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equal to zero; we have therefore demonstrated the validity
of eq 26.
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Kinetic Study of Polymerization of trans-2- and
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ABSTRACT: The kinetics of polymerization of the two bond-bridged bicyclic ethers, trans-2- and trans-
3-oxabicyclo[3.3.0]octane, have been studied in methylene dichloride initiated by triethyloxonium hexa-
fluorophosphate. The kinetics of both initiation and propagation were investigated by determination of the
instantaneous concentration of propagating species at different temperatures in the interval -30 to 0 °C. The
initiation reaction is more than three orders of magnitude slower than the propagation reaction. This difference
in rate of the reaction of monomer with the triethyloxonium ion and the propagating oxonium ion, respectively,
is attributed to the relief of strain in the case of the cyclic ion, and the activation enthalpies are quite different
for these reactions (AH* = 74 and 71 kJ-mol™ and AH*, = 62 and 56 kJ-mol™ for the two monomers). A
mechanism is presented which includes the formation of two types of “dormant” tertiary oxonium ions involving
the polymer chains. This mechanism is in accordance with the observed molecular weight distribution and

the formation of oligomeric species.

Bond-bridged bicyclic ethers containing an oxacyclo-
pentane ring fused in the trans position have previously
been shown to undergo polymerization easily. In the case
of compounds with the heterocyclic ring fused with a
cyclohexane ring, the polymerization is either partially or
completely reversible.l? The fusion of two five-membered
rings in trans positions yields a highly strained monomer,
thus trans-3-oxabicyclo[3.3.0]octane (trans-3-OBCO) is
very reactive and shows no sign of reversibility,® while the
corresponding less-strained cis-3-oxabicyclo[3.3.0]octane
(cis-3-OBCO) is completely inactive when contacted with
phosphorus pentafluoride initiator.

In this paper, results are reported from a kinetic study
of the polymerizations of the two bond-bridged bicyclic
ethers, trans-2- and trans-3-OBCO. The polymerizations
have been studied in CH,Cl, in the temperature range —30
to 0 °C, using the salt triethyloxonium hexafluoro-
phosphate (Et;OPFy) as the initiator. The mechanisms
of chain propagation for the two monomers have also been
investigated and already reported in preliminary form.*
It was shown by 3C NMR that the repeat units of the
polymers correspond to ring opening exclusively by nu-
cleophilic attack of monomer oxygen at the methylene

0024-9297/179/2212-0889$01.00/0

carbon adjacent to the oxonium ion at the growing chain
end:

; kp
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The initiation and propagation steps are formulated as
follows:

By
I+M— M* (1)
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Figure 1. Time-conversion curve in the polymerization of

trans-3-OBCO.

and the rate equations integrated with respect to time may
be written:

[ L
" 0,

131 ty
nm=kp£‘ [P¥] dt (5)

where [I], [M], and [P*] are the concentrations of initiator,
monomer, and active species, and k; and k, are the rate
constants for initiation and propagatlon It is considered
that the initially formed active species M* behaves in the
same manner as any of the polymeric active species P*.
The computation of the rate constants is based on a
knowledge of the concentration of active species as de-
termined by Saegusa and Matsumoto’s phenoxyl end-
capping method.5 A graphical integration of the change
in concentration of active species over a given time interval
(eq 5) forms the basis for the calculation of the propagation
rate constants, The initiation rate constants are calculated
in a similar manner where the change in monomer con-
centration (eq 4) is obtained from the conversion curve,
and the initiator concentrations are determined as ex-
plained below.

In the case of trans-3-OBCO, complete conversion of
monomer is found at 0 °C in accordance with our previous
investigation,® and for the lower temperature interval (to
-30 °C) the propagation is considered as an irreversible
process, i.e., the backward reactions (in eq 2 and 3) are
omitted and the kinetic treatment is as indicated above.
For trans-2-OBCO, a certain amount of monomer re-
mained in equilibrium with polymer at the temperatures
in the investigated range, -20 to 0 °C. In this case, the
rate constant for propagation is calculated on the basis of
the integrated rate expression in which the equilibrium
monomer concentration [M], is included:

M, - M. _
[M]Z i b, f, 1P ®

The time—conversion curves for trans-3-OBCO at three
temperatures with [M]; = 1.49 mol L! and [I], = 0.0081
mol L' are shown in Figure 1, and the changes in the
concentration of active species with time at these tem-
peratures are shown in Figure 2. The plots in Figure 3
of the quantities in the integrated rate eq 5 give linear
relationships at all three temperatures, which allow cal-
culation of the values of the propagation rate constants
given in Table I. From the Arrhenius plot in Figure 4 is

= k, f [M] dt )
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Figure 2. Time—{P*] curve for the polymerization of trans-
3-OBCO.

J’E[P'] dt (mol.s/1)

Figure 3. Relationship between In ([M] o/ [M 1:,) and f'ﬂ[P*] dt
for polymerization of trans-3-OBCO: -10 °C, ¢, = 11 min; -20
°C, t; = 15.75 min; -30 °C, t; = 30 mm

Table I
Rate Constants and Activation Parameters of the
Polymerization of trans-2- and trens-3-OBCO in CH,Cl,
Initiated by Et,OPF,

Ry, 10 Lemol~'s™! ky, Lrmol™':s7!

trans- trans- trans- trans-
T,°C 2-O0BCO 3-O0BCO 2-0BCO 4-OBCO
0 0.27 0.53
-10 0.068 0.22 0.14 0.24
-20 0.019 0.047 0.056 0.075
-30 0.014 0.027
x =
x = initiation = propagation
ARt x> kKJ-mol™! 76 73 64 58
Ay, Lrmol™ts7! 10 7 x 10! 10 8 x 10'
AG*x,kJ ‘mol~! (-20°C) 85 82 68 67
AH <> kd'mol ! 74 71 62 56
AS*.  J-mol™t-K-! -42 -45 —-22 -44

caleulated the activation energy AE*, and frequency factor
A,, which also are given in Table I

In each experiment, the total concentration of phenyl
ether in the sample after the reaction with phenoxide was
determined by UV at 272 nm, This concentration, which
represents both the phenyl ether groups at the polymer
ends as well as the phenyl ethyl ether (phenetole) origi-
nating from the reaction with the remaining initiator, was
always only slightly less than the nominal concentration
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Figure 4. Arrhenius plot of propagation rate constants of the
polymerization of trans-3-OBCO.
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Figure 5. Time-[Et;OPF;] curve for the polymerization of
trans-3-OBCO.

of the added initiator. After the phenetole was removed
by vacuum distillation with the aid of decalin as the
entrainer® and [P*] was determined, the amount of re-
maining Et;OPF was found by difference calculation. In
Figure 5 is shown the time-[Et;OPF;] curves at the three
reaction temperatures in the case of polymerization of
trans-3-OBCO, and in Figure 6 a plot is presented in
accordance with the integrated rate expression for initi-
ation (eq 4). The values of the rate constants are given
in Table I, and on the basis of the Arrhenius plot in Figure
7, the activation energy and frequency factor were cal-
culated.

The additional kinetic parameters for both initiation and
propagation which are listed in Table I were obtained in
accordance with transition-state theory and calculated
from the relations’

ke = L exp -0G",/RT) ™
AH* = AE* - RT (8)
AG, = AH*, - TAS?, 9)

where & and h are Boltzman’s and Planck’s constants,
respectively, and x refers to either initiation or propagation.

A corresponding kinetic investigation has been carried
out for the polymerization of trans-2-OBCO under
identical conditions; the appropriate plots are shown in
Figures 8-14, and the rate constants and activation pa-
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Figure 6. Relationship between In ([I]%/ [1];,) and f',f‘[M] dt for
polymerization of trans-3-OBCO: -10 °C, t; = 11 min; -20 °C,
t, = 15.75 min; -30 °C, ¢, = 30 min,

-80

-90

in k,
<]
=]

N0t

-120}

37 38 39 40 41 42
1/T:10° (K™

Figure 7. Arrhenius plot of initiation rate constants of the
polymerization of trans-3-OBCO.

70+
60}
50t
40| -0 00

aol /;“

20t

% Conversion

10

20 60 100 40 180
Minutes

Figure 8. Time-conversion curve in the polymerization of
trans-2-OBCO.

rameters are summarized in Table I.

The molecular weight values determined by GPC are
given in Figures 15 and 16. The GPC curves were in all
cases multimodal, indicating the presence of small amounts
of oligomers (trimer and tetramer).

Discussion

With reference to Table I, it is seen that the initation
reaction for both monomers is more than three orders of
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-20 °C, [M], = 0.45 mol/L, t; = 60 min.
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Figure 11. Arrhenius plot of propagation rate constants of the
polymerization of trans-2-OBCO.

magnitude slower than the propagation reaction. It should
be noted that the values in each case represent overall rate
constants, which encompass the various contributions to
the rate from different species such as free ions and ion
pairs. Resolution of these contributions has not been an
objective of the present study. A consequence of the slow
rate of initiation is the gradual increase in the concen-
tration of active species (Figures 2 and 9), which is noted
during the course of the polymerization. Obviously, the
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Figure 12, Time-[Et;OPF;] curve for the polymerization of
trans-2-OBCO in CH,Cl,.
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Figure 14. Arrhenius plot of initiation rate constants of the
polymerization of trens-2-OBCO.

procedure adapted here for the kinetic analysis with the
determination of the number of active species present at
any given time is indispensable.

Initiation and propagation occur by Sy2 reactions where
monomer as nucleophile attacks the triethyloxonium ion
(1) or the strained cyclic oxonium ion (2), respectively, as
shown in Figure 17 in the case of trans-3-OBCO. A similar
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mechanism applies to the trans-2-OBCO polymerization,
and a separate scheme is not presented for this monomer.
The very large difference in rate between initiation and
propagation is seen from Table I to be related particularly
to the lower values of the activation enthalpy for the
propagation. The lower AH*, value is best understood by
consideration of the stability of the two oxonium ions. In
the case of the triethyloxonium ion with free mobility of
the substituents, the structure is essentially strainless,
whereas in the case of the propagating oxonium ion a
severe strain is found in the cyclic part of the ion which
is impossible to relieve, owing to the trans configuration
present at the bond bridge. The high strain results in lower
stability of the ion, which is reflected in increased re-
activity. The propagation of trans-2-OBCO takes place
a little slower than that of trans-3-OBCO. The activation
parameters differ to some extent, and a higher activation
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Figure 17. Schematic outline of the mechanism of polymerization
of trans-3-OBCO initiated with Et;OPFg (the counterion is
omitted in the scheme).

enthalpy in the case of trans-2-OBCQ is partly compen-
sated for by a lower value for the activation entropy
(-AS*p). Heats of combustion data® have indicated that
trans-3-OBCO is somewhat more strained than trans-2-
OBCO.

Regarding the actual values for the rate constants and
the activation parameters, no direct comparison can be
made with literature values since the present investigation
is to our knowledge the first detailed kinetic study of the
initiation of the polymerization of a cyclic ether with
Et,OPF,. Previously, the reaction between various mo-
nocyclic ethers and Et;OBF, in CH,Cl, was studied in a
higher temperature range (2.5-35 °C) by the NMR
technique.® The study carried out with tetrahydrofuran,
tetrahydropyran, and oxepane showed that the rates of
alkylation corresponding to initiation in the former and
latter case vary little in this series and are in fact slower
than the rates reported in the present study. The acti-
vation enthalpies of initiation were in the range 68-71
kd-mol™, i.e., comparable to the values for the initiation
reactions given in Table I. The activation entropies of
initiation (—AS*) for the same series of monocyclic ethers
were in the range 67-71 J-mol'.K™. These values are
considerably higher than those for the Et;OPFg—trans-2-
and —trans-3-OBCO systems. This difference may reflect
a difference in the process of desolvation of the ground
state due to the charge dispersion in the transition state
when the monomer reacts with the initiator. The bicyclic
monomer is a larger molecule requiring more space when
solvating the oxonium ion, thus allowing fewer solvent
molecules in the solvation shell around the oxonium ion.
Thus the smaller change in orderedness when fewer
molecules are arranged in the solvation shell may explain
the more favorable entropies of activation for the initiation
process in the case of the bicyclic monomers. A prefer-
ential solvation of the oxonium ion by monomer has been
assumed also in the case of polymerization of tetra-
hydrofuran.!®

The rate constants for propagation are large compared
to the constants reported for tetrahydrofuran at 0 °C in
CH,Cl, with the same initiator. An overall constant for
THF was determined as!! 4.19 X 1073 L.mol s, while the
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constants for propagation via ion pairs and free ions were
found to be!? 0.87 X 1072 and 21 X 10-® L-mol s, re-
spectively. The type of counterion in the triethyloxonium
salt was found in the latter study to play a minor role for
the value of the rate constant. The propagation rates for
trans-2- and trans-3-OBCO are roughly two orders of
magnitude higher than the values for THF, and this is also
found to be the case for the less strained bicyclic ether
trans-8-oxabicyclo[4.3.0]nonane.!® In comparison with
atom-bridged bicyclic substituted monomers of the 7-
oxabicyclo[2.2.1]heptane series,*!5 the rates are also much
higher, although a different initiator system was used for
these monomers.

The polymerizations appear from the determination of
the number of active species to proceed without actual
termination. However, transfer reactions occur extensively.
It is suggested in the mechanistic scheme for the po-
lymerization in Figure 17 that the cyclic oxonium ions may
be attacked not only by monomer oxygen but also by
oxygen in the polymer chains either inter- or intramo-
lecularly. The resulting acyclic oxonium ion (3) and
macrocyclic less strained oxonium ion (4) are considered
“dormant” in the sense that the reactivity is as low as that
of the triethyloxonium ion. When monomer reacts with
the dormant acyclic species by attack at one of the three
« positions to the oxonium ion, a regeneration of the active
cyclic oxonium ion takes place. By this process, a re-
distribution of the lengths of growing chains will be ef-
fected. A randomization is indicated by the polydispersity
index which in all cases is very close to the value of 2 as
is apparent from the number and weight average molecular
weight values in Figures 15 and 16. This part of the
proposed reaction scheme is rather similar to the one
suggested for the polymerization of oxetane with hexa-
fluorophosphate salts by Worsfold.!®

When monomer attacks the exocyclic a-methylene group
of the macrocyclic oxonium ion (4), a cyclic oligomer is
formed simultaneously with the regeneration of the active
small ring oxonium ion. The formation in all the po-
lymerizations of small amounts of oligomers (around 1%)
is in accordance with the proposed mechanism. A low
concentration of the large ring oxonium ions probably
limits the amount of oligomer which is formed. The
presence of trimer and tetramers was demonstrated, and
with a cyclic structure these will be 15-crown-3 and 20-
crown-4 ethers. Whereas the formation of cyclic oligomers
in the polymerization of oxetane has long been known and
also recently extensively studied by Dreyfuss and Drey-
fuss,!? the formation of such oligomers in the case of
polymerization by ring opening of five-membered cyclic
ether compounds was only demonstrated recently. In 1976,
strong evidence for the formation of cyclic oligomers up
to pentamer was reported in the polymerization of the
bicyclic ether trans-7T-oxabicyclo{4.3.0]nonane.? Later it
was found that even in the case of polymerization of
tetrahydrofuran initiated by Me;OBF,, triflic acid, and
esters, cyclic oligomers are formed.!5°

The presence of the dormant species, acyclic as well as
macrocyclic, will affect the values for the calculated rate
constants since these species are included in determined
values for [P*]. As indicated above, the amount of cyclic
oligomer which is formed is, however, actually quite small,
thus we assume that the correction of the [P*] values and
the rate constants and activation parameters will not be
large in our case. However, it should be kept in mind that
for these monomers, and probably in the case of other
polymerization systems involving the opening of an ox-
acyclopentane ring, many different active species may be
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present, including the ions and ion pairs as already
mentioned.

Experimental Section

Materials. The preparations of trans-2- and trans-3-oxa-
bicyclo[3.3.0]octane are described in detail elsewhere.® Briefly,
in the case of trans-2-OBCO, ethyl 2-oxocyclopentanecarboxylate
was reacted with 2-iodoethyl acetate to form ethyl 1-(2-acet-
oxyethyl)-2-oxocyclopentanecarboxylate. This compound was
converted with HBr to the bromo ketone, 2-(2-bromoethyl)-
cyclopentanone, which after reduction with NaBH, to trans-
2-(2-bromoethyl)cyclopentanol was ring closed to the bicyclic ether
by treatment with KOH solution. The trans-3-OBCO was
prepared starting from pimelic acid which was converted into the
diacid chloride followed by bromination and esterification to
diethyl 2,6-dibromopimalate. This compound was converted into
trans-1,2-cyclopentanedicarboxylic acid by first reacting it with
sodium cyanide to form the diethyl 1-cyano-1,2-cyclopentane-
dicarboxylate followed by hydrolysis and decarboxylation. The
further procedure for converting the trans diacid followed one
published by Owen and Peto?' and consisted of a reduction to
the trans diol followed by mesylation and ring closure by treatment
with KOH. The monomers were purified by redistillation on a
spinning band column to a purity better than 99.95%. The
polymerization solvent CH,Cl, (Merck, p.a.) was purified by
consecutive treatments with concentrated H,SO,, H,0, 10%
Na,COj3, and H,0 and predrying over CaCl,. This was followed
by reflux and distillation from P,05 where only a middle fraction
was collected. The initiator triethyloxonium hexafluorophosphate
was purified by dissolving a 1-g portion in the drybox in 10 mL
of pure and dry CH,Cl, and precipitating by adding Et,O (refluxed
and distilled from LiAlH,) and repeating twice. After the
precipitate was dried under vacuum and stored under ultrapure
nitrogen, the salt had a melting point of 142.0-142.5 °C (lit.% mp
142-143 °C). The terminating agent, sodium phenoxide, was
prepared in THF (Merck, Uvasol, distilled under nitrogen from
LiAlH,) by reacting pure phenol (distilled under Ny) with freshly
cut sodium in the drybox. The vessel containing the solution was
then fused to a high-vacuum assembly, where the solution was
filtered through a sintered glass filter into storage ampules and
later redistributed into phials under vacuum conditions.

Polymerization Procedures. The general conditions for all
of the solution polymerizations in CH,Cl, initiated with Et;OPFg
were [M], = 1.49 mol-L™! and [I], = 0.0081 mol-L™'. All po-
lymerization experiments were carried out in an all-glass apparatus
which was connected to a high-vacuum line where all the necessary
operations were performed regarding the preparation of the
polymerization charge. The procedures which were used have
been very thoroughly described.”® In brief, the pure, predried
monomers were after degassing dried on the vacuum line first with
BaO and then a K-Na alloy and finally distilled into storage burets
equipped with Rotaflo valves from which the dosing to the
polymerization ampules could be performed. The purified and
predried CH,Cl, was dried on the vacuum line over freshly
sublimed P,0; and then distilled onto a fresh Na mirror before
storage in a buret as above. (Note: It has been reported that it
is very dangerous to bring CH,Cl; into contact with a Na film
except under vacuum and after drying it very carefully!®®) The
initiator, a freshly made solution in CH,Cl,, was added with a
syringe to the polymerization ampule, the solvent was removed,
and thorough drying of the salt was performed by evacuation prior
to charging the monomer and the solvent. The necessary amount
of sodium phenoxide for the end capping was enclosed in a phial
in the polymerization ampule, and it was introduced at the
appropriate time by breaking the phial. The terminated polymer
solution was washed and dried and divided into one part which
was used for yield determination after evaporation to dryness and
another part which was used for the determinations of the phenyl
ether content by UV analysis.

Apparatus. The molecular weights were obtained by gel-
permeation chromatography in THF solution, using Waters Model
200 instrument. Two sets of columns were used, either 108, 2 X
104, 104, and 103 A or 2000, 500, 100, and 60 A. The molecular
weight average values were determined on the basis of the ex-
tended chain length method and a § value of 18.4 g-mol™-41,
These molecular weight values were adequate for studying the
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effects of the changes in the polymerization conditions. The UV
analyses were performed in CH,Cl, at room temperature at 225
to 325 nm, using a Beekman DK-2A ratio recording spectro-
photometer.
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Kinetics and Mechanism of the Bulk Thermal Polymerization of
(3-Phenoxyphenyl)acetylene
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ABSTRACT: The kinetics of the high-temperature bulk polymerization of (3-phenoxyphenyl)acetylene were
examined over the temperature range 400 to 600 K, using differential scanning calorimetry. Analyses of samples
polymerized over a wide range of temperature, using gel permeation chromatography, revealed that the polymer
molecular weight is invariant with temperature. The absence of an observable temperature correlation for
polymer molecular weight is examined in terms of a biradical mechanism in which the kinetic and molecular
chain lengths are controlled by a first-order termination step involving cyclization of the growing polymer
chain. Based upon the observed data and semiempirical thermochemical arguments, it is concluded that the
molecular weight of poly(3-phenoxyphenyl)acetylene is controlled predominantly by steric and thermochemical

factors rather than by the reaction energetics.

The mechanisms for thermal polymerization of aryl-
acetylenes are of interest from both theoretical and
technological viewpoints. These compounds, in particular
phenylacetylene and its simple derivatives, polymerize
spontaneously in the range 400 to 600 K, and initiation
may involve biradical formation.'? Also, the molecular
weight of the resultant polymer is rather insensitive to
polymerization temperature.’* The lack of an appreciable
temperature dependence for molecular weight has been
interpreted in the past as arising from degradative chain
transfer®® and more recently as being the result of a
size-dependent first-order deactivation of the polymer
chains.*7

The 3-phenoxyphenyl substituent in the related mo-
nomer, (3-phenoxyphenyl)acetylene, occurs frequently in
complex acetylene-terminated oligomers® that are used in
the synthesis of highly temperature-resistant polymers.
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Since (3-phenoxyphenyl)acetylene possesses a substituent
present in the oligomers as well as a reactivity comparable
to phenylacetylene,’ it represents a useful model compound
to examine in order to gain insight into the mechanism of
polymerization of the acetylene-terminated oligomers. In
this paper, we wish to report the kinetics of the bulk
polymerization of (3-phenoxyphenyl)acetylene and discuss
the mechanistic implications.

Experimental Section

The monomer was obtained from Midwest Research Institute
and was purified by vacuum distillation prior to use. Analysis
by IR spectroscopy and gel permeation chromatography (GPC)
indicated that the monomer purity exceeded 99%.

For kinetic runs, conversion data were determined from iso-
thermal and dynamic differential scanning calorimetry (DSC)
measurements, using a Perkin-Elmer DSC-II calibrated against
lead and indium at heating rates of 80, 40, 20, 10, and 5 K/min.
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