary condition for the existence of a rigid amorphous phase
is the formation of loose folds, cilia, and ties, i.e., molecules
that cross the crystalline~amorphous phase boundary and
the sufficient condition that there is, in addition, internal
stress. The rigid amorphous fraction must depend on the
area of phase boundary, the degree of irregularity, and the
molecular mobility.

The high-melting polymers containing phenylene groups
are expected to have a higher tendency to have rigid
amorphous portions because of their chain stiffness. The
study of the change in rigid amorphous material with
temperature for these polymers is complicated by the early
melting of the poor crystals (see below) with high rigid
amorphous fractions. Nevertheless, one can find that at
least over the 20-30 K above T, there is no indication of
a change in rigid amorphous fraction for both PPS and
PEEK.? A possible “glass transition of the rigid amorp-
hous fraction” above 420 K for PPS would merge with the
lower temperatures of fusion and thus be undetectable.

Glass Transition Region. Table I and Figures 1 and
2 show that the quenched PPS has the sharpest and largest
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glass transition. The observed AC, = 26.3 J/(K mol) is,
however, 11% lower than the increase in heat capacity at
T, based on the calculated solid and liquid heat capacities.
This is an indication of some crystallinity and a rigid
amorphous fraction even on such fast quenching. Any
additional crystallization broadens the glass transition
range and shifts its end, T, to higher temperatures by as
much as 36 K. The glass transition temperature, T,, itself
is shifted by as much as 15 K (all at 10 K/min heating
rate). The more restrictive the crystallization (i.e., the
faster the cooling rate or the lower the crystallization
temperature), the larger is the effect. Figure 3 shows the
change of T, as a function of crystallization temperature.
Coupled with this broadening of the glass transition range
is an increase of the rigid amorphous PPS above T, (Table
II). For the crystallization at 443.2 K it reaches 46% of
the remaining amorphous fraction (0.57). It indicates that,
indeed, the existence of rigid amorphous PPS hinders also
molecular motion at T, and leads to a broader distribution
of relaxation times.

The hysteresis behavior of almost amorphous PPS ap-
pears similar to that of other polymers analyzed (see Figure
4).2% Different from the observation of PEEK,!® however,
is that Ah of the hysteresis of PPS is smaller than that of
PEEK cooled at the same rate through T;.!® This may be
due to the remaining rigid fraction even in quenched PPS.
The somewhat earlier crystallization of PPS slowly cooled
through 7, and the larger rigid amorphous fraction are also
more in line with reorganization of a small amount of
crystals than better relaxed amorphous samples. Hys-
teresis of higher crystallinity PPS (above 0.40 in this paper)
cannot be observed under our measuring conditions. The
broadening of the glass transition region alone (see Table
I) is not sufficient to explain the disappearance of hys-
teresis. The crystalline-amorphous interface must change
the time dependence of the glass transition, as was found
recently for other high-melting-temperature polymers
containing phenylene groups, e.g., poly(ethylene tere-
phthalate).3!

The small exotherm at 350-360 K of the fast-quenched
sample is less than on theoretical grounds, as in the
polystyrene case.?

Irreversible Crystal Melting. Before the discussion
of melting of PPS, one needs to review the information on
equilibrium melting. The equilibrium melting temperature
of PPS is not well established. The observed melting at
558 K refers obviously to irreversible crystal melting. The
method of extrapolation of T, as a function of T, seems
not reliable enough since it is difficult to grow polymer
crystals at low supercooling.?? The extrapolated data of
Lovinger et al.'? (576-588 K) and from us (620630 K) are
examples for the degree of uncertainty of this method.

A better extrapolation would be that of T, versus crystal
size. Since it is unlikely that most crystals of high melting
temperature polymers are laterally large lamellae, the usual
equation relating T, to the reciprocal of lamellar thickness
may have to be expanded to include lateral crystal di-
mensions. Based on lamellar thickness only an equilibrium
melting temperature of 593 K was extrapolated.3?

The heat of fusion was determined by Brady,? who
measured a AH; of 5.43 kJ/mol for a PPS sample of 63%
crystallinity as determined by X-ray diffraction. This gives
a value of 8.65 kJ/mol per repeating unit for the heat of
fusion of 100% crystalline PPS. No further information
has been provided so far. These values lead to a first
entropy of fusion estimate of 13.8 J/(K mol) per repeating
unit, a reasonable value.'®
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Turning to nonequilibrium one may find broadening and
lowering of melting peaks due to small crystal size and
defects, change of stability of crystals during heating for
analysis due to annealing, or recrystallization after initial
melting and possibly superheating.!®

The melting temperatures of Figure 9 shows typical
polymer behavior.} The low-temperature melting peak
is similar to the often observed “annealing peaks”.’® The
higher melting peak stays constant for crystallization
temperatures below 503.2 K because of reorganization.
Above T, of 503.2 K, the crystals do not perfect on heating
and the higher T, and narrower melting peak are an in-
dication of more perfect crystals grown at T..

Three different crystallinities have been distinguished
(Table II and Figures 7, 8, and 10). According to Figure
14 some high-melting crystals develop first, followed by
the lower melting crystals. The high-melting portion seems
to grow out of an intermediate melting fraction, similar
to prior observations on polyethylene® and PEEK.® Two
additional facts are of importance: (1) An increase in
heating rate for analysis increases the ratio between lower
to higher melting crystals and (2) there is an exothermic
contribution to the heat capacity of samples crystallized
below T, = 503.2 K. The first indicates rearrangement,
the second, recrystallization. Recrystallization seems to
be the major contribution for crystals grown at lower
temperatures. Reorganization seems dominant for crystals
grown at higher temperatures.

From the two-step isothermal crystallization (see Figure
13 and Table IV) recrystallization and reorganization can
be distinguished. The higher melting crystallinity, w°(H),
of the two-step crystallization is for set B 9% lower than
in one-step isothermal crystallization at the higher tem-
perature. No further annealing occurs for the initially
grown high-melting crystals. The lower melting crystals
grown during the first isothermal crystallization must melt
on heating to the second crystallization step. Recrystal-
lization occurs and leads to the new low-temperature
melting peak, governed by the higher T, of the second step.
Reorganization, in contrast, must occur during heating of
the one-step grown crystals because the ratio of low- to
high-melting crystals changes with heating rate (Figure 12).
This reorganization process becomes much slower for the
two-step isothermal crystallization on heating, i.e., the
perfection of the lower melting crystals on heating is
hindered by the already present higher melting peak.
Furthermore, most of the rigid amorphous fraction (and
shift in T) is caused by the lower melting peak crystal-
linity, wc(i), and its true influence on the overall polymer
is thus much larger than indicated by w®(L).

Finally, the additional crystallinity contributed on
cooling after completion of crystal growth at T, w*(C),
increases continuously with 7, and accounts for the major
change in w®(T) with T,. The crystals grown on cooling
are of lower perfection. There is also a close relationship
between the crystals grown on cooling and the rigid
amorphous fraction. When fewer of these crystals are
formed, the rigid amorphous fraction is higher (see also
Table II).

Conclusions

With the well-established heat capacities of solid and
liquid PPS, it is possible to gain a more detailed descrip-
tion of the semicrystalline polymer. The phase transition
is shown to broaden to higher temperature on partial
crystallization. A rigid amorphous fraction can be iden-
tified and has been studied as a function of crystal per-
fection. As with other polymers, the hysteresis is reduced
on partial crystallization. Annealing, recrystallization, and
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crystal perfection have been identified. During crystal-
lization the high-melting crystals grow first and seem to
reorganize from an intermediate crystal population. The
low-melting crystals grow later. On heating for analysis
the low- to high-melting ratio changes due to annealing.
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ABSTRACT: Glassy films of n-Cy;H,,, n-CysHz4, and low molecular weight polyethylene were prepared by
vacuum sublimation onto a CsI window held at 7 K and were studied by infrared spectroscopy. The con-
formational disorder achieved for the glass was comparable to that of the liquid near the sublimation temperature.
The chain-organizing processes were monitored for Cy; and polyethylene as the sample was warmed to 300
K. A number of separate steps are involved. Each step occurs over a more or less broad temperature region,
and sometimes the steps overlap. In the case of Cyy, the first step involves a conformational ordering of the
chains to their extended all-trans form. The extended chains initially pack in a monoclinic subcell, but they
are not in longitudinal register; that is, the end methyl groups do not lie in parallel planes. At a higher
temperature, the monoclinic subcell is converted to an orthorhombic subcell, but the chains are still not in
register. In the last annealing step, which occurs over a narrow temperature range, the chains come into register
so that the C,; finally assumes its stable orthorhombic crystal structure. The annealing of the polyethylene
glass proceeds in exactly the same way except that there is no chain-registering step. In general, the transition
temperatures are higher and the temperature range over which the transitions occur is broader for the
polyethylene sample.

1. Introduction

There has accumulated over the years enormous liter-
ature on the polymethylene chain and its derivatives.
There is good reason for this since this chain is an im-
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portant and ubiquitous component of many natural sub-
stances and is a prototype synthetic polymer. Moreover,
the polymethylene chain plays a unique role in model
systems against which are tested new experimental and
theoretical developments aimed at understanding the
structure and dynamics of chain-molecule assemblies. It
is then perhaps surprising to find that the glassy state of
polymethylene systems has been studied so little. This is
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