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A fotopolimerizacido de THF foi estudada na presenca de sal de trifenilsulfonio e perileno. O

mecanismo envolve uma transferéncia de elétron do estado singlete excitado do perileno para os fons
trifenilsulfonio, levando a formacdo de cdtions radicais, que reagem com o tetrahidrofurano. O
rendimento aparente de cdtions radicais calculado do mecanismo proposto tem o mesmo comportamento
geral que as velocidades de polimeriza¢do medidas experimentalmente.

The photopolymerization of THF was studied in the presence of a triphenylsulphonium salt and
perylene. The mechanism involves an electron transfer from the excited singlet state of perylene to
triphenylsulphonium ions, resulting in perylene cation radicals that react with tetrahydrofuran. The
calculated apparent yield of cation radicals follows the same general trend than the measured

polymerization rates.
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Introduction

There is growing interest in polymerizations initiated
by external stimulation, such as photoirradiation or high-
energy radiation,’ and much effort has been devoted to
develop systems that may initiate the polymerization
processes through cationic>** and radical mechanisms.>¢
Cationic polymerization is widely applicable for both
vinyl and ring-opening polymerizations giving place to
many studies of both academic and industrial interests.’
Thermally stable onium salts, such as diaryliodonium and
triarylsulphonium salts, in the presence of low nucleophilic
complex metal halide anions are well established
photoinitiators for cationic polymerization by direct
irradiation® and photosensitization.”!°

Sensitization by energy- or electron-transfer is often
used to overcome the unfavourable absorption properties
of these compounds. The addition of sensitizers leads to
complex mechanisms involving intermediates of various
types. To understand those mechanisms, studies of the
elemental reactions and the product distributions are
needed. Photosensitized cationic polymerizations with
compounds absorbing at longer wavelengths attract
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particular interest since the triggering of the initiation may
be extended beyond the UV region.*

The ring-opening polymerizations of several oxirane
monomers have been studied quite frequently and have
been known for a long time. Direct and photosensitized"'
irradiation of onium salts'>"3 can generate strong Brgnsted
acids that will begin the polymerization processes. On the
other hand, perylene has already been used as sensitizer'*
for the polymerization of this type of compounds, whereas
the initiation of the polymerization of THF has been
obtained using various systems."

In this work we report on the photopolymerization of
tetrahydrofuran (THF) photoinitiated by the perylene
(Pery) - triphenylsulphonium hexafluoroarsenate (S*)
system. The elemental reactions involved in the initiation
process were evaluated independently in order to be able
to propose a mechanism leading to the formation of the
initiating cation radicals. An expression for the apparent
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yield of cation radicals was calculated using data obtained
for the elemental reactions. Similar mechanistic studies
were already reported for the cationic photopolymerization
of THF by sulphonium salts sensitized by thioxanthone'®
and phenothiazine.'”

Experimental
Chemicals

Perylene (Pery, Aldrich, 99%) was purified by
recrystallization from toluene before use and triphenyl-
sulphonium hexafluoroarsenate (Johnson Matthey Co.)
was used as received. The monomer tetrahydrofuran (THF,
Fluka GC grade) and the solvent dichloromethane
(Mallinckrodt, HPLC) were dried over CaCl,.

Photopolymerization procedure

The light-induced polymerization of THF in the
presence of the photoinitiator system (Pery - S*) was
conducted in a dilatometer.'®'” The solution was thoroughly
deoxygenated by bubbling oxygen-free nitrogen. The
dilatometer was constructed by attaching two capillaries
(internal diameter 0.18 cm) to a cylindrical reaction vessel
(internal diameter 2.2 cm, volume 8 mL), which was placed
in a constant temperature bath (30.00 £+ 0.01 °C) in front of
the irradiation source. The reaction cell was placed in front
of a monochromatic light source (405 or 366 nm) selected
with a monochromator from the output of a 200 W Hg(Xe)
lamp in an Oriel Universal Arc Lamp source.

The polymerization rates (R, were calculated using

R ZL[THF] (mol L' s) @))

POFLf

where £ is the contraction in volume in the capillary
(measured with a cathetometer) at time 7; f is the volume
fraction of monomer THF in the solution; F is the volume
contraction related to the densities of polymer and
monomer in solution [F = (dp-dm)/dp], and [THF]
corresponds to the monomer molar concentration. The rates
of all photoinitiated polymerizations were corrected for
the changes in the incident light intensity. Conversion
percentages were calculated by multiplying the
polymerization rates by the irradiation time and dividing
by the monomer concentration (12.34 mol L).

After irradiation, the polymers (poly-THF) were
precipitated by addition of NH,OH in methanol, washed,
filtered, dried in a dissecator and characterized by gel
permeation chromatography.
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Photochemical measurements

The fluorescence decays and lifetimes were measured
using the single-photon timing technique on a CD-900
Edinburgh spectrometer, operating with a nanosecond
hydrogen-filled flash lamp pulsing at 25-30 kHz, at room
temperature (25 = 1 °C). The excitation wavelength was
436 nm and the emission was monitored at 469 nm.

Static fluorescence quenching experiments were
carried out at room temperature using a Hitachi F-4500
spectrofluorimeter. Pery was excited at 430 nm and the
emission was determined at the maximum of the emission
peak. Absorption spectra were measured on a Hitachi U-
2000 spectrophotometer.

Photolysis of Pery oxygen-free solutions at 355 nm
was performed using the third harmonic of a Nd- YAG laser
(Spectron) pulsed at 1 Hz. The FMHW of the pulses was 20
ns with an energy of ~80 mlJ.

Actinometry was performed using ferrioxalate/
phenanthroline salt. The quantum efficiency of this
actinometer is ~1.0 at wavelengths below 405 nm.'®

The concentration of the sensitizer, Pery in dichloro-
methane, was kept around 2.0x10*mol L', in order to obtain
a reasonable absorption at the excitation wavelength.

Results and Discussion

In order to establish the mechanism that leads to the
photopolymerization of THF in the presence of Pery and
S*, it is necessary to evaluate all the possible elemental
reactions that may happen in the system. Therefore,
interactions between the three components of the system
were studied in the ground and excited states. Evidence
for the formation of complexes and exciplexes, quenching
of the excited states, as well as the behaviour of the Pery
cation radical were investigated. No chemistry or any other
evidence of the participation of the triplet state of the
sensitizer was found.

Ground state interactions

The absorption spectrum of Pery in dichloromethane
shows three main absorption bands in the visible region:
437 (¢ = 10* L mol! cm™), 388, and 410 nm, whereas S*
absorbs strongly further in the UV region with a maximum
at 280 nm. Both spectra are not modified when adding
THF to the solutions. On the other hand, the mixture of
solutions of the sensitizer and the sulphonium salt results
in the presence of a new peak at 333 nm, as well as a
decrease in the absorptions at 260 and 283 nm, as
evidenced by the differential spectrum shown in Figure 1.
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These changes suggest the formation of a ground-state
complex between both species present in the solution.
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Figure 1. Differential spectrum of the mixture of Pery (2.0x10* mol L)
and S* (1.0x10* mol L) in dichloromethane.

Singlet state processes

The lifetimes of the singlet excited state of Pery in the
absence and presence of S* and THF were obtained from
the fluorescence decays. The lifetime of 'Pery was found
to be 6.63 ns, in good agreement with the previously
reported value of 6 ns.'” The Stern-Volmer plots for the
quenching of the singlet excited state of Pery by S* were
obtained from both the changes in the emission intensity
and the fluorescence lifetimes, as shown in Figure 2. Similar
linear plots were also obtained for the quenching by THE.
As the plot for the total quenching is linear, the static and
dynamic contributions to the quenching process could be
evaluated using equation 2

K,=K + Dkq.to 2

where K . corresponds to the ground state complexation
constant and ’)quo is the dynamic quenching contribution.
The calculated values are listed in Table 1.

The values of the complexation constant show that
approximately 45% and 95% of the quenching of 'Pery by
S* or THF are due to the formation of ground state
complexes, respectively

Pery +Q [Pery---Q] 3)

where Q represents a molecule of S* or THF.
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Figure 2. Stern-Volmer plot for the quenching Pery by S*: (O) I /I
and (W) 7 /7.

No chemistry involving the triplet state was detected
in this study, as expected for polynuclear aromatic
hydrocarbons which normally present low intersystem
crossing quantum yields.*

Perylene cation radical

Perylene solutions containing different concentrations
of S* were photolysed using the 335-nm laser emission. A
decrease in the absorption wavelengths corresponding to
the ground state of Pery (370-450 nm) were observed after
photolysis, simultaneous to a growth in the absorption in
the 450-530 nm region (Figure 3). The solutions acquired a
yellowish colour with a bluish fluorescence. This
fluorescence, as well as the new absorption are assigned to
the Pery cation radical (Pery*"), according to previous reports
on this species.?! This cation radical is formed by the electron
transfer quenching of the excited singlet sensitizer, i.e.

"Pery + S* — '[Pery...S*] — '[Pery*...S]
y @
Pery” + S

where ![Pery-..S*] is an excited encounter complex, which
may lead to the exciplex '[Pery**...S’] after electron transfer.
This complex can eventually dissociate to generate the
cation radical Pery* and the radical S°. Exciplexes of this
type have been described quite frequently for similar
systems.*?

Table 1. Stern-Volmer constants, quenching rate constants of 'Pery (kq) by S* and THF, and ground state complexation constants K.

Quencher K, (L mol™) kq (L mol'!s™) PK_, (L mol") Dkq (L mol s1) K. (L mol™)
St 53.3 8.04x10° 29.5 4.45%x10° 23.8
THF 11.4 1.72x10° 0.62 9.3 x107 10.8
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Figure 3. Changes in the absorption spectrum of Pery (2x10* mol L)
resulting from photolysis at 355 nm in the presence of S*.

After stopping the irradiation the absorption
corresponding to the cation radical decreases following a
second-order decay. Under the conditions of that
experiment this species decays with a lifetime of ca. 1.2 h
(Figure 4). Concurrently, an increase in the 370-450 nm
region is observed, corresponding to the recovery of the
ground state absorption of perylene.
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Figure 4. Decay kinetics of the radical cation, determined from the
absorption at 460 nm.

On the other hand, no changes in the absorption
spectrum of Pery or any other reactions are observed when
the sensitizer is photolysed in the presence of the monomer
THE

Photopolymerization studies

The THF photopolymerization was studied at 405 nm.
Figure 5 shows the linear plots obtained for the monomer
conversion percentage versus irradiation time in the presence
of the photoinitiating system (Pery 2.0x10 mol L' - S*).
The variation of the instantaneous polymerization rate (Rp,)
with irradiation time can be observed in Figure 6. All curves
reach a maximum that depends on the concentration of S*.
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After this point the monomer conversion proceeds at constant
rate. The photopolymerization rates, shown in Table 2, were
obtained from the slopes of converted THF versus irradiation
time.

conversion percentage
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Figure 5. Conversion percentage of the photopolymerization of
THF in the presence of different concentrations of sulfonium salt S*
(from bottom to top 1.4x10*, 1.8x10%, 2.4x10*, 2.85x10*, and
4.0x10* mol L.
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Figure 6. Instantaneous THF polymerization rate photoinitiated by
the Pery-S* system as a function of irradiation time ([S*] = 1.4x10%,
1.8x10%, 2.4x10*, 2.85x10*, and 4.0x10* mol L', from bottom to
top).

The polymerization quantum yields (® ) were
determined from the slopes of the plots of converted THF
versus absorbed energy. The corresponding results are
collected in Table 2, together with the maximum
conversion percentages and the molecular weights (M, ).
This data is related to polymers with sufficiently high
molecular mass to be retained in the precipitation process,
so that they can actually be considered as lower limits for
the quantum yields and conversion percentages and higher
limit for the M, . As can be seen, in spite of a relatively
high polymerization quantum yield, the amount of
consumed Pery is rather low due to the large deactivation
rate of the sensitizer.
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Table 2. THF polymerization in dichloromethane photoinitiated by the Pery 2.0x10* mol L' — S* system, in N, atmosphere at 30 °C (I = 3.38x
10°° Einstein s' L)

[S*] / mol L' R, 10*/ (mol L's™) D Pery Consumed (%) Vn Conversion percentage
1.4x10* 0.70 46.8 2.8 120000 2.6
1.8x10* 0.90 67.4 3.7 130000 2.9
2.4x10* 1.2 88.5 4.2 150000 3.4
2.85%10* 1.4 105 4.7 160000 3.8
4.0x10 1.8 124 4.7 190000 4.6
Polymerization mechanism The AG calculated for the electron transfer from the
excited singlet of Pery to S*is -83 kJ mol'.?2 This confirms
A mechanism consistent with the results of the that the Pery* formation process is thermodynamically
photophysical and photochemical behaviour of Pery in favourable, as also proved by the UV-Vis absorption
the presence of the monomer THF and the initiator S* is spectroscopy studies after photolysis.
shown in Scheme 1, where Pery , 'Pery and Pery*" indicate Scheme 2, illustrates the aromatic nucleophilic
the fundamental, excited singlet and cation radical of Pery, initiation (step 1) and electron and proton transfer
respectively. The associations [Pery--.S*] , '[Pery*"...S’], reactions (steps 2 and 3). These reactions are similar to
[Pery..-THF]_ and '[Pery---THF] correspond to the ground those described for the reaction between Pery* and
state complexes formed between Pery and S* or THF, and cyclohexene oxide, in which the binding of the monomer
to the exciplexes formed between the excited singlet state to Pery was also observed.” The propagation (reaction 4)
of Pery and S* or THF. proceeds by the usual nucleophilic reaction of THF on the
From the analysis of the constants in Table 1 it can be a-carbon of the oxonium cation.?
seen that Pery complexes are formed in the ground state After the formation of the cation radical of perylene Pery*
with THF and with S*. On the other hand, free Pery, when only a fraction of the sensitizer is regenerated (the rest will
excited will be quenched by both species above, going be bound to the polymer, as proved by the presence of
through exciplexes with the same conformation that the perylene groups in the UV spectrum of the polymer), whereas
singlet excited complexes. The difference is that only the the sulphonium radicals that are not involved in the electron
![Pery*...S*] complex will promote electron transfer to back-transfer are decomposed forming diphenylsulphide
form the cation radical, whereas the excited Pery-THF and phenyl radicals.**!” The presence of larger concentrations
complex will only decay physically to its ground state. of sulphonium salt will result in the formation of additional
This observation is confirmed by the photolysis of the initiating species due to the photolysis of both the ground
sensitizer in the presence of the monomer THF, when no state complex [Pery---S*] =~and the non-complexed
changes were observed in the absorption spectrum of Pery. sensitizer, therefore increasing the polymerization rate.
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From the mechanism shown in Scheme 1, the yield of
active cation radicals (® ) can be deduced to be*

1KSV [S+] (5)

Qep= Px—; n

where 'K, is the Stern-Volmer constant for the quenching
of the excited singlet of Pery by S* and f3 is the fraction of
cation radicals that effectively lead to polymerization.
There is no contribution to the polymerization process
coming from the quenching of the excited species by THF,
so that these quenching reactions can be disregarded in
equation 5. The factor r (= 2.57) represents the ratio
between the static quenching rates by the monomer and
the sulphonium salt, and accounts for the excited Pery
singlets that effectively lead to the initiation of
polymerization.>'7 Its value is calculated from the
experimental quenching rate constants shown in Table 1.

kg
r=txM] ©)
g.5"

The apparent yield of cation radicals (p,,) defined as
(03
=GR ©)

is calculated with equation 5 and is plotted in Figure 7
together with the polymerization rates (Rp) as a function
of the sulphonium salt concentration. The plot shows that
the cation radical yields calculated with the equations
above using the values for the elemental reactions, follow
the same general trend as the measured polymerization
rates. A rather good correspondence can be observed
between the experimental and the calculated points.
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Figure 7. Photopolymerization rate (R, W) of THF in the presence of
the Pery-S* system and apparent radical cation yields (O) calculated
with equation 5.
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Conclusions

The use of Pery combined with a triphenylsulphonium
salt initiates the cationic photopolymerization of THF by
the formation of a cation radical (Pery*"). The formation of
this species is thermodynamically possible and was
evidenced by the products obtained after photolysis. Both
THF and S* form ground state complexes with Pery, leading
to the quenching of the singlet excited state. Only the
chemical quenching by S* will produce the Pery* radical
cation.

The polymerization rate increases with the concen-
tration of S*and the use of relatively larger concentrations
of S* than of Pery renders the photoinitiation more efficient.
The reactions responsible for the decrease of the
polymerization efficiency are the physical quenching of
excited Pery by THF and S*, and the electron back-transfer
reaction between Pery* and S°.

An expression for the yield of cation radicals was
deduced from the proposed mechanism for the photo-
polymerization process and could be calculated with the
help of the rate data obtained for the elemental reactions
involved in the process. The dependence of this yield with
the concentration of S* is similar to that of the photopoly-
merization rates.
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