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bstract

Styrenesulfonate (StyS) was photopolymerized in the presence of tris(2,2′-bipyridine)ruthenium(II) chloride and triethylamine (TEA) or tri-
thanolamine (TEAOH). Polymerization observed in both cases is obtained, but the rate is faster with triethylamine. The results are correlated with
he ability of the monomer to form hydrotropic domains at sufficiently high concentrations (>0.1 M). The emission intensity behaviour and the
ifetimes of the [Ru(bpy) ]2+ MLCT state confirm that the positively charged Ru complex is placed in those domains. At the same time, the amount
3

f the reduced complex transient, [Ru(bpy)3]+, in solutions containing toluenesulfonate points to the presence of TEA in the same domains. On the
ther hand, the lower rate observed for the photopolymerization in the presence of TEAOH is attributed to the preferential placing of this amine
n the bulk of the aqueous solution, outside the hydrotropic environment.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymerization of vinyl monomers are usually performed in
omogeneous solutions and initiated thermally. In the case of
harged monomers, like StyS, this procedure is less favourable
ue to the electrostatic repulsion between the ionic monomers.
herefore, polyStyS is usually obtained by sulfonating pre-
olymerized polystyrene [1]. Here the difficulty resides in the
ifficulty in obtaining complete sulfonation and in the homo-
eneity of the ring substitutions.

The photoinitiated polymerization of StyS using differ-
nt initiators has been studied by us using cationic and
nionic dyes (safranine and eosin, respectively) [2–4]. Copoly-
erization of StyS with methyl methacrylate has also been

erformed, albeit the practical difficulty of mixing homoge-
ously hydrophobic and hydrophilic monomers [5]. In all these
ases it has been proved that the hydrotropic properties of StyS,

hich forms aggregates above ∼0.1 M [4], plays an impor-

ant role in the process. Two main factors are involved, on
ne side, the hydrotropic aggregates allow the solubilization of
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ydrophobic monomers, and on the other hand, the existence
f a high negative charge density affects the local concen-
ration of the charged photoinitiators near to the monomer
ggregates.

Metallic complexes, especially Ru-derivates like tris(2,2′-
ipyridine)ruthenium(II) chloride, have been frequently used
s photoinitiators in the presence of aliphatic or aromatic
mines to promote free-radical polymerization of various acryl
onomers [6–9]. It is believed that the excited ruthenium MLCT

tate might lead to an electron transfer reaction involving the
mine, which ultimately gives rise to an amino initiating radical
10–13].

Evaluation of the efficiency of photoinduced polymerization,
equires studies of the chemical behaviour of the components
f polymerization formulation. This involves the knowledge of
he primary processes that lead to the formation of the initi-
tion free radicals. It is also necessary to take into account
ny other processes that can compete with those reactions, or
uench the excited states. An overall reaction mechanism for
he polymerization photoinitiation can be proposed using these

nformations.

The photoinitiating system safranine/triethanolamine was
roved to be efficient for the polymerization of neutral
onomers such as acrylate and styrene derivatives [3]. However,
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induction times, but did not alter significantly the reaction rate.
The shortest induction times (∼40 min) were obtained when
the reaction mixture was degassed by several freeze-and-thaw
cycles.
30 I.C. Rigoli et al. / Journal of Photochemistry a

t was found less efficient for negatively charged monomers, as
odium styrenesulfonate, where amines inhibited the polymer-
zation process [2]. In this system, an initiation mechanism was
roposed, in which the electron transfer involving the triplet state
f the dye occurred inside the hydrotropic aggregates formed
y the monomers. This model was supported through the stud-
es of the elementary reaction of the fundamental and excited
tates of the dyes, which indicated the aggregation of the nega-
ively charged monomers and the localization of the dye in this
omain.

In the present work the photoinitiated polymerization of
odium styrenesulfonate (StyS) in the presence of tris(2,2′-
ipyridine)ruthenium(II) chloride, was studied. The main aim
onsisted in a assessment of the effect of the hydrotropic aggre-
ates formed by StyS, in the presence of triethylamine and
riethanolamine in aqueous solution.

. Experimental

.1. Materials

[Ru(bpy)3]Cl2·6H2O (G. Frederick Smith Chemical Co.),
odium styrenesulfonate (StyS, Aldrich 99%) and sodium 4-
oluenesulfonate (TS, Aldrich) were used as received. The
liphatic amines triethylamine (TEA, Fluka 99.5%) and tri-
thanolamine (TEOHA, Merck) were distilled under reduced
ressure. All solutions were prepared in Milli-Q purified water.
he solutions were deoxygenated by bubbling argon or nitro-
en.

.2. Measurements

Fluorescence experiments were carried out at room temper-
ture (25 ± 1 ◦C) using a Hitachi F-4500 spectrofluorimeter.
luorescence lifetimes were determined by time-correlated
ingle-photon-counting on a CD-900 Edinburgh Spectrometer.
V spectra were taken at room temperature on a Hitachi U-2000

pectrophotometer linked to a PC computer.
Transient absorption spectra and triplet lifetimes were deter-

ined with an Applied Photophysics kinetic laser spectrometer.
xcitation at 355 nm was accomplished with a Nd-YAG laser

Spectron) with frequency doubling. Detection was done with a
amamatsu R928 photomultiplier.

.3. Polymerization procedure

The photopolymerization of StyS in the presence
f the photoinitiator systems [Ru(bpy)3]2+/TEA and
Ru(bpy)3]2+/TEOHA was conducted in a dilatometer
14,15]. The solutions were thoroughly deoxygenated by
ubbling argon. The dilatometer consisted of two capillaries
ttached to a cylindrical reaction cell, which was placed in
constant temperature bath (30.00 ± 0.01 ◦C) in front of the
rradiation source (200 W Hg(Xe) lamp in an Oriel Universal
rc Lamp compartment). Depending on the experiment, a

440 ± 10) nm bandpath filter or a 395 nm cut-off filter was
laced between the lamp and the reaction cell. The concentration

F
a
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f the photoinitiator was kept constant around 5.0 × 10−5 M.
ifferent concentrations of co-initiators were used to optimize

he polymerization rate.
The polymerization rates (Rp) were calculated using the fol-

owing equation:

p = �V

Fft
[M] (mol L−1 s−1) (1)

here �V is the contraction in volume in the capillary (calcu-
ated from the variation in a cathetometer) at time t; f the volume
raction of monomer in the solution; F the volume contraction
elated to the densities of polymer and monomer in the solution,
= [dp − dm/dp]; [M] corresponds to monomer molar concen-

ration. The densities of the monomer (dm) and the polymer (dp)
ere determined by picnometry in dodecene solution at 25 ◦C.
he values found for the monomer and the polymer were 0.867
nd 1.08 g cm−3, respectively.

After irradiation, the poly(StyS) polymers were precipitated
ith methanol. The polymers were washed with the same solvent

everal times, filtered, and dried in desiccators.

. Results and discussions

.1. Photopolymerization of StyS in the presence of
Ru(bpy)3]2+/TEA

Aqueous solutions of StyS 0.3 M, deoxygenated with argon
or 1 h, were irradiated using a 395 nm cut-off filter. This wave-
ength allows the excitation of the MLCT state of the complex
12,13].

The polymerization rate was obtained from the monomer con-
ersion rate determined dilatometrically, as shown in Fig. 1. The
alculated rate was 3.50 × 10−6 M s−1 for a conversion of 14%.
nduction times were rather long and were assigned to the pres-
nce of residual oxygen. Longer degassing times lead to shorter
ig. 1. Photoconversion of StyS in the presence of 5.0 × 10−5 M [Ru(bpy)3]2+

nd TEA 0.2 M.
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appropriate donors, like aliphatic amine co-initiators [19].

[Ru(bpy)3]2+ → 1MLCT (2)

1MLCT → LC (3)
ig. 2. Emission intensity of [Ru(bpy)3]2+ band at 600 nm in the presence of
tyS. λexc = 452 nm.

.2. Elemental reactions

The absorption spectrum of a 5.0 × 10−5 M [Ru(bpy)3]2+

omplex solution remained practically unchanged in the pres-
nce of different concentrations of StyS and TEA. However, a
mall shift of the MLCT band of the complex is observed at the
igher monomer concentrations.

An emission band at 600 nm is observed when exciting
Ru(bpy)3]2+ at 452 nm (MLCT band). In the presence of low
oncentrations of StyS (1.0 × 10−3 to 0.1 M) there is a rapid
ncrease of the emission (Fig. 2). Above these concentrations
mission intensity grows slower, tending to a constant value. As
bserved for other compounds placed in solutions containing
tyS, the formation of “hydrotropic clusters” of the monomer,
rovides a more rigid medium, in which the fluorescence emis-
ion is larger [2].

The lifetimes of the photoinitiator in aqueous solution,
lone, and in the presence of StyS (hydrotropic monomer), tri-
thylamine (co-initiator), and toluenesulfonate (hydrotrope) are
hown in Table 1.

The lifetime of the photoinitiator in aqueous solution at room
emperature is coincident with the value reported in the literature
τ = 0.6 �s) [13,16]. There was no variation in the lifetime of the
omplex in the presence of the co-initiator TEA. On the other
and, there is an increase in the lifetime when in the presence
f StyS or TS.

The transient absorption of [Ru(bpy)3]2+ after laser excita-
ion, shows two peaks with maxima at 313 and 360 nm, as shown

n Fig. 3. These peaks correspond to the excited MLCT state of
he complex [17].

able 1
Ru(bpy)3]2+ lifetimes at photopolymerization conditions (λexc = 452 nm)

ystem τ (ns) χ2

Ru(bpy)3]2+ 600 ± 10 1.062
Ru(bpy)3]2+/TEA 590 ± 10 1.132
Ru(bpy)3]2+/StyS (0.5 M) 800 ± 10 1.051
Ru(bpy)3]2+/TS (2 M) 830 ± 10 1.058 F

S

ig. 3. Time evolution of the transient absorption of excited [Ru(bpy)3]2+ in
queous solution.

The lifetimes of the transient absorption at 360 nm in the
resence of increasing concentrations of StyS and TS are plotted
n Fig. 4. It can be seen that the lifetimes increase from 590
o 900 ns when increasing the hydrotrope concentration up to
M. The same effect was observed when placing the cationic
ye safranine in high-concentration solutions of both sulfonates,
s well as in other restricted microdomains, like micelles [2].
herefore, it can be assumed that this increase in the lifetimes is
ue to the localization of the cationic complex in the hydrotropic
omains of StyS and TS. As expected, the levelling off in TS
ccurs at higher concentrations than with StyS, due to the higher
HC (minimum hydrotrope concentration) of the former [18],
hich also reflects the aggregation ability.
It can be deduced from the results above that the complex

pecies that reacts to give the initiating polymerization radicals
s not the emitting triplet, as it does not change its lifetime in
he presence of amine (see table). Several authors reported a
on-emitting transient species formed from the singlet (possibly
ligand-centered state, LC) that can accept an electron from
ig. 4. Lifetimes of *[Ru(bpy)3]2+ transient (measured at 360 nm) at various
tyS and TS concentrations.
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ig. 5. Transient absorption at 530 nm after irradiation of [Ru(bpy)3]2+

.9 × 10−4 M, in the presence of different concentrations of TEA.

MLCT → 3MLCT (4)

MLCT → [Ru(bpy)3]2+ + hν′ (5)

C + NR3 → [Ru(bpy)3]+ +
•
N

+
R3 (6)

hus, the initiating radical can be believed to be the C-centred
adical formed by the internal rearranging of the amino radical
ollowed by the loss of a proton to the basic medium:

The mediating of a reduced Ru complex, [Ru(bpy)3]+, with a
istinct absorption peak at ∼530 nm is parallel to the formation
f the initiating radical. As can be seen in Eq. (6), this species
ill be formed at the same rate that the amino radical. There is

n increase in the amount of transients formed with increasing

TEA], and as expected, the decays are also faster (Fig. 5).

Thus, the amount of initiating radical will depend on the for-
ation of an exciplex between the excited ligand-centered state

f the Ru complex and the co-initiator, which might lead to

ig. 6. Complex radical yields in solutions of [Ru(bpy)3]2+ in the presence of
EA and TEOHA, with and without the addition of TS (determined at 530 nm).
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(7)

ig. 7. Photopolymerization of StyS 0.3 M in the presence of 5.0 × 10−5 M
Ru(bpy)3]2+ and TEA or TEAOH 0.2 M.

harge transfer or deactivation.

C + NR3 → ([Ru(bpy)3]2+· · ·NR3) (8)

[Ru(bpy)3]2+· · ·NR3) → [Ru(bpy)3]+ +
•
N

+
R3 (9)

[Ru(bpy)3]2+· · ·NR3) → [Ru(bpy)3]2+ + NR3 (10)

[Ru(bpy)3]2+· · ·NR3)
+NR3−→ [Ru(bpy)3]2+ + 2NR3 (11)

he absorbance of the Ru complex transient measured after
1 �s by laser flash photolysis shows that the amount of com-

lex radical formed in the presence of TEA increases faster in
S solutions than in pure water (see Fig. 6). This is attributed

o the presence of the cationic complex and the hydrophobic
mine in the TS hydrotropic domains. On the other hand, when
sing the more hydrophilic triethanolamine, no variation in the
adical yields was observed. In this case, it can be assumed
hat triethanolamine is preferentially located in the pure aque-
us phase, outside the hydrotropic microdomains. This effect
lso helps to explain the difference between the polymeriza-
ion rates observed for StyS 0.3 M in the presence of TEA and
EAOH 0.2 M, as shown in Fig. 7. For the former system the rate

s about twice that observed for TEAOH (2.25 M−1 s−1 versus
.31 × 10−6 M−1 s−1), which is practically the same proportion
s that of the Ru-transient concentrations determined for this
mine concentration, shown in Fig. 6.
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