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A study of the solid-state polymerization 
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The temperature dependence of the rate of solid-state polymerization of trithiane was 
investigated in conjunction with calorimetric measurements of the heat capacity of the 
irradiated monomer as a function of temperature. It was found that the rate of change of 
entropy with temperature exhibited a maximum at about 175~ The curve of per cent 
polymerization versus isochronal, post-irradiation polymerization temperature also 
peaked at some 175~ Finally, the existence of a crystalline phase-transition in the 
monomer at about 194~ was discovered by DSC and was confirmed by X-ray powder 
diffraction and by optical microscopy. Two models which may interrelate this set of 
phenomena are suggested. 

1. I n t r o d u c t i o n  
The field of solid-state polymerization has 
emerged as an active field of investigation only 
during the last 10 years. The broad outline of 
such polymerization is as follows. After initia- 
tion induced by irradiation or by chemical 
reaction, motion of some sort must occur within 
the monomer crystal lattice for the reaction to 
propagate. Given a set of chemical possibilities, 
whether or not the chain propagation reaction 
will occur under a given set of conditions, and 
also the extent of this reaction, depend, among 
other things, on the relationship between the 
reactant and the possible product structures and 
on whether the required mode of motion is 
allowable by the lattice and thermal conditions. 
The former of these two controlling features, the 
relation between crystal structure of monomer 
and polymer, has been an area of intensive 
investigation. On the other hand, it is surprising 
to find that relatively little effort has been made 
specifically to investigate the role of molecular 
mobility and to assess the relative importance 
of spatial arrangement and mobility. 

For elucidating the mechanism by which the 
cyclic monomers link together in a long chain 
after bond-opening, knowledge of the crystal 
structure and of the crystal packing of the 
monomer and the corresponding polymer is 
essential. An understanding of the intermolecular 
contacts and packing density is necessary in 
predicting or explaining the most probable 
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direction of propagation. This goal has greatly 
stimulated interest in the investigations of 
crystal structures of the various cyclic monomers 
[1-6]. Busetti et al have refined the crystal 
structure of trioxane and have utilized these 
results with particular regard to the molecular 
packing and its influence on the polymerization 
mechanism by which "twinned" crystals of 
polyoxymethylene are formed [1]. Their work 
has shown that polymerization occurs in the 
directions of the two shortest C . . .  O contacts. 

The sulphur analogue of trioxane, trithiane, 
was first reported as not undergoing radiation 
polymerization in the solid state. However, in 
1964, Lando and Stannett reported the formation 
of crystalline polythiomethylene in the solid 
state [3, 7]. Since then the structure of trithiane 
has been thoroughly investigated [2, 3, 5, 6]. 
Trithiane molecules are known to have a chair 
conformation and to exhibit an orthorhombic 
crystal structure at room temperature. The 
melting point and the stability of trithiane are 
both high in comparison with trioxane. Mammi 
et al [8] have studied the relative orientation of 
the twinned polythiomethylene crystals and 
concluded that the solid-state polymerization of 
trithiane takes place in a direction normal to the 
c-axis of trithiane. The reported high packing- 
density of trithiane [6] may be related to the fact 
that irradiated crystals polymerize only by 
heating for many hours at relatively-high 
temperatures (> 160 ~ C), when molecular 
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motions and free volume are sufficient. 
It is suggested that the cyclic monomers 

polymerize in the solid state by an ionic addition 
mechanism [9] on the basis of the following 
considerations: 

(a) It has been well known that these cyclic 
monomers can easily polymerize only by ionic 
catalysts but not by radical catalysts or ultra- 
violet light. 

(b) The polymer formed in the solid state is 
recognized to have just the same structure as 
that prepared by ionic catalyst. 

(c) The polymerization of these monomers 
proceeds only in the solid but not in the liquid 
state. This may well be explained by supposing 
that the ions formed by radiation have a long 
enough lifetime for initiation of the solid state 
polymerization only in the solid state. 

In spite of these speculative arguments, not 
many investigations have yet been reported as 
far as the general mechanisms and kinetics of 
solid-state polymerization of cyclic monomers 
are concerned, and most of the research has 
dealt, more or less completely, with the struc- 
tural aspects of the problem. Regarding the 
kinetics of polymerization, a variation of 
polymerization rate with temperature has been 
reported in some instances [9, 10]. In the case of 
the cyclic monomer of /3-propiolactone, a 
maximum in polymerization rate with respect to 
temperature has been reported [9]. Such a 
temperature dependence is difficult to interpret 
without the aid of other supporting data regard- 
ing crystal structure transitions and the extent 
of molecular motion in the monomer lattice. 
Nevertheless, the observation is interesting 
enough to warrant further investigation. 

There are at least two thermodynamic pro- 
perties which could be indirectly coupled with 
this problem area. Entropy and heat capacity of 
a substance are known to be related to the degree 
of disorder in the system and also to the extent 
of molecular motion. It therefore seems reason- 
able that the influence of a process variable, such 
as polymerization temperature, on per cent 
polymerization or on polymerization rate, could 
be understood better if studied in conjunction 
with a study of the variation of entropy and/or 
heat capacity with temperature. To this end, then, 
the present investigation was undertaken in 
order to relate the temperature dependence of 
per cent polymerization of cyclic monomers to 
the thermodynamic properties. The work dis- 
cussed herein deals with the solid-state poly- 
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merization of trithiane and attempts to illustrate 
the interrelationship between the course of the 
solid-state reaction and the phenomena occurring 
within the monomer lattice, on the basis o f  
thermodynamic and structural data. The choice 
of the particular cyclic monomer, trithiane, is 
one of experimental convenience and ease of  
handling. It is believed, however, that the general 
conclusion and ideas drawn from the present 
work would serve in arriving at generalizations 
for ring polymerization. 

2. Experimental 
2.1. Polymerization 
The monomer sample used was symmetric 
trithiane (K and K Laboratories, m.p. 215 to 
216~ Small needle-shaped crystals of the 
monomer were obtained by subliming the 
commercial powder in a long-necked stoppered 
Erlenmeyer glass flask, with slow controlled 
heating. These vapour-grown crystals were then 
sealed in 10 mm diameter Pyrex tubes, under 
atmospheric conditions. Ten such tubes were 
almost half-filled with weighed amounts of the 
monomer. These samples received Co 6~ 7" 
radiation doses of up to 7 Mrad at room tem- 
perature, at a dose rate of 0.172 Mrad h -1. 
Particular attention was paid to the positioning 
of the aluminium test-tube stand inside the 
irradiation chamber so as to ensure fairly uni- 
form irradiation of the bulk of the sample. The 
post-irradiation polymerization was carried out 
in five constant-temperature heat-baths main- 
tained at 160, 170, 175, 180, and 185~ for 24�89 h. 
Corn oil was used as the heating medium. 
Heat-treatment was followed by quenching into 
water to suppress any further polymerization. 

The light brown polymer was separated from 
the monomer by extraction with boiling chloro- 
form, followed by filtration. The polymer was 
then dried and weighed. The polymer powder did 
not sublime even at 200~ under atmospheric 
pressure. 

2.2. Differential scanning calorimetry 
The DuPont  DSC Cell, a plug-in accessory for 
the DuPont  900 Differential Thermal Analyzer, 
was used to obtain all calorimetric data. Calibra- 
tion of the sample temperature for thermal lag 
was carried out with four materials with well- 
defined transition temperatures. Calibration of 
the calorimeter for heats of transition was 
performed with a heating rate of 2~ min -1 
using tin as a standard. The heat of fusion of tin 
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used for calibration is 14.2 cal g-1. For highest 
accuracy in heat-capacity determinations, a 
second calibration curve based on known heat 
capacities was established. In the work reported 
here, a calibration curve was constructed using 
99.999 %o aluminium powder of  140 to 200 mesh 
size. 

The following additional precautions were 
taken to ensure quality of results. In order to 
reduce the error introduced by the thermal lag, 
all runs were carried out at heating rate of  2~ 
rain -1. It  is believed that heating rates above 5~ 
rain -~1 may introduce some error in temperature 
measurements. The weight distribution among 
the aluminium containers was found and 
reference containers with a weight within 0.1 mg 
of  the weight of  the corresponding sample 
container were used for all runs. It  was observed 
that a perfectly flat bot tom is essential for good 
thermal contact of the container with the plat- 
form. Particular care was therefore taken while 
crimping the pan and the lid together. A Perkin- 
Elmer crimping press was used. Crushed ice 
used for the cold junction was changed after 
every two runs. After every run the sample was 
weighed to check for sublimation loss. 

2.3. X-ray diffraction 
Nickel-filtered CuK~ radiation was input to a 
General Electric Debye-Scherrer camera (14.32 
cm diameter) to obtain X-ray powder patterns. 
The powder samples, ground to the 400 mesh 
size and contained in 0.3 mm diameter capillaries, 
were exposed for 11�89 h. Powder patterns of  
commercial monomer,  vapour-grown monomer,  
solution-grown monomer  (from chloroform 
solution) and melt-grown monomer  were ob- 
tained. In addition, diffractometry was carried 
out on two samples of  the vapour-grown 
monomer  crystals which were annealed at 
196 ~ C for about  4 h. One of the samples was 
then quenched in ice-cold water, whereas the 
other one was allowed to cool down slowly. 
The reasons for these treatments will be dis- 
cussed later, in connection with an observed 
phase transition. Both these samples were 
ground to the 400 mesh size and their powder 
patterns were obtained. Finally, to check the 
effect of  grinding on the state of  the material, 
two additional runs were made. A sample of  
vapour-grown monomer  crystals, after receiving 
a ),-radiation dose of 7 Mrad, was ground to 400 
mesh size and was subsequently exposed to the 
X-radiation to get the powder pattern. Also, a 

well-ground, 400 mesh-size sample of  the 
monomer  was subjected to a total dose of  7 Mrad 
of ),-radiation and then its powder pattern was 
obtained. 

2.4. Optical microscopy 
A standard polarizing microscope, equipped 
with a hot stage, was used. Photographs of the 
vapour-grown monomer crystals at different 
temperatures were taken at a magnification of  
• 600, using a Polaroid camera. The monomer  
sample, on the microscope slide, was covered with 
thin cover glass to prevent sublimation. 

3. Results 
3.1. Temperature dependence of poly- 

merization rate 
The extent of  polymerization attained in a 
specific period at different temperatures can be 
regarded as an indirect measure of  the poly- 
merization rate at the various temperatures. 
More explicitly, it is the time-average rate of  
polymerization. In our case post-irradiation 
polymerization was carried out for 24�89 h at 
five different temperatures. Specimens from two 
different irradiation batches were kept in each 
bath. The extent of  polymerization was deter- 
mined, knowing the weight of  the polymer 
formed from known weight of  monomer.  Fig. 1 
shows the resulting plots of  per cent polymeri- 
zation versus polymerization temperature for 
the two batches. The trend in the variation of 
solid-state polymerization rate with temperature 
seems apparent,  though the plots for the two runs 
do not match exactly; the polymerization rate 
exhibits a maximum with respect to temperature 
at 175~ 

The lack of exact agreement between the 
numerical results of  the two experimental runs 
may be attributed to the influence of defect 
concentration in the monomer  lattice on 
polymerization rate. Though the monomer  
crystals for both runs were grown using the 
same technique, it is not possible to control the 
crystal size. The crystal size distribution and 
consequently the defect concentration may 
therefore vary, and this could account for the 
observed discrepancy. 

3.2. Specific heat of irradiated monomer 
I t  should be noted that, in the context of  the 
purpose of this work, the qualitative trends in 
the temperature dependence of specific heat and 
entropy are of  more importance than their 
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Figure 1 Temperature dependence of the extent of 
polymerization. 

absolute numerical values. Differential scanning 
calorimetry (DSC) is a simple, useful technique, 
which is ordinarily used for arriving at such 
qualitative results. 

Ten DSC runs were carried out with three 
samples of  the irradiated monomer. The specific 
heat versus temperature data from each of these 
ten sets were then fitted, applying a least 
squares technique, to the following functional 
form, commonly used for representing specific 
heat of solids [11]: 

Cp = P + QT + R/T 2 (1) 

where Cp = heat capacity (cals deg -1 tool- l);  
T = absolute temperature (K). The values of the 
constants P, Q, R were evaluated for each of 
the ten sets. The "average" of these ten "curves" 
of specific heat versus temperature was then 
taken by averaging the constants. The equation 
of the average curve is given by, 

Cp = P + O r +  R/T 2 (2) 
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Figure 2 Variation of  heat capacity with temperature,  

It is important to note that Fig. 2 represents the 
average of "specific heat versus temperature 
curves", rather than average specific heat as a 
function of temperature; Fig. 2 is the graphical 
representation of Equation 2. The scatter in the 
specific-heat data is within • 12.5 ~ of the values 
plotted. 

The entropy is related to the heat capacity by 
the equation, 

Cp 
dS = -~ dT (4) 

therefore Cv dS T dT (5) 

A plot of dS/dT versus temperature was thus 
constructed using the specific-heat data. Refer- 
ring to Fig. 3, dS/dT increases initially with 
increasing temperature, finally passing through 
a maximum at around 175~ It is interesting 
that the peaks in both the curves - per cent 
polymerization versus temperature (Fig. 1) and 
dS/dT versus temperature (Fig. 3) - occur at the 
same temperature, within experimental accuracy. 
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3.3 .  D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  

While making calorimetric measurements for 
the specific heat of  the irradiated monomer,  it 
was noticed that  a secondary endothermic peak 
appears at approximately 194~ at a tem- 
perature below that  of  the melting peak. A series 
of  runs were carried out specifically to in- 
vestigate this secondary peak. 
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Figure 4 DSC scans of irradiated monomer. 

Fig. 4 shows the results of a set of  runs made 
with the same sample of  unirradiated mono- 
mer. The monomer  sample was first heated to 
201~ past the secondary peak (curve A), and 

subsequently air-cooled back to room tem- 
perature (curve B).* The sample was then 
reheated to temperatures beyond the melting 
point (curve C) and again cooled to room tem- 
perature in air. Curve D represents the heating 
of this melt-crystallized sample. Surprisingly, in 
this case the secondary peak near 194~ does 
not occur. However, if the unmelted monomer  
sample is heated to temperatures below the 
melting point and past the secondary-peak tem- 
perature, the secondary peak is fairly reprodu- 
cible. This is illustrated in Fig. 5, which shows 
two DSC scans with the same monomer  sam- 
ple. 
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Figure 5 Reproducibility of DSC results for irradiated 
monomer heated to a temperature between the secondary 
and primary transitions. 

Referring to Figs. 4 and 5, it is clear that the 
secondary peak is reproducible, fairly sharp and 
is spread over a very narrow temperature range. 
The peak, being endothermic, is certainly not 
due to the oxidation of the monomer.  Also it 
cannot be attributed to polymerization, since 
solid-state polymerization reactions of  ring 
compounds are mildly exothermic [12]. It  there- 
fore seems that the secondary peak represents 
some kind of solid-phase crystallographic 
transition. 

Nevertheless, it is intriguing that the secondary 
peak does not appear in the cooling curve. A 
set of  runs were performed with the same 
sample to investigate the cooling curves. 
Referring to Fig. 6, the two curves labelled H 
represent heating, whereas the curves labelled C 
represent cooling in air. The solid curves 

*The initial steep portions of the curves of Figs. 4 and 5 represent a transient instrumental instability and are included 
in the figures to indicate the range of reliable results. 
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Figure 6 Effect of final-heating temperature on DSC 
scans taken during cooling. C and H denote heating and 
cooling curves. Solid and dashed lines denote first and 
second runs, respectively. 

correspond to the sample which was heat- 
treated to a temperature below the secondary 
peak, whereas the dotted curves correspond to 
the sample heat-treated to a temperature beyond 
the secondary peak but below the melting point. 
The instrument settings were the same in both 
these cases. These curves manifest an interesting 
observation that although the heating curves in 
the two cases overlap exactly, the dotted 
cooling curve lies slightly above the solid 
cooling curve over the entire temperature range. 
This fact suggests that the back-transformation 
f rom the high-temperature phase to the low- 
temperature phase may occur gradually over the 
entire cooling period. 

Fig. 7 shows the DSC scans of the monomer  
at high heating rates. The heating rate was 
10~ rain -1 for scan A and 50~ min -1 for scan 
B; the y-axis sensitivity settings were different 
in the two cases. It  is clear from these two curves 
that  the secondary peak cannot be suppressed 
by increasing the heating rate. 

The heats of  transition were found by peak 
area measurements made from curves traced on 
the X-Y plotter. Fig. 8 shows a DSC scan with 
reversed ordinate scale. The peak areas were 
measured above the dotted base line. The smaller 
peak A represents the solid-phase transforma- 
tion, while peak B is the melting peak. The 
results are shown in Table I. Thus the heat 
energy involved in the crystallographic tran- 
sition is ve ry  small as compared to the heat of  
fusion, which is usually the case with solid-phase 
transformations. 
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Figure 7 Effect of heating rate of the solid-state transition. 
Scan A taken at 10~ rain-l ;  scan B at 50~ min -L  
These may be compared with 2~ min -1 scans in Figs. 5 
and 6. 
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Figure 8 Determination of heats of transition (see text). 

TABLE I Calorimetric data 

T (~ C) AH(cal AS(cal K -1 
g-l) mol-1) 

Solid phase 
transformation 194 -2.603 -0.774 

Melting 215 -35.400 -10.000 

3.4. X-ray powder  pat terns  
X-ray diffraction experiments were performed 
to confirm the existence of the solid-phase 
transformation and to study it in fair detail. 

It  was found that the commercial, solution 
grown, and vapour-grown samples of  the 
monomer  show exactly the same powder 
pattern, whereas the powder pattern of  melt- 
crystallized monomer is slightly different. This 



A S T U D Y  O F  T I l E  S O L I D - S T A T E  P O L Y M E R I Z A T I O N  O F  T R I T H I A N E  

Figure 9 X-ray powder pattern of solution-grown trithiane. 

Figure 10 X-ray powder photographs of: (a) commercial trithiane, (b) quenched sample of commercial trithiane, {c~ 
melt-crystallized trithiane. 

observation seems to be consistent with the 
DSC results. Fig. 9 gives the powder pattern of 
the solution-grown monomer  sample. 

The quenched sample of the commercial 
monomer  produced a powder pattern which 
appears to be intermediate between those of 
the regular commercial monomer  and melt- 

crystallized material as illustrated in Fig. 10: 
patterns A, B, and C represent the commercial 
monomer,  quenched sample of  the commercial 
monomer and the melt-crystallized monomer  
respectively. A commercial monomer  sample, 
cooled slowly from 196~ exhibited a powder 
pattern similar to pattern A of Fig. 10. Both 

531 



V. M. N A D K A R N I ,  J.  M. S C H U L T Z  

T A B L E II X-ray powder pattern analysis 

Low-temperature phase (Solution- 
grown crystals) 

High-temperature phase (Melt-grown 
crystals) 

Quenched sample of commercial 
monomer 

d (/~) Intensity d (A) Intensity d (A) Intensity 

5.163 dark 5.175 v. dark 5.186 dark 
- -  - -  4.926 m. dark 4.956 light 
. . . .  4.408 v. dark 
4.330 dark 4.337 dark - -  - -  
4.200 dark 4.187 v. dark 4.181 dark 
3.826 v,v. light 3.841 v.v. light 3.817 v.v. light 
3.688 dark 3.688 dark 3.692 dark 
- -  - -  3.549 dark 3.549 medium 
3.355 ' light 3.362 medium 3.352 medium 
- -  - -  3.171 medium 3.180 medium 
- -  - -  3.019 medium 3.006 dark 
2.914 medium 2.916 medium 2.916 light 
2.832 medium 2.832 medium 2.825 medium 
2.722 light 2.724 v. light 2.721 v. light 
2.581 dark 2.581 v. dark 2,586 dark 
2.458 m. dark 2.465 dark 2.459 m. dark 
2.395 m. dark 2.390 medium 2.390 medium 
2.329 medium 2.336 light 2.334 medium 
2.295 light . . . .  
- -  - -  2.257 v. light - -  - -  
2.166 light 2.173 medium 2.170 dark 
2.103 light 2.106 v.v. light 2.103 light 
2.058 v.v. light 2.055 v.v. light 2.060 light 
2.026 v.v. light - -  - -  2.026 light 
. . . .  1.941 light 
1.916 dark 1.916 medium 1.918 light 
1.770 v.v. light 1.778 medium 1.777 light 
1.745 v.v. light . . . .  
1.703 v. light 1.707 light 1.705 light 
1.678 v. light . . . .  
1.660 v. light - -  - -  1.663 light 
1.633 medium 1.634 v. light 1.635 light 
1.622 light . . . .  
1.588 dark 1.586 m. dark 1.589 dark 

the quenched and  slowly-cooled samples of 
the vapour-grown m o n o m e r  were, however, 
found to manifest  powder pat terns similar to 
that  of  the regular vapour-grown material.  This 
last result is somewhat  puzzling to us. 

The powder pat terns were analysed to cal- 
culate the set of  in terp lanar  d-spacings for the 
materials. Table II  gives a comparat ive analysis 
of  the powder pat terns of  the low-temperature 
monomer  phase (solution-grown),  the high- 
temperature  m o n o m e r  phase (melt-crystallized), 
and  the quenched sample. 

The crystal structure of t r i thiane was first 
described by M o e r m a n  and  Wiebenga [13]. 
M a m m i  et al [6] have recently redetermined 
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accurately the crystal structure of tr i thiane and  
have reported the crystallographic data  shown 
in Table III.  K now i ng  the lattice dimensions 
of  the or thorhombic  t r i thiane cell and  the 
spacing group, the d-spacings of the various hkl 
refections were calculated using the spacing 
formula :  

1 h 2 k ~ l 2 

d~hk z -- a2 + ~ + ~ "  (6) 

A compar ison of the calculated d-spacings with 
the observed values for the low-temperature 
phase is shown in  Table IV; the observed 
intensities are compared to those reported by 
M o e r m a n  [13]. I t  is clear that  the experimental  
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T A B L E  I I I  Crystallographic data of trithiane 

Crystallographic system: orthorhombic 
Space group: Pmn 21 (No. 31) = Cev v 

a = 7.668 ~ 0.005 
b = 7.003 -- 0.005 
c = 5.285 • 0.005 

results  agree ext remely  well wi th  the ca lcula ted  
values o f  the d-spacings and with the previously  
r epor ted  intensi t ies  o f  the reflections.  

A compar i son  o f  the add i t iona l  d-spacings in 
the powder  pa t t e rn  o f  the mel t -grown m o n o m e r  
with the d-values r epor ted  by  Joginder  Lal  [14] 
for  the X- ray  diffract ion pa t t e rn  o f  po ly th io-  
methylene  revealed tha t  these two pa t te rns  are 
different  and  conf i rmed tha t  the mel t -crys ta l l ized 
phase  is t ru ly  a m o n o m e r  phase  and no t  a mixed 
system conta in ing  the polymer .  

The  powder  pa t t e rn  o f  the i r r ad ia ted  m o n o -  
mer  was ob ta ined  to invest igate the effect o f  
i r rad ia t ion  on the crystal  pack ing  and  or ienta-  
t ion.  Fig.  11 shows the pa t te rns  o f  un i r r ad ia t ed  
(A) and  i r rad ia ted  (B) samples  o f  the vapour -  
g rown monomer .  The reflections in pa t t e rn  B 

are sharper  than  those in pa t t e rn  A. This effect 
m a y  be a t t r ibu ted  to a v ib ra t ion-cons t ra in ing  
effect due to the fo rma t ion  o f  d imers  and t r imers  
by  i r radia t ion .  I t  was ascer ta ined f rom the 
powder  pa t t e rn  o f  a sample  g round  before  
i r r ad ia t ion  tha t  the line sharpening  effect is not  
due to plast ic  flow induced by grinding.  

3.5. Op t i ca l  m i c r o s c o p y  

Pho tomic rog raphs  taken  dur ing  the hea t ing  
and  cool ing o f  m o n o m e r  crystals  are shown in 
Figs. 12 and  13. Fig. 12 shows the vapour -  
grown m o n o m e r  crystals  at  four  different 
t empera tu res  dur ing  the hea t ing  per iod,  whereas  
Fig. 13 shows the m o n o m e r  crystals  at  the 
beginning  and  end o f  the cool ing period.  I t  
appears  tha t  a t  the t rans i t ion  po in t  of  a b o u t  
194 ~ C, the m o n o m e r  crystals  f lat ten out  and  
that ,  when recooled,  they again  grow back  in 
the d i rec t ion  perpendicu la r  to the p lane  o f  the  
paper .  This  p h e n o m e n o n  o f  regaining dep th  is 
i l lus t ra ted in Fig. 13. 

A n  interest ing p h e n o m e n o n  was observed 
near  the t rans i t ion  tempera ture .  I t  was in- 
var iab ly  observed when viewing crystals  as they 

TABLE IV Comparison of the observed reflections with calculated d-spacings and reported intensities [13] 

hk  1 d-spacings (/~) Intensities 

Calculated Observed Observed Reported 

100 no reflection - -  - -  - -  
010 7.003 - -  - -  - -  
001 no reflection - -  - -  - -  
1 10 5.170 5.163 dark m. dark 
101 4.350 4.330 dark v. dark 
01 1 4.200 4.200 dark dark 
200 3.834 3.826 v.v. light medium 
1 1 1 3.690 3.688 dark dark 
020 3.502 - -  - -  - -  
210 3.360 3.355 light medium 
120 3.190 - -  - -  v.v. light 
021 2.920 2.914 medium m. dark 
21 1 2.860 2.832 medium m. dark 
121 2.730 2.722 light medium 
002 2.643 - -  - -  v.v. light 
220 2.590 2.581 dark dark 
012 2.470 2.458 m. dark dark 
310 2.400 2.395 m. dark m. dark 
1 12 2.370 - -  - -  v.v. light 
0 3 0 2.334 2.329 medium medium 
3 01 2.250 2.295 light medium 
202 2.180 2.166 light m, dark 
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Figure 11 X-ray powder photographs of: (a)unirradiated vapour-grown trithiane, (b) irradiated vapour-grown 
trithiane. 

are being heated on the microscope stage that 
in the vicinity of 194~ the whole slide becomes 
foggy, hindering any observation. The picture 
would again emerge clearly as the temperature is 
increased slightly. 

4. Discussion 
This work provides three primary pieces of 
information regarding the solid-state poly- 
merization of trithiane. First, differential scan- 
ning calorimetry, supported by X-ray powder 
patterns, have established that trithiane under- 
goes a reversible phase transition near 194~ 
Second, a peak in polymerization rate with 
temperature is observed at 175~ Finally, a 
peak in the temperature dependence of dS/dT is 
observed, also at 175~ A reasonable model for 
the interrelationship between these observations 
must be developed. As it happens we propose 
two possible models, one based directly on 
molecular mobility and the other based on a 
crystallographic transition. Further work will be 
necessary before a unitary model for this process 
can be verified. 

4.1. Molecular motion, chain termination 
(MMCT) model 

The nature of the dS/d T versus temperature curve 
can be explained in terms of an orientational 
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change in the monomer lattice, involving the 
onset of some kind of internal motion followed 
by its subsequent saturation. It is supposed that 
at about 140 ~ C, some mode of motion becomes 
"unlocked" and that the rate of entropy change 
with temperature increases as the temperature 
is increased. Subsequently, as the motion attains 
saturation, dS/dT begins to decrease. 

Such phenomena of onset of internal motion 
prior to a solid phase transformation have been 
known to occur in many organic and inorganic 
compounds [15-17]. The structual observations 
reported [16] in the case of hexamethyldisilane, 
(CH3)nSi~, appear to be analogous to those 
encountered in the present work and hence 
deserve comment. Fig. 14a shows the results of 
proton magnetic resonance in solid (CHz)nSiz 
[16]. The line-width in PMR is a measure of the 
order in the system. A decrease in line-width 
signifies increased disorder in the system. As a 
result, the variation of entropy with temperature 
(Fig. 14b) and hence the variation of dS/dT with 
temperature (Fig. 14c) can be qualitatively 
predicted from the temperature dependence of  
the line width observed in PMR studies. It is 
interesting to note that in the case of (CH3)6 Si2 
also, the curve of dS/dT versus temperature 
exhibits a maximum and that this change has 
been attributed to the onset of internal rotation 
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Figure 12 Optical micrographs of vapour-grown monomer crystals during heating: (a) room temperature, 
before heating; (b) 157~ (c) 177~ (d) 195~ 

Figure 13 Optical micrographs of same vapour-grown monomer crystals as in Fig. 19, but here (a) at 190~ during 
cooling and (b) at room temperature after cooling. 

a round  the Si-Si bond  [16]. This then lends 
suppor t  to the explanation extended in the 
M M C T  model. 

I t  is speculated that  in the case o f  trithiane, the 

proposed orientational phenomenon  may involve 
one of  the two modes o f  mot ion shown in Fig, 
15. Fig. 15a depicts a conformat ional  mot ion 
consisting of  the co-ordinated flipping of  the 

535 



V. M. NADKARNI,  J. M. SCHULTZ 

-•6 
~5 

.c 3 

. . . j  

~2 
i 

o 
-2OO -150 

i 

4 

-I00 -50 0 
,. T(oC) 

v) 

o 
% 
"ir 

LII 

t 
-2 oo 

_ 

I ! I 
- / 5 0  - / o o  - 5 0  

~_ T ( . c )  

/L 
t I I I 

- I 5 0  - { 0 o  - G O  o 

=- T (~ 

Figure 14 Proton magnetic resonance in solid Si2 (CH~)~. 

two ends of the trithiane molecule in chair 
configuration. Fig. 15b illustrates a probable 
rotational motion of the molecule about the 
axis perpendicular to the plane of the paper. 

It is known that solid-state polymerization 
reactions take place by an ionic-addition 
mechanism. Since the initiation step (),-irradia- 
tion) is separated from the propagation and 
termination steps, in the study of post-irradia- 
tion polymerization, only the rates of pro- 
pagation and termination need be considered. 
In the solid state, probably the most important 
factor governing the propagation step is the 
relative orientation of adjacent monomer mole- 
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(a)  

� 9  

0 -CH~, 

(b) 

Figure 15 Possible internal modes of motion in trithiane. 

cules. As the temperature is increased, the 
unlocking of a conformational or rotational 
mode of motion tends to increase the probability 
of attaining the particular orientation favourable 
for the adjacent molecules to combine. This 
situation is schematically demonstrated in Fig. 
16. The propogation step is thus sensitive to the 
frequency and amplitude of vibration in the 
solid state. 

We may view the polymerization here as a 
competition between propagation and termina- 
tion. The termination step in ionic radical poly- 
merizations requires the rearrangement of an 
ion pair and thus involves an appreciable activa- 
tion energy [18]. On the other hand, propagation 
would relate to interaction between neighbouring 
molecules. As depicted in Fig. 16, such processes 
would depend upon the degree of relative 
motion between lattice molecules in adjacent 
sites. We have seen that one such process 
apparently saturates near 175 ~ C; as opposed t o 
this saturation, the termination reaction exhibits 
an exponential dependence on temperature and 
is more pronounced at higher temperatures. 
Hence we should expect the rate of termination 
to overtake the propagation rate at a temper- 
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(Q) (b) 

,Figure 16 Propagation step in solid-state polymerization: 
(a) monomer molecules before orientational change, (b) 
monomer molecules after the onset of internal motion. 

ature somewhere near the saturation temperature 
(175~ 

4.2. Unfavourable s t ructure  (US) model 
An alternate explanation is based on a model in 
which molecules in the higher-temperature phase 
(phase I) packing begin to appear in the lower 
temperature phase II below the transition 
temperature and in which the proportion of 
molecules in phase I packing increases as the 
transition temperature is approached. Such a 
model would be consistent with either a second- 
order phase transition or with Bol tzmann  
distribution of unstable phase I embryos in 
stable phase II (see, e.g. [19]). Examples of  the 
coexistence of two structures over a temperature 
range have been reviewed by Ubbelohde [20]. 

In order to explain the polymerization data, 
it is necessary to postulate that either the 
propagation reaction is hindered or the termina- 
tion rate is enhanced. 

That there is some intimate connection 
between a phase transition and the polymeriza- 
tion rate of other solid-state polymerization 
reactions has been suggested previously [9, 21, 
22]. ESR measurements have indicated that 
there is a direct correlation between crystal 
structure and the mobility of trapped radicals 
[21, 22]. However, in the previous instances, the 
exact placement of the polymerization-rate 

maximum relative to the transition temperature 
had not been well established, nor had the 
temperature correlation between rate of radical 
decay rate and the transition temperature. In the 
present investigation, it was seen that the poly- 
merization rate peaked below the transition 
temperature. Hence, it has been necessary to 
conjecture that a precursory phase transition 
must occur. This type of model is nonetheless 
pleasing, because it could relate the rate of 
polymerization directly to details of the inter- 
molecular organization on a crystal lattice 
rather than to a less-specific radical mobility. 

Both of the above models tend to be somewhat 
unsettling, as they do not interlock. That  is, the 
presence of the phase transition does not con- 
tribute to the MMCT model, nor does the 
saturation of a mode of motion below the phase 
transition temperature immediately augment 
the US model. It would be intellectually pleasing 
were a link to be found. Bowden and O'Donnell 
have proposed that the presumably "looser" 
structure of the higher-temperature phase would 
promote greater radical mobility and an en- 
hanced termination rate. However, there is no 
existing data which explicitly isolates such a 
crystallographic effect from thermal effects. 
It appears that very careful and detailed experi- 
mentation will be required to satisfactorily 
answer the unsettled question in this area. 
Progress will be made only when data on (a) 
polymerization rate, (b) crystalline structure 
(including defect state), (c) radical concentra- 
tions, and (d) mobility of matrix and defect 
molecules are all available on a given system. 

5. Conclusions 
It is the opinion of the authors that the present 
work has raised many more questions than it 
has answered. Nonetheless, some "hard"  con- 
clusions can be drawn. 
1. The rate of radiation-initiated polymerization 
of trithiane peaks at a temperature near 175~ 
2. The rate of change of entropy of the monomer 
phase with temperature also peaks near 175~ 
This phenomenon is associated with the satura- 
tion of a mode of motion within the crystal. 
3. A crystalline phase transition within the 
monomer occurs at a temperature near 194~ 
4. Solid-state polymerization studies which 
employ primarily one or a small number of 
tools are not likely to provide useful mechanistic 
information. It is essential that such problems be 
studied by a panoply of tools which will inter- 

537 



V. M. N A D K A R N I ,  J. M. S C H U L T Z  

re la te  r ad ica l  c o n c e n t r a t i o n s ,  c rys ta l  s t ruc tu re  
d a t a  ( inc lud ing  s ta t ic  defects) ,  m o b i l i t y  w i th in  
the  la t t ice ,  and  the  ra te  o f  p o l y m e r i z a t i o n .  
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