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Summary

Photocationic polymerization for three cyclic acetals, namely 1,3-dioxolane, 1,3-
dioxepane and 1,3,6-trioxocane, respectively, has been studied. Several cationic
photo-initiators (diaryliodonium or triarylsulfonium salts, and one arene-metal
complex) have been used. Differential scanning photo-calorimetry (DPC) has been
employed to record the dependence conversion versus time. DPC thermogrames, in
turn, have been utilized to calculate the propagation reaction constants as well as the
corresponding activation energies. The values for the propagation constants at 30°C
are 1.6·102 L/mol·s for 1,3-dioxolane, using a diaryliodonium salt as photoinitiator,
1.6·103 L/mol·s for 1,3-dioxepane and 6.1·103 L/mol·s for 1,3,6-trioxocane,
respectively, in the presence of a triarylsulfonium salt as photoinitiator. The activation
energies are in the range of 9.6÷19.6 kcal/mole.

Introduction

Cyclic acetals may be polymerized by Brönsted as well as by Lewis acids [1], by
several silicon compounds [2] or by photochemical means [3]. Propagation is
reversible and various active sites may be existing. Moreover, chain transfer (inter- or
intramolecular) makes the cationic polymerization of cyclic acetals a very complex
process [4].
The obvious advantages introduced by photoinitiated polymerization (short time
reaction, low energy required) made it possible to extend this procedure for cyclic
acetals; evidently, the process keeps its cationic nature [5-7].
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Experimental

Materials

The cyclic acetals (figure 1), 1,3-dioxolane (DXL), 1,3-dioxepane (DH) and 1,3,6-
trioxocane (TOC), were prepared by Astle’s method [8] and purified by distillation
over calcium dihydride. Their purity was analyzed using gas chromatography and was
higher than 99%.

Several triarylsufonium salts, diaryliodonium salts and one iron-arene complex were
used as UV photoinitiators (Figure 2).
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Cyracure UVI 6974 (Union Carbide), a 50 wt% solution in propylene carbonate of a
9:1 by weight mixture of 4,4’-bis-(diphenylsulfonio)-diphenylsulfide
hexafluoroantimoniate and 4-diphenylsulfonio-diphenylsulfide
hexafluoroantimoniate, Cyracure UVI 6990 (Union Carbide), the same product as
UVI 6974 but containing PF6

- as counterion and UV9380 from GE Silicones (a
mixture of bis(4-dodecylphenyl) iodonium hexafluoroantimoniate, alkyl glycidyl
ethers C12 and C14, 5-10 wt% linear alkylate dodecylbenzene and i-
propylthioxanthone) were stored over calcium dihydride for 24 hours. The upper clear
liquid was used. The solid photoinitiators, ditolyliodonium hexafluoroantimonate -
HDTI (Rhône-Poulenc), ditolyliodonium tetrakis (pentafluorophenyl borate) − TDTI
(Rhône-Poulenc) and i-propylbenzene cyclopentadienyl iron hexafluorophosphate −
Irgacure 261 (Ciba Geigy) were used as received.

Procedure

Differential scanning photocalorimetry (DPC) was used as method to put in the
evidence the kinetics of cationic photopolymerization of cyclic acetals. The initiation
light source was a 200W high-pressure mercury lamp. Samples of 2÷4 mg were
placed in aluminum DSC pans covered with a disc of polyethyleneterephtalate foil
and exposed at UV light intensity in the range of 3 mW/cm2. A number of DPC
experiments were performed on cationic photopolymerization of DXL, DH and TOC
with UV photoinitiators (3 wt%). A nitrogen flux of ∼20 cm3/min assured a
homogeneity of temperature in the measuring cell.

Results and discussion

Polymerization

The results regarding photocationic polymerization of DXL, DH and TOC in the
presence of above mentioned photoinitiators, at 30°C, are presented in Figures 3. The
thermal data were transformed in conversions data by dividing the experimental
enthalpies to the theoretical enthalpies, already known for monomers [9].
As it may be seen, the complex arene-iron (Irgacure 261) cannot initiate the
polymerization for none of the cyclic acetals studied. On one hand, the photoinitiator
is only partially soluble into the monomers, and on the other hand it decomposes
efficiently only at higher temperatures.
For DXL, the most effective photoinitiators were HDTI and TDTI (ditolyliodonium
salts). The triarylsufonium salt having SbF6

-, as its anion (Cyracure UVI 6974) has
been proved the most active for TOC. However we must take into account that HDTI
and TDTI were only incompletely soluble in this monomer. Among the three acetals,
DH is by far the most reactive. It has polymerized up to conversions higher than 80%
in the presence of diaryliodonium or triarylsufonium salts.

Kinetics of polymerization

As known, polymerization of cyclic acetals may be seen as an equilibrium reaction.
Accordingly, when writing the rate of monomer consumption (-d[M]/dt), we have to
take into account the depropagation, respectively the equilibrium concentration.
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where [M] and [M]e represent monomer concentration at time t and equilibrium
concentration, respectively; kp is the rate constant for propagation, while [I+],
symbolizes the concentration of active species. The values for equilibrium
concentrations after 24 hours (Table 1) have been found by gas-chromatography
(namely measuring the concentrations of unreacted monomer, in the absence of any
solvent), according to the method previously described [7]. Equilibrium concentration
for TOC at 30°C is low enough and the same value has been used during calculations
for higher temperatures; we believe however, that the resulting error (in calculating
rate constants) is an insignificant one. In addition, no cyclic oligomers were detected
by gas-chromatography.

To measure the rate constants (and subsequently the activation energies) for
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photocationic propagation, the three monomers (DXL, DH, TOC) have been
submitted to polymerization at several temperatures, in the presence of effective
photoinitiators, such as the results might present practical interest.
The only active species is proton [10]. The concentration of newly generated protons
has been established by their capture with a steric hindered pyridine. Based on 1H-
NMR signals for protonated and non-protonated pyridine, respectively, we were able
to find a linear dependence for the concentration of newly generated protons (for the
triarylsulphonium salts having SbF6

- as its anion - UVI 6974) on the received
irradiation energy, and, accordingly on the exposure time.
As all photoinitiators used (diaryliodonium or triarylsufonium salts) initiate the
polymerization in a similar manner as UVI 6974 [11,12], then it might be said that, in
general, the concentration of newly generated protons increases in a linear form with
the exposure time.
Introducing this linear dependence into the expression describing the polymerization
rate, one obtains:

where a is a proportionality coefficient (mol/L⋅s), and t is the exposure time to UV
radiation (s); obviously the coefficient a can take various values as a function of the
nature of the photoinitiator.
After variable separation and integration, Eq. (2) becomes:

where [M]0 represents the initial monomer concentration and ϕ = a/2.

Coefficient ϕ has been estimated as it follows: we knew the values kp reported in
literature [13,14] for DXL and DH at 30°C (102 L/mol⋅s for DXL and 103 L/mol·s for
DH). The slope of the Eq. (3), gives ϕ coefficients for each pair monomer −
photoinitiator (Figure 4), shown in the Table 2.
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The average values for ϕ were subsequently used in calculating the rate constants.
Thus, knowing monomer concentration (the initial and the equilibrium ones
respectively, as well as at different times t), we can calculate the rate constant (as the
corresponding slope) from the graphical representation of Eq. 3.
According to the above mentioned kinetic model, we have calculated the rate
constants for all the three cyclic acetals in the presence of some photoinitiators of
practical importance (Tables 3-5). The values show similar reactivities for DH and
TOC; DXL seems to be less reactive.
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Activation energy

Knowing the rate constants, measured at different temperatures, the activation
energies have resulted, based on Arrhenius law:

where all parameters have the usual meaning.
The values obtained for activation energies (Ea) and pre-exponential factors (A) are
presented in Tables 3-5. For all the three monomers, the lowest activation energies
have been recorded in the presence of triarylsulphonium salt with SbF6

- as anion (UVI
6974).

Conclusions

All cyclic acetals studied (DXL, DH and TOC) can polymerize using diaryliodonium
and triarylsufoniurn salts as photocationic initiators. Differential scanning
photocalorimetry (DPC) has been proved to be an efficient tool to obtain conversion
versus time curves for all three monomers. For DH and TOC the most efficient
photoinitiator has been proved to be UVI-6974, which represent a mixture of two
salts, mono- and difunctional of triarylsulphoniurn with SbF6

- as anion (10/90 by
weight) and dissolved in propylene carbonate (50%). For DXL, the most efficient
photoinitiator is HDTI (ditolyliodonium hexafluoroantimonate). The values for the
propagation constants vary between 1.1·102 and 35.1·102 L/mol·s for DXL (in the
range 30°÷60°C), between 0.6·103 and 39.1·103 L/mol·s for DH (in the domain
30°÷80°C) and, finally between 1.1·103 and 62.4·103 L/mol·s for TOC (30°÷80°C).
The lowest activation energy has been recorded in the presence of UVI 6974: 9.6
kcal/mol for TOC, 13.2 kcal/mol for DH and 15.9 kcal/mol for DXL.
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