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Solid State Polymerization of a
Diacetylene:
2,4-Hexadiyne-1,6-Diol bis (p-Toluenesulfonate) (PTS)
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Department of Physics and Laboratory for Research on the Structure of Matter,
University of Pennsylvania, Philadelphia, Pennsylvania 19104, U.S.A.

{Received July 27, 1978)

Thermal polymerization of 2,4-hexadiyne-1,6-diol bis (p-toluene-sulfonate) in the solid state
has been studied by differential scanning calorimetry. Slow polymerization during an induction
period is followed by a fast polymerization regime which appears to obey first order kinetics.
The induction period is almost sample independent whereas the fast polymerization is very
sample dependent. The heat of polymerization is constant for single crystal samples, AH,
= —31.2 kcal/mole, but increases for polycrystalline samples and for single crystals which
have undergone some slow polymerization (<5 %).

1. INTRODUCTION

The phenomenon of topotactic or lattice controlled chemical reactions in
organic molecular crystals has been known for many years, and much of the
definitive work in this area was done by Schmidt, Cohen and co-workers! on
photodimerization reactions. More recently, Wegner? has reexamined some
older solid state polymerization reactions of diacetylenes. He identified the
mechanism as a 1,4 addition reaction that yields a linear polymer which is
fully conjugated according to the reaction in Figure 1. The final polymer can
exist in either the acetylene or butatriene forms both of which have been
identified by x-ray structural analysis.

Solid state polymerization of diacetylenes is dependent both on the sub-
stituent group R and the occurrence of a suitable polymorphic crystalline
form. Only a few systems are known which undergo a homogeneous single
phase reaction to complete conversion, and one example is 2,4 hexadiyne-1,6-
diol-bis (p-toluenesulfonate) (PTS).> This material polymerizes thermally,
photochemically and with ionizing radiation (x- or y-ray). The kinetics of
polymerization have been studied by extraction techniques;3-#-5 that is, after
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FIGURE 1 Polymerization of 1,3 diacetylenes.

partial polymerization the residual monomer was removed by solvent extrac-
tion and the remaining insoluble polymer weighed. This technique is time
consuming, requires relatively large quantities of material and is subject to
errors at both low and high conversion. More suitable, higher precision
methods for studying the kinetics of polymerization, while additionally
obtaining the thermodynamic value of the heat of reaction, are provided by
direct thermal measurements such as differential scanning calorimetry
(DSC).

A known characteristic of PTS is that a pronounced induction period, of
the order of hours near the melting point, occurs during which polymeriza-
tion is very slow up to approximately 10 9/ polymer formation whereupon a
rapid “autocatalytic” increase in reaction rate ensues. DSC techniques are
ideally suited to studying such solid state transformations and reactions, and
the present work, together with the recent independent measurements of
Barrall et al.® and Patel et al.” represent the first such studies on the poly-
merization of diacetylenes.

2. GENERAL DSC CHARACTERISTICS OF PTS

Initially a batch of monomer crystals was annealed isothermally in a tem-
perature controlled bath and the batch sampled with time. Each sample,
~ 5 mg, was temperature scanned on a DuPont 990 DSC in an hermetically
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FIGURE 2 DSC scans of PTS after isothermal annealing in the solid state.

sealed aluminium pan from room temperature to 275°C at 5°C/min. Figure
2 shows some representative thermograms with the following features.

a) Peak (D) represents the melting endotherm of the pure monomer and
@) is an exothermic reaction in the liquid phase. This peak has not been
studied in detail but is probably a combination of decomposition and liquid
phase polymerization. The magnitude of this peak varies with the remaining
monomer concentration.

b) Ast — f,, the induction period, several new phenomena appear. The
apparent melting point of the monomer increases;; this is exactly what would
be expected from a system which forms a solid solution in which the distribu-
tion coefficient of the second component (polymer) is greater than unity. 3
represents the dontinued growth of solid state initiated polymer chains in the
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melt which eventually terminate and are followed by (2). The exothermic
peak, (@), is due to decomposition of solid state formed polymer.

¢) Here peak (3) represents a combination of fast solid state polymeriza-
tion and continued polymerization in the melt. The small peak 2) shows that
some melt still remains and (@)shows that the amount of crystalline polymer
has grown.

d) After a long anneal time the only feature observable is the very narrow
decomposition peak of the crystalline polymer.

It is possible, in principle, to follow the kinetics of polymerization by
measuring the areas of peaks (2) and (@), which are proportional to the con-
centration of monomer and crystalline polymer respectively, with time.
Figure 3 shows a plot of the heat of liquid phase reactions, (@), as a function
of time for two samples of PTS annealed at 60.0 & 0.5°C. The scatter in the
data is due to the choice of baseline used for calibration. This figure shows
that initially during the induction period the heat of reaction has approxi-
mately the same constant value for both samples 116 + 8 kcal/mole and
then rapidly falls to zero but at a rate which is sample dependent. This method
is useful but not sufficiently accurate for precise measurement of the poly-
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FIGURE 3 Variation of the heat of liquid phase reaction with time for PTS.
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merization kinetics; hence we proceeded to the more reliable technique of
isothermally annealing the sample in the DSC cell at temperatures below the
melting point. All subsequent measurements used this technique.

3. ISOTHERMAL DSC STUDIES ON PTS

Two batches of PTS were used in this study and prepared according to
Wegner,? the only difference being that in batch 11 the starting material 2,4-
hexadiyne-1,6-diol was used as received, and in batch I it was recrystallized
twice from toluene. Single crystals were grown from both batches by slow
evaporation of dry acetone solution using high purity argon as carrier gas.
The four preparations of PTS, two in the form of polycrystalline samples and
two as batches of relatively large single crystals, had identical elemental
chemical analyses.

The preliminary results for batch 1 single crystals have been reported
recently.® Briefly, samples, 5-15 mg, were run isothermally in hermetically
sealed aluminum pans in the temperature range 60-92°C. A schematic of a
typical thermogram is given in Figure 4. A major feature of this curve is that
itcan be viewed as two polymerization regimes; a slow polymerization during
an induction period followed by fast polymerization which appears to follow

dQ AREA UNDER CURVE
dt AFTER TIME t = X

TOTAL AREA
UNDER CURVE = g

TIME
FOR |Ist ORDER KINETICS

g _ .
'"o-x s kt

FIGURE 4 Schematic of a typical isothermal DSC polymerization run.
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first order kinetics over the range ~20-95 % polymerization. Qur previous
paper® shows plots of log a/(a — x) vs. ¢, where a = total area under the
curve and x = partial area up to time ¢, in which the initial slow polymeriza-
tion is followed by the linear dependence of the fast polymerization regime.
Extrapolation of this line back to log a/(a — x) = 0 yields the induction
period, ¢,. The slope of this line yields the first order rate constant, k. It was
previously shown that Arrhenius plots of log k vs. 1/T and log (1/t,) vs. 1/T
both give the same activation energy, £, = 22.3 1+ 0.9 kcal/mole for batch
I single crystals.® This indicated that the same mechanism, that of chain
initiation, was controlling in both regimes. Further measurements show that
different batches of crystals give different, but internally consistent, values of
k which give the same activation energy. These are shown in Figure 5 along
with the plots of log (1/1,) vs. 1/T for the four batches of crystals. Itis apparent
from this plot that the induction period is almost independent of crystal form
and purity.

PTS ISOTHERMAL POLYMERIZATION
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FIGURE 5 Arrhenius plots of log & and log (1/¢,) vs. 1/T for four different samples of PTS.
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FIGURE 6 Dependence of induction period at 90°C on room temperature anneal time for
batch I single crystals.

The induction period at room temperature was obtained by annealing
samples of batch [ single crystals at room temperature and then measuring
their induction period at 90°C as a function of room temperature anneal
time. Figure 6 shows that these are linearly related and extrapolation of the
curve yields a room temperature induction period of 72 days which is con-
sistent with the data in Figure 5.

These results are interpreted as indicating that the slow polymerization
process is due to the lattice strain generated when polymer chains are in-
corporated in the monomer lattice at low conversion, due to the ~5%/ con-
traction of polymer in the chain direction in the crystal.!® This strain prevents
the polymer chains from growing, and it is believed that these short chains
are still active and can continue to grow when the strain field is reduced.

Evidence for the existence of short, unterminated chains during the in-
duction period includes the following observations:

1. Heating crystals of PTS, which had been standing for several weeks at
room temperature, resulted in a distinct initial maximum in the polymeriza-
tion rate upon reaching the isothermal temperature which then decreased to
a steady state value before the fast polymerization process began.



Downloaded by [Tomsk State University of Control Systems and Radio] at 04:23 23 February 2013

294 A. R. McGHIE, P. S. KALYANARAMAN AND A. F. GARITO

TABLE 1
Batch I single crystals isothermally annealed at 90°C as a function of room temperature anneal
time
Sample Room temperature 90°C Induction h, M
. . . y=—"_— x 1073 sec™?

No. anneal time, days period, mins. w-AH,
1 0 85 2.04 + 0.05
2 5 81 1.87
3 28 51 2.67
4 38 40 2.68
5 50 27 2.37

2. Samples of batch I single crystals, which had been annealed at room
temperature, showed an increase in the maximum polymerization rate,’ y,
compared with a fresh sample as shown in Table I.

It is believed that this ~ 309 increase in y is due to short chains generated
and trapped at room temperature which become free to grow at higher
temperature.

The fast polymerization regime occurs when lattice strain is relieved at
approximately 10 % conversion, and polymerization proceeds at a rate which
is still thermally controlled by chain initiation but whose chain length, #, is
determined by the concentration of chain terminating sites in the crystal.
There is almost an order of magnitude difference in rate constant, k, between
our best single crystals from batch I and the polycrystalline samples of batch
I1. It was observed in the batch IT polycrystalline samples, after isothermal
solid state polymerization appeared to have gone to completion, that sub-
sequent temperature programmed DSC from room temperature to 275°C
showed the presence of significant amount of monomer, i.e. peak Q) in
Figure 2. This was not observed in the other samples and is believed due to
premelting effects in this impure batch.

The analysis for first order kinetics allows a unique value to be assigned to
the induction period, 4. It is the point at which the first order process appears
to start. Other workers*:> have shown by extraction measurements that the
shape of the polymerization curve is independent of temperature ; hence, it is
reasonable to assume that the fast polymerization process is initiated at a
particular fraction of polymer. If this is the case, this fraction is approximate-
ly 109, and thus as the slow polymerization process has been shown to obey
first order kinetics by diffuse reflectance spectroscopy,’® we can estimate the
first order rate constant at the start of polymerization to be k, = 0.0015
min~! at 90°C.

In addition this rate constant can be calculated by measuring the heat of
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polymerization during the initial part of the induction period. With the
assumption that the heat of polymerization is approximately constant
throughout the range of polymerization studied, the calculated value of &,
is 0.0012 min~ ! at 90°C for batch I single crystals which agrees well with the
value obtained from the extraction results. The value of the first order rate
constant in the fast polymerization regime is k = 0.019 min~* at 90°C for
batch I single crystals yielding the ratio kfk, = 153 + 15.If the major effect
of the autocatalytic reaction is to increase the chain length of the polymer,
then the chain Jength increases by a factor of 150 during polymerization.
Yee and Chance,!! have estimated the chain length in the induction period
atn > 24, and Wegner!? has determined a value of n ~ 5-10. These results
indicate a final polymer with » & 1500 corresponding to chain lengths of the
order of microns.

Our measurements further provide strong evidence that particle size has
considerable influence on the polymerization kinetics especially in the on-set
region between slow and fast polymerization. Of the four batches of crystal-
line material studied, three had crystals of significant dimensions, the two
single crystal samples, of course, plus batch II polycrystals (our least pure
sample) whose crystallites had dimensions of =~ 500 . Batch I polycrystals,
on the other hand, had very small crystallite sizes ranging =10 y. That the
crystallite size had a dramatic effect on the polymerization curves is shown in
Figure 7 for batch I single crystals and polycrystals. It can be observed that
asignificant fraction of polymerization occurs before the maximum is reached.

IR} T T i I L L T T
PTS

ISOTHERMAL AT 90 C

——— POLYCRYSTALLINE POWDER

| ———SINGLE CRYSTAL

dQ O5mcal/sec

30 50 70 90 1o 130
TIME (minutes)

FIGURE 7 Comparison of isothermal DSC polymerization for batch I single crystals and
batch [ polycrystalline powder.
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The fraction polymerized up to the peak maximum, calculated as the ratio
of the area under the exotherm up to the peak to the total area of the exo-
therm, was 0.4-0.45 for batch II polycrystals in good agreement with the
polycrystalline value obtained by Patel e al.” of 0.42. For batch I single
crystals, however, the value was 0.19-0.25, and this corresponds to a very
sharp on-set to the fast polymerization regime.

The other important quantity obtained from these studies is a measure of
the heat of polymerization, AH,. This is determined by integrating the total
area under the exotherm during the isothermal anneal using the standard
relation AH, = m|A(Aq, - E- TB) mcal/mg where m = sample weight in
mg, A = area under curve in sq. inches, TB = time base of recorder in seconds/
inch, Ag, = calorimeter sensitivity in mcal/sec/inch and E = calibration
factor for DSC cell which was obtained by calibration with ultra high purity
organic standards; naphthalene (m.p.t. 80.2°C), durene (m.p.t. 79°C) and
benzoic acid (m.p.t. 122.4°C). These materials are preferred over the indium
standard normally used because they more closely represent the actual organic
material beingstudied in melting point, thermal conductivity and specific heat.

The area under the isothermal exotherm was initially determined by
planimetry and subsequently by digitizing the data using a computer con-
trolled x-y plotter. In both methods, the true baseline was not known pre-
cisely, and it has been our practice to use the final baseline after polymeriza-
tion as the baseline throughout polymerization ; see Figure 4. It is difficult to
determine the heat of polymerization during the induction period because
the rate of evolution of heat is so low. We know from extraction experiments,
however, that the fraction polymerized up to the start of fast polymerization
is ~107%,; hence, we would estimate that our measured values for AH, are
no more than ~59% low.

We have found that the values obtained for AH , are very dependent on the
crystalline form of the PTS and on sample history. These results are sum-
marized in Table II. They were all obtained by isothermal annealing in the
temperature range 60-90°C. Consistent results were obtained for single
crystals from batches I and II, giving AH, = —31.7 and —30.6 kcal/mole
respectively. Consistently higher values were obtained for batch T single
crystals which had been annealed at room temperature for 1-2 months,
giving an average AH, = —38.0 kcal/mole and also for batch I polycrystal-
line samples which gave AH, = —38.7 kcal/mole. This latter result is higher
than the value obtained by Patel et al.,” and, in fact, their polycrystal results
fall between our single crystal and polycrystal values. The unexpectedly high
values of the room temperature annealed samples, which are identical to the
polycrystalline values, suggest that both highly strained lattice and large sur-
face area samples can undergo further exothermic reaction which may involve
the thermal decomposition in the solid state as reported by Bloor.* We
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TABLE 11

Heat of polymerization of PTS

Temperature Heat of polymerization*
Sample °C AH,, kcal/mole
Batch I single crystal 90 -32.8
90 -31.9
85 —-325 AVE = =31.7 + 0.7
80 =311
75 -30.5
60 -31.2
Batch I single crystals annealed at RT
28 days 90 —-383
38 days 90 -35.5 AVE = —-38.0
50 days 90 —40.1
Batch [ polycrystals 85 —39.1
80 -395 AVE = —-38.7
75 -376
Batch I single crystals 90 —284
88 -32.9
85 -30.8 AVE = -30.6
80 ~-31.0
75 -29.7

* These values include an estimated 5% undetected during the induction period.

conclude that the best value for the heat of polymerization of PTS single
crystals is AH, = —31.2 + 0.9 kcal/mole.

4. CONCLUSIONS

From our DSC measurements of the kinetics of the solid state polymerization
of PTS, we have shown that two distinct regions can be identified. Slow poly-
merization takes place during an induction period followed by a rapid transi-
tion to a fast polymerization regime which appears to obey first order kinetics
over the range ~20-95 %, polymer formation. Both regimes have been shown
to have the same rate controlling step, namely, that of chain initiation, having
an activation energy £, = 22.3 + 0.9 kcal/mole. This value is independent
of sample purity and crystalline form, either single crystal or polycrystalline
samples. At a constant temperature all samples had approximately the same
induction period but the first order rate constants varied by almost an
order of magnitude. We interpret this in terms of crystal strain effects in
which the polymer chains initially formed in the monomer lattice are pre-
vented from growing by the crystal strain field set up due to the ~59; con-
traction of the polymer in the chain direction.!® This results in many short
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chains in the monomer matrix. As their concentration rises strain is relieved
and the system attains the polymer crystal structure. Polymer chains are then
free to polymerize until a chain terminating site is reached. The concentration
of these sites will vary from batch to batch so that the rate of conversion will
vary and this is observed as a difference in first order rate constant.

In addition, it was observed that the polymerization of polycrystalline
powder differed significantly from that of single crystals with considerably
more conversion taking place before the maximum polymerization rate
was reached. The results for our polycrystalline material are similar to
those reported by Patel et al.” Single crystal data, however, show much
sharper transitions, with the maximum occurring at 20 %, conversion, and
faster conversion rates.

The ratio of polymerization rate in the fast polymerization regime to that
in the induction period, k/k, =~ 150. This effectis primarily due to an increase
in chain length and predicts final chain lengths of the order 1-3 x 103
monomer units long.

The heat of polymerization, AH,,, shows considerable variation depending
on the crystalline form and sample history. The average value for two batches
of single crystals is AH, = —31.2 + 0.9 kcal/mole. Polycrystalline samples
from batch I gave AH, = —38.8 + 1.5 kcal/mole and aged single crystals
AH, = —38.0 £ 1.5 kcal/mole. These values include an estimated 5%,
contributed from the heat of polymerization undetected during the in-
duction period. The single crystal value of —31.2 kcal/mole is in good agree-
ment with calculated value, —31.5 kcal/mole,” using the bond energy/bond
length relations of Dewar.

The significantly higher AH, values for polycrystalline and aged single
crystals may be a consequence of greater thermal degradation of the monomer
due to increased surface area or internal strain.

Note added in proof

Barrall, et al.% have just recently reported DSC results on PTS that are qualitatively similar to
ours. However, an activation energy, E, = 18.97 kcal/mole was obtained which is considerably
lower than our value and that of Patel, er al.” The thermal polymerization process is described in
terms of a random homogeneous nucleation following a phase transition which differs from
both our interpretation and those of Patel, e al.” and Bloor, et al.*

Acknowledgment

Supported by the Advanced Research Projects Agency of the Department of Defense and
NSF-MRL Grant No. DMR76-80994.

. References

1. M. D. Cohen and G. M. J. Schmidt, J. Chem. Soc., 1996 (1964).
2. G. Wegner, Makromol. Chem., 134, 219 (1970).



Downloaded by [Tomsk State University of Control Systems and Radio] at 04:23 23 February 2013

3
4

7.
8.
9.
10.
11

12.
13,

SOLID STATE POLYMERIZATION 299

. G. Wegner, Makromol. Chem., 145, 85 (1971)
. D

. Bloor, L. Koski, G. C. Stevens, F. H. Preston and D. J. Ando, J. Mater. Sci., 10, 1678
(1975).

5. R. R. Chance and G. N. Patel, J. Polym. Sci. Poly. Phys. Ed., 16, 859 (1978).
6.

E. M. Barrall, T. C. Clarke and A. R. Gregges, J. Polym. Sci. Polym. Phys. Ed., 16, 1355
(1978).

R. R. Chance, G. N. Patel, E. A. Turt and Y. P. Khanna, J.4.C.S., 100, 1307 (1978);
G. N. Patel, R. R. Chance, E. A. Turi and Y. P. Khanna, J.4.C.S., 100, 6644 (1978).

A. R. McGhie, P. S. Kalyanaraman and A. F. Garito, J. Polym. Sci. Polym. Letters, 16,
335 (1978).

The value of y, the maximum polymerization rate, is calculated according to the method
used in ref. 7.

R. R. Chance and 1. Sowa, J. Am. Chem. Soc., 99, 6703 (1977).

K. C. Yee and R. R. Chance, J. Polym. Sci. Polym. Phys. Ed., 16, 431 (1978).

G. Wegner, reported at this conference.

R. H. Baughman, J. Chem. Phys., 68, 3110 (1978).





