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ABSTRACT

Kinetics of the anionic polymerization of €-caprolactone (eCL)
initiated with ( CH3)3SIO’K' and carried out in THF solution has

been studied in the temperature range from 0 to 20°C by using a
calorimetric method. From the kinetic results and from con-
ductometric measurements of the digsociation constant of the
living poly-eCL™K" ion pairs (I(D2° = (4+2)X 107*° mol/L),

we concluded that at the conditions indicated above and for con-
centrations of active centers ranging from 1072 to 3.7 x 1072

mol /L, propagation proceeds on the ion pairs and is disturbed
neither by dissociation nor by the formation of higher aggregates.
For the polymerization of eCL proceeding on the poly-¢eCL"K"*

*To whom correspondence should be addressed.
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ion pairs, the following activation parameters were found: AHpI =
17 + 2 kJ/mol, ASpI = -180 + 20 J/mol'K (k,(20°C) = 4.7 L/mol's).

INTRODUCTION

Anionic polymerization of e-caprolactone (eCL) proceeds with acyl-
oxygen bond scission:

|
RO” + 0=C—0 —— ROC(CH2)50'

(CH2)5

and one may expect that active centers, as in the polymerization of
ethylene oxide [1-6], can be present in the form of free alkoxide
anions, ion pairs, and their higher aggregates. Attempts to initiate
polymerization of eCL with carboxylates, with subsequent alkyl-oxygen
bond scission, were successful only at the much higher temperatures
(at 200°C) [7], and thus this mode of polymerization does not take
place at the applied conditions.

Alkoxides are known to form aggregates, particularly in media of
low polarity {1, 2]. We have recently shown that in the anionic polym-
erization of eCL initiated with (CH3)3SiO'Na’ and carried out in THF

solvent at temperatures below 30°C, active centers are aggregated,

and in average each aggregate is constituted from three active species—
presumably ion pairs [8] forming the corresponding six-membered
aggregates. Analysis of the data provided by Yamashita also indicate

a considerable aggregation of active centers in the polymerization of
€CL with Li* counterion [9].

In the case of systems in which not only free ions and ion pairs but
also various aggregates are formed, determination of the propagation
rate constants with participation of free ions and ion pairs is difficult.
Hence, we decided to look for a simpler system, expecting to find the
conditions for e CL polymerization at which formation of aggregates
would be suppressed.

In this paper we report on the kinetics of the anionic ¢CL polymer-
ization with K* counterion and on the determination (for the first time)
of the propagation rate constant for ¢ CL on the active centers with a
well-defined physical structure (namely, on poly-eCL" K" ion pairs).

EXPERIMENTAL PART

Monomer (eCL) and solvent (THF) were purified as described pre-
viously [8].
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The initiator, (CH3 )3 3SiOH

and K (mirror) in the same way as was the corresponding Na deriva-
tive [8].

The kinetics of polymerization was monitored by using a quasi-
adiabatic calorimeter constructed similarly to the apparatus designed
by Plesch [10].

The dissociation constant of poly-e CL™K"* ion pairs was measured
conductometrically by using an apparatus described previously [11].
The cell constant was equal to 3.28 X 107* em™'. Conductivity was
measured with the semiautomatic bridge BM 484 (Tesla, Czechoslo-

vakia) equipped with an internal generator providing 1592 Hz.

SiO"K", was synthesized from (CH3)

RESULTS

Kinetics of ¢eCL Polymerization

Kinetics of the e CL polymerization was investigated in the temper-
ature range from 0 to 20°C and for initiator concentrations ranging
from 1 X 1073 to 3.7 X 1072 mol/L. In all experiments the initial
monomer concentration was equal to 5 X 107! mol/L,

In Fig. 1 the temperature change recorded during kinetic experi-
ment is shown; Part AB describes the increase of the temperature
due to the polymerization process, and part BC the decrease of tem-
perature, after the reaction has been completed, due to the nonideal
adiabaticity and the heat transfer to the thermostat.

We did show previously [12] that when the heat evolution during
polymerization is much faster than the heat transfer from the calorim-
eter to the thermostat, and at the same time slow enough to enable the
equilibrium between the calorimeter and the reacting mixture to be
maintained, the following equation describes the changes of the temper-
ature during the kinetic experiment:

T-T,= (AHpMO/O)[eXp (-Bt) - exp (—kpapp[I] ot (1)

where T and T0 are temperatures of the solution in the calorimeter

and of the thermostating bath, respectively, AHp denotes the enthalpy

of polymerization, p is used for the heat capacity of the solution-
calorimeter system, 8 is the coefficient determining the heat transfer
from the calorimeter to the thermostat, MO denotes the initial mono-
mer content in moles, [I]0 is the initial concentration of initiator, k app
is the observed apparent propagation constant, and t denotes time.

The above equation holds for B << kpapp {1 0 in the case when the
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FIG. 1. Temperature change recorded during kinetic experiment.
Conditions [¢CL] = 0.5 mol/L, {I}; = 7.56 X 10"* mol/L, T = 292.4

K. Part AB illustrates the increase of temperature due to the polym-
erization process; part BC illustrates the cooling of the solution after
the completion of polymerization.

opposite inequality holds heat is transferred to the thermostat as
fast as it is produced in the course of polymerization and the calorim-
eter cannot be considered as quasi-adiabatic.

The way in which the discussed equation may be used for the deter-

app

mination of kp and AHp will be shown by using the data of the ex-

periment illustrated in Fig. 1. a
When the polymerization is completed, i.e., when exp (-k pp[I] 0t)
=~ 0, the change of the temperature is described by P

In (T - Tj) =In (AHpMo/p) - Bt (2)

The data corresponding to Curve BC in Fig. 1 were used for plotting
the dependence of In (T - To) on time (cf. Fig. 2). From this plot

B=203x 10" 1/ and AHpMO/p = 3.71 K (by extrapolation to t = Q)
were determined. Equation (1) can be rearranged to give
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FIG. 2. The dependence of In (T - TO) as a function of time for the

experiment illustrated in Fig. 1. From the slope, 8 = 2.03 X 107° 1/s;
and from the intercept, AHpMO/p = 3.71 K were found.

-In [exp (~pt) - (T - T )p/(&H M()] = kpapp[r] ot (3)

Substituting into Eq, (3) the values of 8 and AHpMO/p determined
previously for the discussed experiment, and plotting the left-hand
gide of Eq. (3) as a function of time (Fig. 3), the value y = kpapp[l] 0=
3.54 X 107 L/s has been determined. The enthalpy of polymeriza-
tion AHp was determined from a comparison of ATma.x = AHpMO/p

with the increase of the temperature AT, due to the heating of the solu-
tion during time At with the electrical heater (Pt thermoresistor),
having a power W = 8.4 X 10~" J/s. In the experiment discussed be-
low, AHp was found equal to 19.7 kJ/mol. In a similar way

V= kp and AHp in other experiments were determined. The

0
corresponding values are given in Table 1.
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FIG. 3. The dependence of -In [exp (2.03 X 107% g™*+t) - (T - TO)-
0.27] on time for the experiment illustrated in Fig. 1. From the slope,

y = kpapp[r] o =354 X 107 1/s was found.

Dissociation of Poly-eCL-K* Ion Pairs

Attempts to measure the dissociation constant (KD) of the poly-

e¢CL K" ion pairs were complicated by the equilibria between linear
macromolecules with active centers and cyclic oligomers. The pro-
cedure usually used for the conductometric determination of the dis-
sociation constant consists of examining the dependence of the molar
conductance A on the concentration of the solute [3, 4]. This procedure
can be applied only when the values of the dielectric constant, viscosity,
and eventually of the limiting molar conductances of ions are constant.
In the case of poly-eCL'K", due to the equilibrium between linear and
cyclic macromolecules, the addition of each portion of an ionic active
species to the solution is accompanied by the addition of cyclie oligo-
mers. In this way not only is the concentration of ions changed but also
the dielectric constant and viscosity of the solution change. Thus, the
procedure applied, e.g., for the measurements of the dissociation con-
stant of the ion pairs in the polymerization of ethylene oxide [3, 4], was
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not applicable to our investigations. In the case of the poly-eCL'K"
ion pairs we could only estimate the dissociation constant on the basis
of several assumptions. The limiting molar conductance of K" ions was

calculated from the equation nAO" = 0.242 (7 in poise units, AO‘ in cm® /

Q°mol), which in THF at 20°C gives the value AO+ = 47 cm?®/9°'mole used

by other investigators [4]. The limiting molar conductance of poly-¢CL”~

anions was estimated from the relation between A" and M [13). M_ of

the linear fraction of poly-¢ CL was calculated for each concentration of
active centers (it was assumed that the concentration of active centers is
equal to the initial concentration of initiator [I] 0) from the dependence

Mn = ([M]0 - [Mn] e)MW/ [1] 0’ where [M]0 denotes the initial monomer

concentration, [Mn] e the equilibrium concentration of all cyclic oligo-

mers in monomer units (values reported by Yamashita {14], and MW
the molecular weight of the monomer. The molar conductances of ac-
tive centers (A) were measured at 20°C for poly-¢CL equilibrates in
THF solvent. Polymerizations were carried out with initial monomer
concentration equal to 5 X 10”' mol/L and with initiator concentrations
ranging from 2.5 X 107% to 8.5 X 107® mol/L. By using values of the
calculated limiting molar conductances (A0 = AO' + AO’) and the mea-

sured molar conductances (A), the degree of dissociation a = A/A0
and the dissociation constant KD =a 1 O/ (1 - a) were estimated. The
following value of the dissociation constant was obtained: KD(20°) =

(4 £2)x107'° mol/L. This value is higher than that measured for potas-
sium alkoxide active ce_nters in the polymerization of ethylene oxide
(at 20°C Kpy = 1.8 X 10 '° mol/L [2]). This may be, at least partially,

attributed to the higher dielectric constant of the poly-¢ CL equilibrate
in THF than that of THF alone. We found that the value of the dielec-
tric constant of the poly-¢ CL equilibrate in THF containing 5 X 10~!
mol/L of eCL mers is equal to 8.1 at 20°C, whereas the value reported
in the literature for THF at the same temperature is 7.6 [15].

Conclusions from the Kinetic Measurements and

from the Measurements of the Dissociation Constant

of Poly-eCL"K" Ton Pairs

The main object of this work is to determine the rate constants of
propagation on active centers with well-defined physical structure in
the anionic polymerization of eCL.,

In Fig. 4 the dependence of In v (y = kpapp[l] 0) on In [I], is shown.
For all temperatures the plots obtained are straight lines with slopes
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FIG. 4. The dependences of In y (y = kpapp[l]o) on In [I] o The

slopes are (a) 1.1+ 0.2, (0°C), (b) 1.1+ 0.2 (10°C), and (¢) 1.02 +
0.01 (20°C).

close to 1. This indicates that kpapp does not depend on the total con-

centration of active centers.
When the concentration of the active centers is changed from 10~°
to 4 X 10™® mol/L, the calculated fractions of free ions (KD (20°) =~

4 X107'° mol/L) decrease from 6.3 X 102% to 1.0 X 102%. Thus,
although the proportion of free ions changes about 6 times, kpapp

remains constant. Assuming tentatively that in propagation the total
concentration of active centers is equal to 4 X 1072 mol/L, and free
ions constituting a fraction of 1.0 X 107*% would contribute no more
than 10% of the chain propagation steps, one should expect that lower-
ing the total concentration of active centers to 10”* mol/L (when the
fraction of free ions is increased to 6.3 X 107 %) will cause an in-

crease of kpapp 1.5 times. The experimental results show, however,

no increase in rate (cf. Table 1), and hence we have to assume that
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the free ions do not significantly contribute to propagation in the pro-
cess investigated.

Moreover, from the observation that kpapp does not depend on [1] 0

we can conclude that either ion pairs of living poly-e¢CL do not aggre-
gate at the conditions in which the polymerization was investigated,
or that the active centers have the same reactivity regardless from
the degree of aggregation. However, this last assumption cannot hold
because for the active centers of similar chemical structure in the
polymerization of ethylene oxide [1-2] and also for poly-eCL"™ with
Na® and Li" counterions [8, 14], the reactivity of aggregates is much
lower than those of ion pairs. From the above considerations we are

inclined to assume that the measured k app

are indeed equal to the
rate constants describing propagation on ion pairs (k ) From the de-
pendence of In (k b *) on the reciprocal absolute temperature the en-

thalpy and entropy of activation were calculated and found to be equal
to 17 + 2 kJ/mol and -180 + 20 J/mol*K, respectively.
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