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Melt-state polymerization of synthesized cyclic phenylene sulfides is reported. Fourier transform infra-red 
(FT i.r.) spectroscopy is used to follow the crystallization as a function of time. Optical microscopy is used to 
examine the morphology during polymerization. The resulting polymer is compared with commercial 
poly(phenylene sulfide) using differential scanning calorimetry (d.s.c.), (FT i.r.) spectroscopy, density 
measurements and optical microscopy. The glass transition temperature and crystallization parameters as a 
function of the reaction temperature are obtained by (d.s.c.) and related to the degree of polymerization. 
The effect of thermal treatment with and without carbon fibres is also examined. Curing of the cyclic 
phenylene sulfides is also examined at various temperatures. Densities of the polymer and cyclics are 
compared. Copyright © 1996 Published by Elsevier Science Ltd. 
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INTRODUCTION 

Cyclic compounds are often used as polymeric pre- 
cursors. A majority of these cyclic oligomers have 
aliphatic main chains. However, there have recently 
been reported several cyclic compounds with phenyl 
rings in the main chain that have been used to obtain 
polymers: carbonates 1'2, ethers 3, bisphenol-A sulfone 4 
and 1,4-xylylene 5. In addition, it has been reported that 
the cyclic hexamer of phenylene sulfide has been 

68  polymerized by solution, thermal and mechano- 
chemical methods. However, little information is given 
about the polymerization, and any application of these 
materials could not afford to use an isolated cyclic. 
Therefore, a study on the polymerization of a mixture of 
cyclic phenylene sulfides (CPS) was undertaken. 

There are many potential benefits of using cyclic 
oligomers for the production of poly(phenylene sulfide)s 
(PPS). The polymerization of PPS from cyclic com- 
pounds would result in a pure polymer, with no by- 
products or impurities such as halogenated oligomers 
and thiols that are found in commercial PPS. Low- 
molecular-weight PPS typically has up to 3% soluble 
impurities. This increased purity could be an important 
benefit for PPS in electronic applications. Impurities can 
also lead to a reduction in solvent resistance and have 
additionally been shown to decrease mechanical proper- 
ties 6. Furthermore, the use the cyclic oligomers would 
allow for reactive processing of PPS. In particular, in situ 
polymerization would be expected to have a beneficial 
effect on adhesion in PPS composites. Cyclics are known 
to have a lower viscosity than the corresponding 
polymer 3, which is beneficial for processing. 

* To whom correspondence should be addressed 

CPS were first identified by Kaplan and Reents 9 as an 
impurity in commercial PPS using mass spectrometry. 

They are a by-product of the commercial PPS process of 
the reaction between dichlorobenzene and sodium sulfide 
in N-methyl pyrrolidone (NMP). CPS occur in about 1% 
yield in low-molecular-weight PPS (i.e. Phillips V-l) and 
are virtually absent in higher molecular weight PPS. 
They have been reported 8 12 from n = 4 to n = 10, with 
the most prevalent CPS being the hexamer. CPS from 
n = 4 to 8 have been isolated and characterized 9 12. 
Directed synthesis of CPS was first done by Sergeev et 
al. 11, who obtained 73% yield for the hexamer with only 
4% polymer by using brominated trimers under dilute 
reaction conditions with the cyclic-to-polymer ratio 
being highly dependent on the concentration of the 
reactants. Synthesis of CPS from copper bromothio- 
phenolate has also been reported 13. 

EXPERIMENTAL 

Synthesis of the CPS was done by adding dichloroben- 
zene over a 12h period to 300ml of NMP at an initial 
sodium sulfide concentration of 0.1M (ref. 11). The 
mixture was added to 500ml of deionized water 
(pH =4),  and the solid was filtered. The solid was 
extracted with tetrahydrofuran (THF). The THF was 
removed yielding an off-white solid. The resulting solid 
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was extracted with acetone yielding a white powder. 
Low-molecular-weight PPS (L-PPS) (Ryton V-l, 
Phillips) and high-molecular-weight linear PPS (H- 
PPS) (Ryton PR28, Phillips) are used for comparison 
with the PPS from cyclic oligomers (CO-PPS). The 
carbon fibers (Amoco Thornel) were unsized and were 
poly(acrylonitrile) (PAN) (T650/42) and pitch-based 
(P25). 

Differential scanning calorimetry (d.s.c.) was done on 
a TA DSC 2910 at a heating rate of 20°C min -1 . Fourier 
transform infra-red (FTi.r.) spectroscopy was per- 
formed on a Bomem Michelson MB spectrometer with 
a liquid nitrogen cooled mercury-cadmium-telluride 
(MCT) detector at a resolution of 2 cm -1. The specific 
detectivity, D*, of the MCT detector was 1 x 1010 cm 
Hz~/2W -~. Far infra-red spectra containing wave- 
numbers below 480cm -1 were obtained with a Biorad 
FTS-60A spectrometer at 2cm -] with a deuterated 
tryglycine sulfate (DTGS) detector. Spectral analysis 
was performed on a Sun SPARC station 2 using the 
Spect Ir (New Methods Research) software package. 

Density of the polymer was measured by preparing 
solutions of water and potassium carbonate of the 
approximate density. The density was slowly changed 
until the PPS did not sink or float for 5 rain, and the 
density of the solution was measured using a pycno- 
meter. For the reaction of the cyclic mixture, the sample 
was ground with a small amount of KBr and heated for 
the desired time. The sample was removed and more KBr 
added, and the pellet was formed. The polymer samples 
were studied as a thin film cast from c~-chloronaphthalene 
solution. For fibre samples, the powder was dispersed 
onto the fibres using an acetone slurry. 

RESULTS AND DISCUSSION 

Isolation of cyclics 
The crude PPS product was extracted with THF to 

obtain cyclic oligomers and some linear impurities. The 
dilution of the reaction resulted in a theoretical yield of 
21% PPS and 30% THF-soluble fraction. Higher 
dilution would increase the per cent yield but decrease 
the amount of material, so a concentration of 0.1 M was 
chosen. Polymerization of the crude mixture is possible, 
however the resulting polymer is very brittle due to the 
presence of impurities. The THF-soluble fraction was 
therefore extracted with acetone to remove the low- 
molecular-weight linear materials, notably thiols, which 
were detected by the odour in the crude mixture but not 
in the purified material. The yield of the purified material 
was 22% of the crude mixture. The FTi.r. spectrum of 
the purified CPS mixture is shown in Figure 1 along with 
that of the pure cyclic hexamer of phenylene sulfide 
(CHPS). There are differences due to the different crystal 
arrangement, however there are no new peaks, which 
would be indicative of non-cyclic material. For example, 
monosubstituted benzene can be identified by a peak at 
1450 cm -1 , which is not seen, or thiols would show bands 
at 2570 and 905cm i. Size exclusion chromatography 
(s.e.c.) shows four components, which correspond to the 
pentamer, hexamer, heptamer and octamer. 

Polymerization 
The d.s.c, scan in Figure 2 of the cyclic mixture 

shows four melting points. The melting points are all 
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considerably below the melting points of the different 
crystalline cyclics 9']° due to their imperfect crystalline 
state. The lower melting point allows for polymerization 
at lower temperatures. Polymerization of well-grown 
crystal needles of the hexamer had to be performed at 
335°C, while polymerization of the mixture has been 
observed to occur above 280°C. The d.s.c, sample of 
Figure 2 was heated at 325°C for 1 h after the initial 
ramping, however no reaction peak was observed. The 
reaction is expected to be nearly thermoneutral due to 
the small degree of strain and size of the ring. No melting 
peak is observed above the reaction temperature of 
320°C if the scan temperature is increased to 350°C. 

The broad band at 280°C may be polymerization of 
the lower melting point cyclics or a crystal transition. A 
transition is observed using optical microscopy at 280°C 
as the crystal needles become distorted hexagons about 
40 #m in diameter. The crystals melt before assuming the 
new ordered state. Optical microscopy using cross- 
polarized light shows the original starting material to 
contain needles (Figure 3a). There is also some material 
which appears to be poorly crystalline. After heating at 
300°C for 15min and cooling, the distorted hexagon 
along with the presence of small spherulites (indicative of 
PPS) are observed (Figure 3b). Also, polymerization as 
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Figure 3 Optical micrographs of: (a) CPS; (b) CPS after heating at 
300°C for 15 min 

examined by FTi.r. is extremely slow at 280°C; therefore, 
this is further evidence that the band seen in the d.s.c. 
scan is likely to occur as a result of the crystal change. 

Ring-opening polymerization of the cyclics occurs 
upon sufficient heating without the addition of any 
catalyst. Polymerization is known to occur as seen by the 
presence of spherulites, melting point, insolubility in 
THF, and changes in the FTi.r. spectrum. Polymeriza- 
tion has been observed to occur above the melting point 
of the polymer, which for a degree of polymerization of 

o 14 50 has been determined to be 272 C . The upper limit of 
the reaction is determined by the oxidation and curing of 

o 15 the polymer, which is known to occur above 315 C . 
The FTi.r. spectrum of the polymer obtained after 
heating of the cyclic mixture (CO-PPS) at 320°C for 1 h is 
shown in Figure 4 along with that of L-PPS. It has been 
reported 16 that there is a chain-length sensitive band at 

1 1450 c m - ,  which is not present in the polymer from the 
cyclics. Therefore, there does not appear to be unpolym- 
erized oligomer present. Spherulites measuring ,,~ 30 #m 
are observed after heating, which are about the same size 
as those in commercial PPS. 

Polymerization can be observed by examining the 
structure-sensitive bands in the FTi.r. spectrum. The 
degree of crystallinity is expected to increase with 
molecular weight as the number of defect sites is reduced. 
Also, the cyclic has the appearance of an amorphous 
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Figure 5 FTi.r. results from the heating of CPS at: (a) 320°C; (b) 
340°C showing ( l )  intensity ratio; and ( I )  band position shift of 
1074cm -l as a function of time 

spectrum due to symmetry considerations 8. Therefore, 
the intensity of the crystalline-sensitive bands can be 
used to examine the reaction. In addition, the 1074 cm -1 
band is known to change in position as a function of 
conformation and can be used to monitor the reaction. 
Figure 5 shows the ratio of the bands at 1093 and 
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1074cm -1 and the band position change for 1074cm I. 
From optical microscopy, it was observed that heating at 
300°C resulted in incomplete polymerization as seen by 
the presence of non-spherulitic crystals; therefore 320 
and 340°C were chosen. The samples were not annealed 
but were air-cooled. For 320°C, there is a gradual 
increase in crystallinity which closely follows the change 
in the band position. The minimum is reached after 
50min. However at 340°C, there is very different 
behaviour. The initial reaction is much quicker as 
expected, but after about 30min a decrease in crystal- 
linity is seen. This occurs due to the increased branching, 
which prohibits a high degree of crystallinity. Since the 
crystallization rate decreases as a function of molecular 
weight, the samples from the reaction at 340°C were 
annealed to ensure that the observed results were not due 
simply to increasing molecular weight, and they showed 
a similar trend. 

Another region that can be used to observe the 
reaction is the C-H out-of-plane mode. Figure 6 shows 
this region as a function of time for the reaction at 340°C. 
Initially each cyclic component has different bands. After 
3 rain, there is seen an increase in the number of bands 
due to the crystal transition. Annealing of the crystal also 
results in band width narrowing. Subsequently, the two 
polymer crystalline bands are observed at 825 cm-~ and 
820cm -1 along with the amorphous shoulder. These 
bands decrease with increased branching; and, after 
48 min, it is difficult to distinguish the crystalline bands, 
which is consistent with the results in Figure 5. The other 
notable change upon polymerization is in the 600- 
475cm -f region. This region shows bands that are 
sensitive to long-range motion. Upon heating, these 
bands show a significant reduction and the emergence of 
a new band at 480cm 1. 

The effect of the reaction temperature on the 
molecular weight of the PPS was examined. The 
insolubility of PPS at temperatures below 200°C makes 
conventional techniques like s.e.c, very difficult. The 
crystallization temperatures and glass transition 
temperature have been shown to be a function of 
molecular weight 14'iv 19. Correlation of the degree of 

c 
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Figure 6 FTi.r. spectra of C - H  out-of-plane region as a function of 
time at 340°C: (a) initial; (b) 3 rain; (c) 6 rain; (d) 14 min; (e) 22 rain; (f) 
30 min; and (g) 48 min. Spectra were taken at room temperature 

polymerization, Dp, with a series of iodine-terminated 
PPS has been performed by Fagerburg et al. 14. In that 
study the D o was measured by end-group analysis. For 
PPS, the logarithm of the glass transition temperature, 
Tg, is directly proportional to the molecular weight up to 
a Dp of 200. The amount of undercooling, defined as the 
melting temperature, Tin, minus the crystallization 
temperature upon cooling, Tcc, is also an indication of 
molecular weight. The difference between Tcc and the 
crystallization temperature upon heating, Tch, is indi- 
cative of the relative rate of crystallization and is also 
used. 

Three reaction temperatures were chosen within the 
polymerization range: 300, 320 and 340°C. Initially, a 
reaction time of 1 h was chosen; however this did not 
seem to be a valid comparison since the 300°C sample 
does not polymerize completely and the 340°C sample 
undergoes branching. Therefore, the time to achieve 
maximum crystallization as measured by FTi.r. was 
used, which for 300, 320 and 340°C was 1.5, 1 and 0.5 h, 
respectively. At the end of the reaction time, the sample 
was quenched in the aluminium pan and scanned at 
20°C min -~, the same rate as that used by Fagerburg et 
al. 14. Tables 1 and 2 show the crystallization parameters 
for the different conditions and the corresponding degree 
of polymerization. The degree of polymerization for the 
CHPS is approximately 60. The samples from the cyclic 
mixture do not give the same value, although in each case 

Table 1 Crystallization parameters obtained from d.s.c, experiment of  
cyclic phenylene sulfides polymerized at different conditions 

Polymerization Time Tg T~h Tm T~c 
temperature ('C) (h) ( 'C) ( C )  ( C )  ('C) 

300 1 70 116 264 222 

320 1 80 122 278 215 

340 1 80 125 277 200 

320 l 70 107 263 212 
250 12 

320 1 86 141 278 220 
(CHPS) 

320 1 " " 272 243 
(with fibres) 

Table 2 Degree of polymerization obtained from crystallization 
parameters obtained from d.s.c, experiments using cyclic phenylene 
sulfides polymerized at different conditions. Molecular weight of repeat 
unit is 108gmol l 

Degree of polymerization at 
Polymerization Time 
temperature CC) (h) Tg Tch T m - T.c Tcc - Tch 

300 1 25 27 20 42 

320 1 42 31 72 58 

340 1 42 34 100 70 

320 1 25 21 40 40 
260 12 

320 1 52 44 48 60 
(CHPS) 

b 
320" 1 - 
(with fibres) 

" Unable to quench sample 
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the same trend is observed. The 340°C reaction 
temperature gives the highest molecular weight. Some 
of the discrepancy may be related to the fact that the 
Fagerburg experiment has large iodine end-groups which 
will cause a change in molecular mobility compared with 
the hydrogen end-groups in the current experiment, 
although this effect should become less pronounced at 
high molecular weights. The trend however is still valid, 
which shows that the molecular weight increases as a 
function of reaction temperature. 

Crystallization parameters indicate that the PPS is low 
molecular weight. PPS is known to increase in molecular 
weight by thermal treatment below the melting point 17. 
The CPS was therefore heated at 320°C for 55rain, 
cooled slowly (1 h) to 250°C, followed by annealing for 
12h. D.s.c. shows that branching has occurred, and 
crystallinity is actually decreased. Therefore, the thermal 
treatment should be at a lower temperature, since the 
melting point is lower. However, using a thermal 
treatment of 220°C does not show any change from the 
original material polymerized at 320°C. 

The crystallization of PPS has been extensively studied 
and the appearance of a double melting peak is 
reported 1s'2°-23. The second scan in Figure 2 of the CO- 
PPS shows typical melting behaviour of PPS. A double 
melting peak is also observed for the different reaction 
temperatures. 

Typically, extraction of the material would be of 
interest to examine the extent of impurities. However, 
since there was limited material, optical microscopy 
using cross-polarized light was utilized to see if material 
was soluble in THF. After immersion in THF, the 
sample shows no amorphous component unlike the 
appearance of the L-PPS, which has a readily observed 
amorphous component. The THF-soluble component in 
CO-PPS is therefore definitely less than the 3% observed 
for L-PPS and likely comparable to the 0.5% for the H- 
PPS. Upon observing the polymer after soaking, there is 
no pitting or surface irregularity. 

Density was examined to verify that polymer was 
obtained and to examine the change upon polym- 
erization. Table 3 shows a summary of the densities 
obtained. The density of the cyclic mixture is difficult to 
obtain because of the different fractions that are present. 
The average density of the cyclic mixture was calculated 
based on the proportions of the different fractions given 
by Sergeev et alJ °. The density of the CPS is very close to 
the density of the polymer crystal. Therefore, polymer- 
ization of the cyclic crystal to the annealed polymer 
results in slight expansion. Since shrinkage can poten- 
tially impose stresses on a composite, this could be a 
benefit for processing of these materials. 

Table 3 Density of cyclic phenylene sulfide oligomers and PPS 

Material Density (g cm -3) 

Semicrystalline PPS 
Experimental 1.35 
Literature 24 1.35 

PPS crystal 2~ 1.42 
PPS amorphous 2Z 1.32 
Cyclic hexamer of phenylene sulfide 1° 1.43 
PPS from CHPS 1.35 
Cyclic mixture of phenylene sulfides a 1.39 
PPS from cyclic mixture 1.35 

a Calculated based on the distribution of each fraction given in ref. 11 

Oo= e° / ' l  P/ 

Cured HoPPS 

Cured PPS 

2000 1700 1400 1100 800 500 

Wavenumbers (cm ') 

Figure 7 FTi.r. spectra of quenched H-PPS, cured H-PPS and 
polymerization of CPS at 350°C for 2 h 

Curing 
Besides a semicrystalline polymer, it is also possible to 

produce cured films, which, with the high purity, could 
be ideal for coatings. Figure 7 compared the FTi.r. 
spectrum of the quenched H-PPS with those of the cured 
H-PPS and the cured PPS from the cyclic - both having 
been heated at 350°C for 2 h. The spectrum is essentially 
that of amorphous PPS, although there is still some 
degree of order based on the shape of the band at 
800 cm ~. Also, the band at 1 1240cm- is the strongest in 
the cured H-PPS. This indicates that there is a greater 
amount of phenyl-O linkages in the cured H-PPS than in 
the cured CO-PPS. The only molecular difference 
between the samples is that branch chains will be 
considerably longer in the PPS from the cyclics. There 
is a very weak band observed at 1440cm -l,  which is a 
sign of degradation. There is likely a small oligomeric 
fraction that degrades at the curing temperature. 

Effect of fibres 
CPS were applied to fibres that had been extracted 

with acetone for 24 h. The coating was not thicker than 
200 #m using an acetone slurry. The fibres were unsized, 
and both PAN and pitch-based fibres were used. The 
fibres were heated at 320°C for 1 h and annealed at 250°C 
for 12 h. For the polymer without fibres, this was shown 
to lead to a decrease in the crystallization upon thermal 
treatment. The polymer was extracted from the fibres 
with a-chloronaphthalene, and the spectrum is shown in 
Figure 8. The degree of crystallinity that is obtained after 
annealing these samples is very high. It is estimated to be 
68%, compared with 64% in the H-PPS, from the ratio 
of the bands at 1093 and 1074cm -I (ref. 25). Typically, 
higher molecular weight PPS is expected to have higher 
crystallinity; however this does not occur in this case. It is 
believed that the fibre somehow prevents extensive 
curing/branching from occurring, possibly by limiting 
the mobility of the chains. Also there are no end groups 
to interfere with crystallization. The morphology does 
differ from the H-PPS. There are no spherulites 
observed; rather small crystalline domains of the order 
of 0.5#m are observed. This morphology has been 
reported to be beneficial for composites 26 

The d.s.c, scan of the CO-PPS from the carbon fibre is 
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Figure 8 FTi.r. spectrum of polymer obtained by heating CPS on 
PAN-based carbon fibres at 320°C for l h followed by annealing at 
250°C for 12h and extracting with a-chloronaphthalene. Spectral 
subtraction of the H-PPS is shown 
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Figure 9 D.s.c. scan of polymer obtained by heating CPS on PAN- 
based carbon fibres at 320°C for 1 h followed by annealing at 250°C for 
12 h and extracting with a-chloronaphthalene 

shown in Figure 9; it shows rapid recrystallization upon  
cooling at 240°C which is higher than that  typically 
observed for PPS 21. Every a t tempt  was made to ensure 
that  no particles were present that  could induce crystal- 
lization. The polymer  was extracted f rom cont inuous 
fibres and the solution was filtered using a glass frit at 
210°C. Using optical microscopy,  the same effect was 
observed. At  the same cooling time as in d.s.c., crystal- 
lization on the fibre was seen to occur at 247°C while 
bulk nucleation occurred at 238°C. In the composite,  the 
fibre acts as a nucleating agent, and the higher crystal- 
lization temperature is expected. However,  if the effect 
seen in the d.s.c, is due to the presence o f  a fibre particle, 
the temperature should be close to 247°C; therefore it 
appears to be solely due to molecular  considerations. 

C O N C L U S I O N S  

Polymerizat ion o f  PPS from a mixture o f  cyclic 
oligomers has been achieved. The produc t  is free f rom 
impurities and shows melting behaviour  o f  PPS polymer  
upon heating. Ma x i m um  crystallization exceeds that o f  
commercial  PPS. A reaction temperature o f  320°C is 
recommended to avoid incomplete polymerizat ion and 
extensive branching of  the material. The cyclic crystal 
and polymer  crystal have nearly the same density, 
resulting in slight expansion upon  polymerization.  
Degradat ion  occurs between 450 and 500°C. In the 
melt state, crosslinking of  the cyclic mixture is shown to 
occur in the range 350-400°C. 

Polymerizat ion onto  a fibre surface can result in a 
polymer  with high crystallinity and rapid nucleation 
characteristics. The crystal size is less than 0.5 #m, which 
does not  permit transcrystallization, a condit ion believed 
beneficial for composites.  The fibre has been shown to 
alter the morpho logy  of  the CO-PPS that has been 
polymerized onto  it at high temperatures.  
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