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bstract

Dye photoinitiators consisting of either 1,3-bis-[4-(p-N,N-dialkylaminostyryl)pyridinyl]propane (C1B2–C8B2) or 1,3-bis-[4-(p-N,N-
ialkylaminostyryl)-pyridinyl]xylene (A1B2–A8B2) dications, acting both as light absorbers and as electron acceptors and n-butyltriphenylborate
nions being electron donors were tested in order to reveal the effect of a dye structure on the efficiency of multiacrylate photoinitiated polymer-
zation. The kinetic studies clearly demonstrated that the bischromophoric stilbazolium borate photoredox pairs exhibit a significant increase in the
fficiency of TMPTA free radical polymerization in comparison to the pairs containing structurally related, monochromophoric styrylpyridinium
orates (SP1B2–SP8B2). The efficiency of tested systems depends on the �Gel of electron transfer between borate anion and styrypyridinium

ation. The latter value was experimentally determined for 24 photoredox pairs. The relationship between the rate of polymerization and the free
nergy of activation of electron transfer reaction shows the dependence predicted by the classical theory of electron transfer phenomena. This
elation is independently observed for mono- and bischromophoric hemicyanine borate salts.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The cyanine dyes were first reported more than 150 years
go [1]. They are characterized by two heterocyclic residues
onnected by a polymethine bridge having an odd number of
arbons. Variation of the heterocycle structure and bridge length
eads to absorption and emission maxima that span the visi-
le and near-IR regions of the spectrum. Cyanines exhibit large
xcitation coefficients (εmax > 104 M−1 cm−1) and moderate flu-
rescence quantum yields, leading to widespread applications as
hotosensitizers, stains, fluorescent labels and probes [2].

One report concerning cyanine dyes was especially interest-
ng for us and motivated our entry into this field. In 1990s,

chuster et al. reported that irradiation of cyanine dyes with
isible light in the presence of borate anion was sufficient to
nitiate the polymerization of vinyl monomers [3]. The mecha-
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p
p
t
b
s
o
i

010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2007.09.011
ism for photoinitation with cyanine–alkyltriarylborate complex
nvolves an alkyl radical formation as a result of photoinduced
lectron transfer from a borate anion to the singlet excited state
f the cyanine dye cation, followed by addition of the alkyl rad-
cal formed to the carbon–carbon double bond of the acrylate
Scheme 1).

From the Schuster et al. initial studies on such photoinitiating
ystem [4], it is well known that the cyanine–borate photoiniti-
ting system forms a tight-ion pair in non-polar solvents. This
uarantees an efficient electron transfer between borate anion
nd excited dye molecule in spite of its short-lived singlet excited
tate. However, it was soon discovered that an even small amount
f polar solvent might sharply change a degree of the tight-ion-
air formation [5]. In polymerizing mixture (acrylates; medium
olarity solvent), the photoinitiating photoredox pair exists as a
ight-pair and solvent-separated ions. This fact was confirmed by

oth dynamic and static quenching experiments and the relation-
hip between the concentration of borate anion and the efficiency
f photoinitiation [6,7]. These experiments show the need of an
ncrease of an electron donor concentration in close proximity

mailto:beata@utp.edu.pl
dx.doi.org/10.1016/j.jphotochem.2007.09.011
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Scheme 1. Radical initiatio

o a cyanine dye moiety. Traditionally, such approach is possible
o achieve by attaching to an absorbing chromophore an addi-
ional organic cation that can form an ion pair with borate anion
6,8–10].

In literature there are many review articles on various aspects
f photoinitiated polymerization [11–15]. The key steps of the
echanism are the quenching of the excited chromophore, either

inglet or triplet states, by the electron transfer mechanism and
arious steps that follow the primary process. Marcus [16] has
rovided a simple approach allowing to predict the kinetic of
he process, using thermodynamic parameters and spectroscopic

easurements. The Marcus theory assumes that the bimolecu-
ar electron transfer occurs in three stages: (1) the formation
f the precursor complex, (2) the electron transfer and (3) the
hange in organization of the solvent cage in which electron
ransfer primary products exist. This theory leads to the predic-
ion that the rate of electron transfer first should increase with
n increase in the thermodynamic driving force up to a maxi-
um and then decrease with an increase of the thermodynamic

riving force.
The practical application of the Marcus theory is commonly

sed for the study of the primary photochemical processes. The
escription of the kinetics of the photoinitiated polymerization
ia intermolecular electron transfer process is one more example
pplying this theory to practice.

In this paper, we describe the kinetic studies of the novel
hotoinitiating systems consisting of different bischromophoric
emicyanine dyes (the light absorbers) coupled with butyltriph-
nylborate anions (co-initiators). The photoinitiating ability of
ested photoredox systems are compared to the photochemistry
f structurally related, monochromophoric styrylpyridinium
orates. It is also our intention to show that the Marcus equation
an be applied for the description of the kinetics for dye–borate
hotoinitiated polymerization via an intermolecular electron
ransfer process.

. Experimental

.1. Materials

Monomer, 2-ethyl-2-(hydroxymethyl)-1,3-propanediol tri-
crylate (TMPTA), 1-methyl-2-pyrrolidinone (MP), 2,4,6-

ris(chlorodifluoromethyl)-s-triazine (DFCT) and the spectro-
copic grade solvents for spectral measurements were purchased
rom Aldrich Chemical Co. and were used without further purifi-
ation.
cyanine–borate complex.

.2. Techniques

(i) The synthesis of the dyes was described in our earlier
papers [7,17,18]. n-Butyltriphenylborate tetramethylam-
monium salt (B2) was synthesized based on the method
described by Damico [19]. The ion-exchange reaction was
performed using the procedures given by Damico [19] and
Murphy et al. [20]. The final products were identified by
1H NMR spectroscopy and 13C NMR spectroscopy when
it was needed. The obtained spectra suggest that the reac-
tion products were of desired structures. The purity of
synthesized compounds was determined using thin layer
chromatography and by measuring of the melting points.
All these results are described in our earlier papers as well
[7,17,18]. It is necessary to mention that some of the dyes,
i.e. monochromophoric ones and C1 and A1 were syn-
thesized previously by other research group [21–25] but
they have not been used as photoinitiators of free radical
polymerization earlier.

(ii) Spectral measurements: the UV–vis absorption spectra
were recorded with a Shimadzu UV–vis Multispec-1501
spectrophotometer, and fluorescence spectra were obtained
with a Hitachi F-4500 spectrofluorimeter. The fluorescence
measurements were performed at an ambient temperature.

iii) Electrochemical measurements: the reduction potentials of
the dyes were measured by cyclic voltammetry. An Elec-
troanalytical MTM System (Krakow) Model EA9C-4z was
used for the measurements. A platinum 1 mm disk electrode
was used as the working electrode, a Pt wire constituted
the counter electrode, and Ag–AgCl electrode served as a
reference electrode. The supporting electrolyte was 0.1 M
tetra-n-butylammonium perchlorate in dry acetonitryle.

iv) Polymerization measurements: the kinetics of free radical
polymerization were studied using a polymerization solu-
tion composed of 1 mL of 1-methyl-2-pyrrolidinone (MP)
and 9 mL of 2-ethyl-2-(hydroxymethyl)-1,3-propanediol
triacrylate (TMPTA). The styrylpyridinium borate (pho-
toinitiator) concentration was 1 × 10−3 M. In order to
eliminate the thermal effect of laser irradiation on poly-
merization kinetics curve the flow of heat evolution traces
for reference samples were recorded. A reference formu-
lation contained styrylpyridinium iodide or bromide (dye

without an electron donor; e.g. A1) instead of styrylpyri-
dinium borate salt (photoinitiator). The reference data were
subtracted from the data of heat flow obtained during poly-
merization of formulation containing the photoinitiator.
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The measurements were carried out at an ambient tem-
perature and the polymerizing mixture was not deaerated
before curing. The measurements of the kinetics of free
radical polymerization were performed in a homemade
microcalorimeter. As a temperature sensor a semiconduct-
ing diode immersed in the 2 mm thick layer (0.25 mL)
of a cured sample was used. The amplified signal was
transformed with an analog/digital data acquisition board
to a computer. In order to avoid the possibility of non-
isothermal reaction conditions, for further discussion only
the data for initial time of polymerization were used for
the calculation of the polymerization rates. The initial rates
of polymerization are the slopes of the lines drawn on the
flow of heat versus time curve at the beginning of poly-
merization. An average value of the rate of polymerization
was established based on measurements performed at least

twice. Irradiation of the polymerization mixture was carried
out using the emission (two lines of equal intensity at 488
and 514 nm) of an Omnichrome argon ion laser Model 543-
500 MA with intensity of light of 64 mW/cm2. The light

i
a
w
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Scheme 2
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intensity was measured by a Coherent Model Fieldmaster
power meter.

. Results and discussion

.1. Spectroscopic and photophysical properties of
emicyanine derivatives

The molecular structure and denotations of the dyes under
he studies are given in Scheme 2.

In our studies polymerization of TMPTA photoinitiated by
oth mono- and bischromophoric hemicyanine borate salts were
erformed under irradiation at 488 and 514 nm, e.g. at the
avelengths where the light is absorbed by cyanine cation

Fig. 1).
All salts possess similar absorption spectra with two max-
ma at about 300 and 500 nm. The shortest wavelength bands
re attributed to the � → �* transitions whereas the long-
avelength bands, generally characterized by higher molar

bsorption coefficients, are attributed to CT transitions. On vary-

.
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ig. 1. Electronic absorption spectra of mono- (SP1) and bischromophoric (C1
nd A1) dyes in DMF.

ng of the solvent polarity, relatively weak shifts of the absorption
axima are observed [17,18,26]. The type of anion has no sig-

ificant effect on the position and intensity of the absorption
and. The spectroscopic properties of the dyes under the study
re presented in Table 1 for illustration. Full data associated
ith the spectroscopic properties of the tested compounds can
e found in our earlier papers [17,18,26].
Tested photoinitiators represent mono- and bischromphoric
olecules that show large Stokes shift (about 4000–5000 cm−1

n polar solvents and 2000–3000 cm−1 in non-polar ones)
17,18,26]. This indicates that an emitting state is not the

a
v
i
d

able 1
he steady-state spectral properties of tested hemicyanine dyes in selected organic so

o. λA
max(nm)a λA

max(nm)b λFl
max(nm)a

1B2 500 491.5 623
2B2 501 504 611
3B2 500 502 612
4B2 501 503 611
5B2 500 503.5 619
6B2 504 503.5 627
7B2 505 511.5 628
8B2 530 535 639
1B2 500 489 608
2B2 501 501 606
3B2 501 494 603
4B2 501 497.5 614
5B2 500 476 612
6B2 502 497.5 623
7B2 508 504.5 620
8B2 527 526.5 628
P1B2 469 479.5 596
P2B2 484 484.5 588
P3B2 479 480.5 600
P4B2 482 479.5 599
P5B2 462 461 606
P6B2 474 484 615
P7B2 488 489 611
P8B2 495 511.5 631

a Measured in ethyl acetate.
b Measured in 1-methyl-2-pirrolidinon.
Photobiology A: Chemistry 195 (2008) 105–115

ranck–Condon S1 state reached in the absorption transition
ut different, the solvent relaxed state, from which the fluo-
escence originates. The nature of an emitting state in D-S-A
olecules may change with the solvent [17,18,24] or can be

hanged with the dye structure (the nature of the electron donor
art of molecule) that is forcing or precluding the excited state
elaxation via selected channels [27] or may be controlled by
he viscosity of the medium [28].

Theoretically [29] the energy level of the molecule excited
T state, relative to its ground state can be expressed by Eq. (1),
here Eox(D) and Ered(A) are the one-electron oxidation and

eduction potentials of donor and acceptor and C is a constant
hat depends on the degree of charge separation.

CT = Eox(D) − Ered(A) + C (1)

Verhoeven and coworkers [30], analysing the properties of
od-shaped donor–acceptor systems, illustrated that fluores-
ence frequency of intermolecular exciplexes and excimers as
ell as intramolecular donor–acceptor systems is a linearly
ependent on the value described by Eq. (1), namely on the
alue of Eox(D) − Ered(A). As it is shown in Fig. 2 such proper-
ies are also observed for compounds described in this paper.
ig. 2 clearly shows that the emitting states of the dyes are
harge-transfer in character.

What is more, for tested compounds on varying of the sol-
ent polarity, relatively strong shifts of the fluorescence maxima

re observed [17,18,26]. Generally, we observed a positive sol-
atochromism in the emission (a redshift in the emission with
ncreasing polarity of the solvents). The strong polarity depen-
ence of the dye emission spectra [17,18,26] suggests that the

lvents

λFl
max(nm)b �ν (cm−1)a �ν (cm−1)b

635 3950 4600
633 3590 4040
637 3660 4220
638 3590 4210
641 3845 4260
653 3890 4550
649 3880 4140
661 3220 3560
628 3550 4530
624 3460 3930
627 3380 4290
629 3670 4200
635 3660 5260
652 3870 4760
644 3560 4290
656 3050 3750
621 4540 4750
619 3650 4485
625 4210 4810
625 4050 4855
626 5140 5720
643 4840 5110
637 4125 4750
651 4350 4190
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ig. 2. Fluorescence frequency of compound tested vs. Eox(D) − Ered(A) in
MF.

nergy of singlet state on which electron transfer from an elec-
ron donor occurs may be affected by polarity of an environment.
his, in turn, may have an effect on the value of free energy
hange for electron transfer process predicted by Rehm–Weller
quation [31]. Transferring this to the practical application of
he electron transfer theory into photoinitiation, one may expect
hat photoinitiation ability of the photoredox pair can be strongly
ffected by the monomer polarity (besides of its reactivity).

It is well known that the main prerequisite for the electron

ransfer (PET) reaction, vital for free radicals formation, states
hat the thermodynamic driving force of the electron trans-
er reaction between the excited state of the dye cation and
lkyltriphenylborate anion should have negative value. The free

t
o
e
t

able 2
lectrochemical and thermodynamic properties of the asymmetric cyanine borates te

o. Ered (V) Eox (V) ES
oo (eV)a

1B2 −0.76 0.890 2.19
2B2 −0.735 0.900 2.17
3B2 −0.81 0.750 2.17
4B2 −0.8 0.785 2.18
5B2 −0.96 0.830 2.19
6B2 −0.725 0.850 2.14
7B2 −0.825 0.730 2.13
8B2 −0.765 0.740 2.11
1B2 −0.94 0.920 2.23
2B2 −0.735 1.070 2.19
3B2 −0.67 0.990 2.19
4B2 −0.91 0.785 2.19
5B2 −0.78 0.750 2.19
6B2 −0.86 0.695 2.22
7B2 −0.915 0.500 2.16
8B2 −0.89 0.475 2.12
P1B2 −0.405 1.859 2.24
P2B2 −0.54 1.616 2.24
P3B2 −0.63 1.478 2.23
P4B2 −0.615 1.549 2.23
P5B2 −0.635 1.429 2.25
P6B2 −0.595 1.485 2.19
P7B2 −0.65 1.500 2.19
P8B2 −0.605 1.315 2.13

G: calculated using the Rehm–Weller equation; B2: Eox(D/D
•+) = 1.170 V.

a Measured in 1-methyl-2-pirrolidinon.
b Measured in ethyl acetate.
Photobiology A: Chemistry 195 (2008) 105–115 109

nergy of activation for the PET (�Gel) process can be easily
stimated on the basis of the Rehm–Weller [31] equation:

Gel = Eox

(
D

D
•+

)
− Ered

(
A

•−

A

)
− Ze2

εa
− E00 (2)

here Eox(D/D
•+) is the oxidation potential of the electron

onor, Ered(A
•−/A) the reduction potential of the electron accep-

or, E00 the excited state energy of electron accepting molecule,
nd Ze2/εa is the Coulombic energy, which is the free energy
ained by bringing the radical ions formed to an encounter dis-
ance “a” in a solvent with dielectric constant ε. This term,
or products of analyzed reaction, is considered negligible with
espect to the overall magnitude of the �G in the present system.
ince the oxidation of the borate anion is irreversible, the oxi-
ation potential of borate could not be precisely measured by
lectrochemical techniques [32]. However, the peak potential
btained by either cyclic or square wave voltammetry usually
ollow the same trend as those measured by kinetic methods
3,32]. Therefore, these can be used for the calculation of the
G. The measured oxidation potential of the tetramethylammo-

ium n-butyltriphenylborate is estimated to be equal 1.17 V and
eduction potentials measured for dyes are compiled in Table 2.

The measured values of the dyes reduction potentials, the
lectron donor (n-butyltriphenylborate anion) oxidation poten-

ial (Eox = 1.17 V) and the singlet state energy of the dyes, allows
ne to calculate (using the Rehm–Weller equation (2)) the free
nergy change for the photoinduced intermolecular electron
ransfer process. The estimated data are summarized in Table 2.

sted

ES
oo (eV)b �Gel (eV)a �Gel (eV)b

2.14 −0.259 −0.213
2.22 −0.268 −0.315
2.22 −0.193 −0.240
2.20 −0.211 −0.234
2.23 −0.062 −0.098
2.18 −0.244 −0.286
2.14 −0.133 −0.144
2.12 −0.172 −0.183
2.26 −0.118 −0.146
2.23 −0.284 −0.327
2.24 −0.349 −0.400
2.21 −0.112 −0.128
2.24 −0.242 −0.294
2.21 −0.186 −0.178
2.19 −0.077 −0.104
2.14 −0.065 −0.079
2.33 −0.667 −0.751
2.29 −0.528 −0.584
2.28 −0.434 −0.483
2.30 −0.443 −0.513
2.30 −0.449 −0.495
2.24 −0.422 −0.479
2.25 −0.370 −0.430
2.19 −0.355 −0.414
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Fig. 3. Family of kinetic curves recorded during the measurements of the flow of
heat emitted during the photoinitiated polymerization of the TMPTA/MP (9/1)
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ixture initiated by asymmetric cyanine borates marked in the figure. The dye
oncentration was 7.5 × 10−4 M, Ia = 30 mW/cm2. The applied dyes possessed
arious chromophores and identical borate.

The values of �Gel for tested photoinitiating systems oscil-
ate in the range from −0.062 to −0.751 eV. The calculations
learly show that for the tested photoredox pairs the electron
ransfer process is thermodynamically allowed. This, in turn,
llows to predict that the tested dyes in combination with borate
nion should effectively generate free radical that can start poly-
erization of acrylic monomers.

.2. Kinetics study of multifunctional acrylates
olymerization

The kinetic curves obtained for the photoinitiated poly-
erization of TMPTA-MP (9:1) mixture recorded for selected

emicyanine borate salts, under irradiation with a visible light
aser, are shown in Fig. 3 for illustration. The rates of photoiniti-
ted polymerization measured for all the tested photoredox pairs
re collected in Table 3.

It is apparent from the inspection of the initial rates of
olymerization that the efficiency of the tested photoinitia-

ors depends strongly on their structure. The highest rates
f photoinitiated polymerization were observed for the bis-
hromophoric dyes possessing xylene moiety as the spacer
eparating hemicyanine chromophores.

4

p
a

able 3
ate of free radical polymerization of TMPTA for tested photoinitiators

o. Relative rate of
polymerization

Rate of polymerization
(�mol/s)

No. Relative rate of
polymerization

R
(

1B2 3.38 2.79 C1B2 3.15 2
2B2 3.35 2.71 C2B2 3.14 2
3B2 3.23 2.41 C3B2 2.94 1
4B2 3.30 2.58 C4B2 2.99 1
5B2 3.53 4.21 C5B2 3.26 2
6B2 2.79 1.41 C6B2 2.10 0
7B2 3.29 2.56 C7B2 2.24 0
8B2 2.78 1.54 C8B2 1.77 0
ystems under the study. The cyanine borate concentration was 1 × 10−3 M,

a = 64 mW/cm2. The type of photoinitiator is marked in figure.

Additionally, it was found that the photoinitiation efficiency
f the tested hemicyanine borates depends on a character of
ialkylamino substituent in electron donating part of molecule.
he best photoinitiating abilities exhibit the photoredox pairs
ossessing dimethyl- (A1, C1, SP1), diethyl- (A2, C2, SP2) and
cyclic” (A5, C5, SP5) amino substituents in the dye molecule.
enerally, the initiators with electron-donating groups for which

he free rotation is possible indicate higher rate of heat evolu-
ion (slop of the linear part of kinetic curve at its initial time
f reaction) in comparison to the dyes possessing a stiffened
ialkylamino group (see data in Table 3 and Fig. 4).

.3. Influence of initiator concentration

The photoinitiator concentration plays a key role in the
hotopolymerization. In the conventional UV–vis photopoly-
erization, Rp increases when more initiator is used, however,

t decreases rapidly if too much initiator is added. This effect is
ttributed to the ‘inner filter effect’ and becomes more signifi-
ant for photoinitiators with high molar extinction coefficient
for tested hemicyanine borate salts ε is reaching value of
× 104 M−1 cm−1) [17,18,26].
Fig. 5 presents the relationship between the initial rate of
olymerization (taken as the slope of linear part of kinetic curve
t its initial time) and concentration of photoinitiators.

ate of polymerization
�mol/s)

No. Relative rate of
polymerization

Rate of polymerization
(�mol/s)

.21 SP1B2 2.31 0.95

.19 SP2B2 2.27 0.92

.79 SP3B2 2.43 1.07

.41 SP4B2 2.27 0.92

.47 SP5B2 2.44 1.09

.75 SP6B2 1.65 0.81

.89 SP7B2 1.00 0.87

.56 SP8B2 1.15 0.60
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ig. 5. Rate of polymerization vs. photoinitiator concentration (type of the dye
arked in figure).

It is evident that as the photoinitiator concentration is increas-
ng, the initial rate of polymerization increases and reaches a

aximum followed by continuous mild decrease. For the tested
hotoinitiators, the highest rates of polymerization for 2 mm
hick sample (Fig. 5) were achieved at the initiator concentra-
ion of about 1 × 10−3 M. The reduction of the photoinitiated
olymerization rate at higher initiator concentration (for applied
echnique of polymerization rate measurement), can be easily
nderstood taking into account the decrease of the penetration
epth of the laser beam [33].

.4. Influence of co-initiator concentration

The mechanism of photoinitiation, consistent with Schuster
t al. [34] observations for cyanine–alkyltriarylborate complex
as been previously suggested [35]. Electron transfer from the
orate anion to the excited state of chromophore (being either in
inglet or triplet excited state) leads to the formation of cyanine
adical and boranyl radical, which rapidly decomposes produc-
ng an alkyl radical. The latter is the most likely initiator of the
olymerization of acrylates.

The classical Schuster’s photoinitiating systems apply as
hromophore cyanine dyes that do not form long-lived triplet
tate. Since the lifetime of cyanine singlet is short (piocoseconds
ime scale), an efficient electron transfer between borate anion
nd an excited dye molecule is possible only in non-polar solvent
here the process can occur between components of the tight-

on pair [4,36]. The intra-ion-pair electron transfer rates from
orate to an excited state of cationic acceptor are anticipated
o be above the diffusion limit. Unfortunately, the efficiency of
ight-ion-pair formation is high only in really non-polar sol-
ents such as benzene. Even small amount of polar solvent,
s documented by Neckers, may sharply change a degree of
uch ion-pair formation [5]. In polymerizing mixture (acryletes;
edium polarity solvent), the photoinitiating photoredox pair

omposed of cyanine cation and borate anion exists as tight-pair

nd solvent-separated ions. This fact was confirmed experimen-
ally, firstly by an investigation of the influence of borate anion
oncentration on the efficiency of photoinitiation and secondly
y fluorescence quenching experiments.

e

ig. 6. Dependence of the rate of photoinitiated polymerization on the concen-
ration of the electron donor (B2). The initial dye–borate complex concentration
as 1 × 10−3 M.

The studies on the influence of the borate concentration on
he rate of photoinitiated polymerization indicate, that for iden-
ical monomer-dye formulation, a distinct increase in the rate of
olymerization is observed as the concentration of borate anion
ncreases. Fig. 6 illustrates this relationship.

On the basis of this experiment, it appears that at the concen-
ration of borate anion equal to the concentration of asymmetric
yanine cation, only a part of the photoredox pairs exist as the
on pair. Analysis of the data presented in Fig. 6 indicates that
or monochromophoric initiating system only about 20% and for
ischromophoric photoredox couples about 55% exist as ion pair
t the concentration of the dye equal 1 × 10−3 M. These values
ive an equilibrium constant equal 3 × 10−3 M and 3 × 10−4 M
or mono- and bischromophoric dyes, respectively. The differ-
nces in both dissociation constants and degree of dissociations
eems to be obvious because in the case of the dimeric dyes there
re two donor molecules in close neighborhood to an excited
hromophore that causes an increase of the formation of free
adical starting polymerization chain reaction.

The supporting experiments that can clarify the presence of
oth dissociated and undissociated forms of the tested initia-
ors may come from the fluorescence quenching experiments
Fig. 7).

The absorption spectra measurements show that the exchange
f iodide or bromide anion on borate has no effect on the elec-
ronic absorption spectra. Thus, if there is a certain contribution
f a ground state equilibrium between hemicyanine cation and
orate anion leading to the formation of a non-fluorescence
on pair, then the evidence for the ground state ion pair for-

ation may come from the fluorescence intensity quenching
easurements. To estimate the contribution of the quench-

ng deriving from the ground state ion pair (static quenching,
S) and diffusion controlled quenching (dynamic quenching,
D = kq × τ0) terms, the fluorescence quenching data for the

elected dye–borate pairs were analyzed by combining of both

ffects that can be described by the following equation [37,38]:

I0
f

If
= (1 + KD[Q]) × (1 + KS[Q]) (3)
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Fig. 7. Fluorescence spectra of dye C2 in presence of tetra-methylammonium
n
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-butyltriphenylborate (B2) in ethyl acetate. Concentration of the dye was
× 10−5 M. Concentration of borate salt: (1) 0; (2) 0.8 × 10−3; (3) 1.1 × 10−3;

4) 3.0 × 10−3; (5) 4.0 × 10−3; (6) 4.8 × 10−3; (7) 5.4 × 10−3 M.

here

S = [HC+ . . . Bo−]

[HC+] × [Bo−]
(4)

The result of such a treatment allows to separate both type of
uenching and calculate the KS value. The steady-state fluores-
ence quenching data for both C2B2 and SP2B2 in the presence
f n-butyltriphenylborate (B2) (Fig. 8) lead to the conclusion that
n upward curvature for the high concentration of quenchers
ndicates the existence of both forms of hemicyanine borates,
.g. the form of the free ions and the form of the ion pairs.

The data recorded for the quenching measurements obtained
or C2B2 do not follow a linear Stern–Volmer relationship,
eflected by a significant curvature upward for the high concen-
ration of the electron donor. The lack of a linear relationship

or tested photoredox pairs indicate that the quenching of fluo-
escence occurs by both dynamic and static mechanism. Thus,
e infer that the dye cation and the electron donor anion form

he ground state complex, namely the ground state ion pair. In

ig. 8. Stern–Volmer plot for quenching of fluorescence of C2B2 by tetra-
ethylammonium n-butyltriphenylborate (B2) in ethyl acetate. Inset: the
tern–Volmer plot for low-borate concentration.
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hat case KS can be identified with the association constant of
he complex. All these discussed properties show that over the
orate concentration range studied in the described above exper-
ments, the fraction of hemicyanine borate present as ion pairs in
thyl acetate significantly varied. It is noteworthy that only the
nassociated hemicyanine cations fluorescence, there is no (or
ery little) fluorescence from the cyanine borate ion pair [34,36].
rom the Stern–Volmer relationship obtained for both A2B2 and
P2B2 pairs one can calculate, based on Eqs. (3) and (4), the
issociation constant of these pairs. Assuming that for a low con-
entration of borate anion only dynamic quenching occurs, from
he linear relationship observed in a low concentration region,
ne can estimate the KD value. For A2B2 photoredox pair this
arameter is equal 17.3 M−1 whereas for SP2B2 photoredox pair
his parameter is equal 38.8 M−1. The introduction of this value
nto Eq. (4) gives KS equal 10,062and 2185 M−1, respectively
nd this, in turn, allows calculating a degree of dissociation equal
2.4% and 48.5% (SP2B2 and A2B2 dissociation constants
qual K = 3.9 × 10−3 M and 4.5 × 10−4 M, respectively). The
resented above analysis clearly shows that some part of hemi-
yanine borate salts probably exist in a monomeric formulation
n dissociated form, namely as separated ions pair.

Obtained using the fluorescence methodology data are in
xcellent agreement with the results obtained from the anal-
sis of the rate of polymerization versus donor concentration
elationship (Fig. 6).

Since the electron transfer for cyanine dyes occurs on their
inglet state, the existence of cyanine cation and borate anion as
on pair is the basic prerequisite for the effective electron transfer.
he additional amount of borate cation shifts the equilibrium
etween free ions–ion pair to the higher concentration of ion
air. That is why the presence of the additional amount of the
o-initiator causes an increase of the photoinitiation efficiency.

It seems to be obvious that in the case of bischromophoric
yes the concentration of electron donor in proximity to
ach single chromophore is increased because of the pres-
nce of neighboring second chromophore that couples electron
onor. It is also obvious that under continues laser irradiation
relatively low light intensity) only one chromophore from bis-
hromophoric system can be excited. Under these circumstances
he excited molecule can be quenched by both, its own coupled
lectron donor or by a donor that is associated with its dimeric
artner. Namely, such organization of electron donor artificially
ncreases a concentration of electron donor in proximity to an
xcited molecule. This, in turn, should substantially increase
he rate of singlet excited state quenching, causing, in effect,
n increase in efficiency of free radical formation. Our exper-
ments confirmed this suggestion (see data presented in Fig. 4
nd collected in Table 3).

.5. Influence of thermodynamics parameter

As was previously reported for the alkyltriphenylborates,

3,34,36] the rates of alkyl radical formation, as the result of the
oranyl radical decomposition, are directly related to the stabil-
ties of the alkyl radicals formed. Since the decay of the boranyl
adical is found to be very fast and irreversible, the rate of back
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lectron transfer is negligible [3]. Therefore, the efficiencies of
lkyl radical formation and, hence, initiation of polymerization
epend on the observed efficiency of electron transfer from the
orate anion to the singlet state of cyanine molecule.

The Marcus theory [16] allows to predict the rate of the pri-
ary process, e.g. the rate of photoinduced electron transfer

rocess. The use of cyanine borates creates a unique opportu-
ity to study the possibility of the application of this theory for
he description of the rate of polymerization via an intermolec-
lar electron transfer process. For these dyes the change of the
riving force of the electron transfer process has no influence on
he type of the yielding free radical.

In our earlier papers [39,40] we have shown that in the very
iscous media, the rate of polymerization initiated via a pho-
oinduced intermolecular electron transfer can be described as
ollows:

n Rp = A − (λ + �Gel)2

8λRT
(5)

here A for the initial time of polymerization is the sum:
n kp − 0.5 ln kt + 1.5 ln [M] + 0.5 ln Ia (here kp, kt denote the rate
onstant of polymerization and termination, respectively, [M]
he monomer concentration, and Ia is intensity of absorbed light),

is the reorganization energy necessary to reach the transition
tates both of excited molecule and solvent molecules.

Eq. (5) clearly indicates that if the primary process, e.g. the
ate of electron transfer process controls the observed rate of
hotopolymerization, one should observe a parabolic relation-
hip between the logarithm of polymerization rate and the free
nergy change �Gel. For the photoinitiating photoredox pairs
xamined it is shown in Fig. 9.

It is apparent from the inspection of the relationships pre-
ented in Fig. 9 that the plot exhibits predicted by Marcus or

ore likely by the Rehm–Weller [31] and Agmon–Levine [41]

quations. Seems to be obvious that for the tested initiating pho-
oredox pairs two independent curves should be observed; one
or the monochromophoric and second for the bischromophoric

ig. 9. Dependence of the rate of photoinitiated polymerization on the free
nergy (�Gel) for the photoinduced electron-transfer process from borate to the
xcited state of bischromophoric cyanine dye. Inset: dependence of ln Rp vs.
Gel for monochromophoric cyanine–borate photoredox pairs.
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yes. According to Fig. 9, the rate of free radical polymeriza-
ion initiated by the series of hemicyanine borates increases as
he driving force of the electron transfer reaction increases. This
ehavior is predicted by the classical theory of photoinduced
lectron transfer [16,42].

.6. Three components photoinitiating system

From the literature it is well known that the distance between
he electron donor and the electron acceptor is quite important
or the photoinduced electron transfer reaction, especially when
he process occurs in the short-lived singlet excited state. In the
ase of cyanine borate salts the process is efficient in non-polar
olvents in which the electron transfer occurs between compo-
ents of a tight-ion pair [4]. Our study reveals that only about
0% of the tested photoinitiating pairs exists in polymerizing
ixture as a tight-ion pair. What is more, a degree of dissocia-

ion is depending on concentration of solute in complex fashion.
owever, in the simple approximation a degree of dissociation is
ecreasing as concentration of solute is increasing (or a concen-
ration of non-dissociated salt is enhancing when concentration
f solute increases). That is why, the simplest way to increase the
fficiency of polymerization process consists on adding an addi-
ional amount of co-initiator (B2) into polymerization mixture.
he other way enhancing the rate of polymerization is to find
onsecutive reaction forming free radical. This can be achieve by
dding to the polymerizating mixture second co-initiator, which
s able to react with the dye free radical obtained from dye–borate
lectron transfer reaction.

In studied by our group [43] three component photoinitiating
ystem composed of dye cation, borate anion and triazine it was
ocumented that the presence of additional co-initiator do not
nhance the concentration of the dye cation and borate anion ion

air.

Fig. 10 presents the kinetic traces recorded during an argon
on laser photoinitiated polymerization of TMPTA–MP (9:1)

ixture in the presence of bischromophoric cyanine–borate

ig. 10. Kinetic curves of the TMPTA/MP (9:1) mixture recorded during the
easurements of the flow of heat during the photoinitiated polymerization

nitiated by asymmetric cyanine borate (A1B2) in the presence of different con-
entration (marked in the figure) of DFCT. Inset: The influence of the DFCT
oncentration on the rate of polymerization for A1B2 photoredox pair.
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omplex and functioning as additional co-initiator 2,4,6-
ris(chlorodifluoromethyl)-s-triazine (DFCT).

As can be seen in Fig. 10, the photoinitiating system com-
osed of hemicyanine borate and triazine much more efficiently
nitiates free radical polymerization of TMPTA in comparison to
he photoinitiating systems composed of dye and borate anion
xclusively. An addition into the initiating mixture of an uni-
olar amount of triazine increases the rate of polymerization at

east twice.
In the literature, there are known photoinitiating systems

ossessing cyanine dye, which yield dye free radicals able to
he initiate a reductive cleavage of 2,4,6-tris(trichloromethyl)-s-
riazine (TCT) [44,45]. The formation of radical starts from an
lectron transfer from the cyanine dye radical to the ground state
f TCT, yielding a TCT radical anion. Subsequently, a TCT rad-
cal anion decomposes, by cleavage of the C Cl bond, to give a
tarting polymerization dichloromethylenetriazine radical and a
hlorine anion [44,45].

The photoinitiating system being the mixture of dye
ation–borate anion pair and triazine exhibits higher photoini-
iation ability in comparison to the ability presented by dye
ation–borate anion pair.

. Conclusion

Presented paper is focused on photoinitiation of free radical
olymerization initiated by photoreducible dye sensibilization.
hree different groups of hemicyanine n-butyltriphenylborate
alts were employed as visible-light photoinitiators of vinyl
onomers polymerization. They were examined in order to ver-

fy the possibility of the Marcus equation application for the
escription of the kinetics of free radical polymerization pho-
oinitiated via the photoinduced electron transfer process (PET).
he kinetics of polymerization of trimethylolpropane triacry-

ate, using hemicyanine borates as photoinitiators, was studied
y microcalorimetric method. The experimental data revealed
hat:

(i) Hemicyanine borate salts are shown to be effective pho-
toinitiators for the polymerization of vinyl monomers
when irradiated with the visible emission of an argon-ion
laser.

(ii) The efficiency of the polymerization depends on the struc-
ture of the hemicyanine cation used as an electron acceptor.
The resulting bischromophoric hemicyanine dyes paired
with n-butyltriphenylborate anion (series: AB2 and CB2),
are shown to be more efficient photoinitiators of free radi-
cal polymerization in comparison to the identical series of
the single-chromophore dyes.

iii) The inspection of the initial rates of polymerization showed
that that both initiator and co-initiator concentration affects
the rates of photopolymerization.

(iv) The free energy change (�Gel) of the electron transfer

process between an excited acceptor and a donor were
experimentally determined for 24 organic photoredox pairs.

(v) The relationship between the rate of polymerization and the
free energy change (�Gel) displays typical Marcus kinetic

[
[

[
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behavior. This relation is independently observed for mono-
and bischromophoric hemicyanine borate salts.

vi) The bischromophoric cyanine dyes were found to be poten-
tially very useful as a visible light sensitizers in the
multi-components photoinitiation system.
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39] J. Pączkowski, Z. Kucybała, Macromolecules 28 (1995) 269.
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