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What affects the rate of free radical polymerization of a multifunctional

acrylate photoinitiated by cyanine borate salts?

Part II. APPLICATION OF ELECTRON TRANSFER THEORY* )

Summary — On the basis of Schuster’s investigation, a mechanism of the
processes going on during radical polymerization, photoinitiated by cyanine
borate salts, has been proposed. As well the possibility of Marcus theory appli-
cation to describe the kinetics of such polymerization, photoinitiated via elec-
tron transfer process, has been presented. It required the determination of the
value of free energy of activation of electron transfer process (AGe), using
Rehm-Weller equation. Using cyclic voltammetry the reduction potentials of
the dyes and oxidation potentials of borate salts were determined. Parabolic
dependence between polymerization rate (Rp) and AG value has been obtained
for all the salts tested. The lifetimes of excited singlet state of cyanine dye with
and without quenching were determined and let calculate the rate constants of
primary process of polymerization investigated, i.e. electron transfer from bo-
rate anion to excited state of the dye (k1). According to the Scheme A, the effect
of competitive process, i.e. cyanine and butyl radicals recombination on the
photoinitiated polymerization rate was also determined. This process, which
does not influence Ry, value, leads to the dye bleaching what strongly depends
on the structure of both dye cation and borate anion. There was stated that
initiation rate of polymerization depends on the photoinitiator concentration
and Ry value — on the co-initiator concentration.

Key words: dye photoinitiators, cyanine borate salts, 2-ethyl-2-(hydroxy-
methyl)-1,3-propanediol, radical polymerization, mechanism, kinetics, electron

transfer process.

The initiation of polymerization via photoinduced in-
termolecular electron transfer process involves many
steps, including photoinduced electron transfer from an
electron donor to the singlet or triplet state of electron
acceptor (usually dye) followed by secondary reactions,
which yield a neutral radical initiating polymerization.

The kinetics of photoinduced electron transfer pro-
cess is usually described using the Marcus theory [1].
However, the practical application of Marcus theory is
commonly used for the study of only the primary photo-
chemical processes. The description of the kinetics of the
photoinduced polymerization vig the intermolecular
electron transfer is another example of this theory apply-
ing to practice [2, 3]. On the basis of this theory it was our
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*) Part | — see [4].

intention to establish the kinetic and thermodynamic cri-
teria of the cyanine borate redox pair (Cy Bo’) selection
as free radical polymerization initiating system. These
compounds belong to the specific group of photoinitiat-
ing systems. Both components of the initiator exist as
ions, therefore in nonpolar solvents they exist predomi-
nantly as ion pairs. After the electron transfer a radical
pair [Cy ][R ] is formed. Since these products are not
stabilized by the electrostatic interaction they can easily
diffuse from the initial solvent cage giving a separated
free radical that can photoinitiate free radical polymeri-
zation. In particular, it was our intention to find the rela-
tionship between the primary process, i.e. the electron
transfer process, and the rate of free radical polymeriza-
tion, photoinitiated by cyanine borate salts, and to cla-
rify the relationship between various parameters charac-
terizing an initiating system and the rate of photoinitia-
ted polymerization of 2-ethyl-2-thydroxymethyl)-1,3-
-propanediol triacrylate (TMPTA). Our purposes were
accomplished by:
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() The study of the basic physical and chemical pro-
perties of the newly synthesized photoinitiating pairs [4]
and the qualitative and quantitative analysis of the pho-
tochemical processes that occur during the polymeriza-
tion reaction. This, in turn, allows to understand the
mechanisms of the competitive reactions that reduce the
quantum yield of the photoinitiated polymerization.

(i) The study of the kinetics of the photoinitiated free
radical polymerization in bulk using the calorimetric
method.

(iii) The study of the influence of the rate of electron
transfer process on the efficiency and rate of photoinitia-
ted polymerization.

EXPERIMENTAL

The kinetics of free radical polymerization was stu-
died using a polymerization solution composed of 1 mL
of 1-methyl-2-pyrrolidinone (MP) and 9 mL of 2-ethyl-2-
-(hydroxymethyl)-1,3-propanediol triacrylate (TMPTA).
Cyanine borate concentration was 1 - 10° M. As a refe-
rence sample a mixture containing monomer and cya-
nine iodides or ethyl sulfates (dye without an electron
donor) was used. The methodology of measurements of
the kinetics of free radical polymerization was described
earlier [3, 5, 6]. The irradiation of the polymerization
mixture was carried out using the emission of an Omni-
chrome argon ion laser Model 543-500 MA with the light
intensity of 30 mW/0.78 cm?.

The reduction potentials of the dyes were measured
by cyclic voltammetry. An Electroanalytical MTM
(Krakov) Model EA9C-4z was used for the measure-
ments, and Ag-AgClelectrode served as a reference elec-
trode. The supporting electrolyte was 0.1 M tetrabutyl-
ammonium perchlorate.

The fluorescence lifetime measurements were per-
formed using pico/femtosecond spectrometer con-
structed at Adam Mickiewicz University, Poznan (Po-
land). The design and construction of a spectrometer for
picosecond fluorescence decay measurements are de-
scribed elsewhere [7, 8]. The apparatus utilizes for the
excitation a pico/femtosecond tunable Ti:Sapphire laser
generating pulses of about 1 ps. Short laser pulses in
combination with a fast microchannel plate photodetec-
tor and ultrafast electronics make a successful analysis
of fluorescence decay signals in the range of single pi-
coseconds possible. The dyes were studied at the con-
centrations able to provide equivalent absorbances at
460 or 480 nm (0.2—0.4 in the 10 mm cell).

RESULTS AND DISCUSSION

The Schuster’s study on the photochemistry of N,N'-
-dimethylindocarbocyanine borate salts [9, 10] allowed
to describe the mechanism of free radical polymerization
photoinitiated by cyanine borate salts. This is shown in
Scheme A.
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where: kpc — rate constant of carbon-boron bond cleav-
age in boranyl radical (the opposite process is denoted as
k - Bc); ko — rate constant of free radicals recombination
process, leading to the bleaching of a dye.

The cyanine dye cation and borate anion exist as ion
pair even in the solvents of medium polarity [9, 11].
Some of them even form the penetrating ion pairs of
which the center-to-center distance between the ions is
less than the sum of the individual ion radii [12—14].
Since, the lifetime of the excited singlet state of cyanine
dye is too short (less than 0.5 ns) to let the efficient diffu-
sive formation of encounter complex at achievable con-
centration of borate; the self-association of cyanine cat-
ion and borate anion in their ground state is a prere-
quisite for the effective photoinduced electron transfer
process.

The irradiation of cyanine dye/borate anion ion pair
with visible light generates the excited singlet state of
cyanine chromophore, which can undergo three possible
reactions:

(2} fluorescence process,

(if) photoisomerization,

(ii1) electron-transfer reaction.

The cyanine/boranyl radical pair formed after the
photoinduced electron transfer process may undergo the
back electron transfer process leading to the regenera-
tion of substrates or it may undergo a carbon-boron
bond cleavage to form an alkyl radical and triphenyl-
boron. Formed in the latter process a radical pair
[Cy IR ] might also undergo the electron transfer pro-
cess leading to the formation of cyanine cation [Cy*] and
alkyl anion [R']. The radicals formed might couple giv-
ing an alkylated cyanine [Cy-R] or might diffuse from
the initial solvent cage.

It is known from the literature that the electron trans-
fer process in the cyanine borate ion pair has two restric-
tions. Borate salts able to form the stabilized radicals (c.g.
benzyl) give the cyanine radicals with high yields. In
such cases the electron transfer process is faster than the
back electron transfer process. In the case when borate
salts are not able to generate the stabilized radicals (c.g.
phenyl) the efficiency of the cyanine radicals formation
is very low.

In the present paper it was our intention to present a
possibility of the application of Marcus theory to the de-
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scription of the kinetics of free radical polymerization
photoinitiated via electron transfer process.

The relationship between the rate of polymerization,
initiated via electron transfer process, and free
energy of activation of the photoinduced electron
transfer process

The discussion on the cyanine borate photochemistry
should also include the estimation of the thermody-
namic driving force of the photoinduced electron trans-
fer (PET) process. It is well known that the main prere-
quisite of PET reaction is an equation described by
Rehm—Weller, which states that free energy of activa-
tion of the PET process (AGe) should have a negative
value:

AGe = Exx(D/D"") - Era(A"/A) - Ze*/€a - Exo 1)

where: Eox(D/D"*) — oxidation potential of electron donor,
Ered(A"™[A) — reduction potential of electron acceptor, Egg —
energy of electron acceptor (cyanine) excited state and Ze*fea
— Coulombic energy gained by bringing the ions to an en-
counter distance in a solvent with relative permittivity €.
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Fig. 1. llustrative cyclic voltametric curve of selected dye
(3,3"-diethyl-5,5"-diphenyl-9-methylcarbocyanine iodide)

The electrochemical reduction of cyanine dyes in ace-
tonitrile solution is reversible (Fig. 1), however, the oxi-
dation process of borate anion, as is shown in Fig. 2, is
irreversible. The values of the oxidation potential of

Table 1. Thermodynamic characteristics of cyanine borates tested*

Re

R
! xe
CH=C-CH
Rs e N Rs
1 |
Ry Ry

| AGe, eV 4, eV G, eV | AGa, eV
Cy 2 1 B Ro Ry Eret, V CyX Cy’B; A(ny’B; ACyIBZ | A(G?yIBeS
Cy22 0 al H H CsHs 135 0.054 0.12 0168 | -036
Cy48 0 cl H CHs CaHs -1.074 -0.320 0.384 0432 | -0.694
Cy49 0 cl H CoHs CoHs -1.356 -0.044 -0.085 0135 | -0.393
Cy23 o CHs H H C2Hs 1.279 -0.134 0.143 0240 | -0444
Cys1 0 CHs H CH; C:Hs 119 0.191 0217 0254 0527
Cy53 0 CHs H CaHs CoHs -1.383 0.003 0.011 0056 | 0347
Cy19 o H H H CoHs 119 0212 -0.304 -0.352 -0.568
Cy4l 0 H H CHs C:Hs -1.334 -0.065 0.118 -0.161 0411
Cy45 0 H H CoHs CzHs -1.295 -0.120 0.147 -0.189 -0.484
Cy25 0 CeHs H H CiHs 121 0178 0.218 -0.270 0475
Cy52 0 CeHs H CHa CoHs -1.251 -0.095 0.143 -0.206 0473
Cy28 0 CeHs H CoHs CoHs 1378 0.050 -0.033 0.081 -0.286
Cy27 0 CH:0 H CoHs CoHs -0.421 0917 -0.979 -1.040 1192
Cy24 0 CH:0 H H CoHs -1.389 0.029 -0.078 -0.074 -0.307
Cy9 s CHa H H CaHs 1229 0.121 0.063 0.008 -0.167
Cy46 S CHs H CHs CaHs -1.284 0.139 0.097 0.055 0.195
Cy47 s CH; H CoHs CoHs -1.160 0.024 0.011 -0.050 -0.316
Cy3 s H H H C-Hs 1.240 0.169 0.046 0002 | 0210
Cy4 s H H CH, CoHs 1.268 0.167 0.059 0014 | -0.203
Cy30 S H H CoHs CoHs -1.389 0.230 0.189 0.095 -0.134
Cy10 S H CH:0 H CzHs 1.224 0.156 0.093 0.043 -0.189
Cyll s CH:0 H CaHs CoHs 1.229 0.017 0.012 0.069 -0.186
Cy6l s CH:0 H H CoHs 0917 -0.149 0.186 -0.244 -0.507
Cy33 5 H CH50 H C,Hs -0.817 -0.250 -0.310 -0.360 -0.589
Cy58 s OH H H C:Hs 1147 0.100 0.053 -0.005 -0.391
Cy59 s | OH H CHs CzHs -1.268 0.190 0.188 0.109 0323
Cy60 s | OH H CoHs CzHs -1.356 -0.049 -0.109 -0.140 -0.400
Cy36 5 NO; H H | CHs -1.081 -0.082 0117 -0.161 0.374

* The meaning of X — see text.



POLIMERY 2003, 48, nr 6

428
90
1004 mV

60 ——
i /\
£ !
E 30
© I /

0 "
0 600 1200 1800

Potential, mV

Fig. 2. Cyclic voltametric curve of tetramethylamino-n-butyl-
triphenylborate

tested borates and values of Eq were published earlier
(15, 16].

On the basis of electrochemical as well as fluores-
cence measurements and using the Rehm—Weller equa-
tion, the values of the free energy of the electron transfer
process were estimated for cyanines possessing four dif-
ferent borate anions. They are presented in Table 1 (sym-
bols B2, B3, B4 and B5 denote n-, sec-, tert-butyltriphenyl-
borate salts and tetra-n-butylborate, respectively).

It should be noted that according to the Schuster’s
studies the oxidation potentials of the tested borate salts
determined by electrochemical method have only rough
meaning. This is because of a very short lifetime (about
250 fs) of the boranyl radical formed as a result of the
photoinduced electron transfer process [17]. The values
of AGei of tested photoredox pairs oscillate in the range
from -0.7 to 0.36 eV (-67.1 to 34.73 kJ /moD).
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Fig. 3. The influence of donorfacceptor concentration
(Cy24B2) on the rate of photoinitiated polymerization of
MP:TMPTA mixture in vol. ratio 1:9

The influence of a donor-acceptor concentration on
the rate of free radical polymerization

The plot illustrated the relationship between the rate
of photoinitiated free radical polymerization and the
photoinitiator concentration [n-butyltriphenylborate salt
of dye Cy24 (Cy24B2)] is shown in Fig. 3.

It is apparent from the data shown in this figure that
at low concentration range one observes an increase in
the rate of polymerization with the increasing of initiator
concentration. The further increase in cyanine borate
salts concentration causes the decrease in the rate of the
polymerization. Basing on the experimental data, one
can conclude that, for the thickness of polymerizing
sample about 3 mm, the optimal initiator concentration
is about 1 - 10> M. On this condition the incident light is
absorbed by the whole volume of the sample.

The influence of an electron donor (co-initiator) con-
centration on the rate of free radical polymerization
of TMPTA

The electron donor (co-initiator) concentration affects
also the rate of free radical polymerization. Since the
lifetime of the excited singlet state of cyanine dye is less
than 0.5 ns, high electron donor concentration is needed
to achieve an effective electron transfer process. In this
case, high concentration of borate ions in close approach
to the absorbing dye is gained by the association of the
dye cation and borate ion as the ion pair. The dye con-
centration and electron donor concentration are equal if
we used them as the salts. An interesting question arises
whether additional amount of borate anion affects the
rate of polymerization? The experimental results are
shown in Fig. 4, where an increase in the rate of polyme-
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Fig. 4. The influence of the electron donor (co-initiator) con-
centration — B2 on the rate of photoinitiated polymerization
of MP.TMPTA mixture in vol. ratio 1:9, 1 — Cy23, 2 —
Cy33
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rization with the increase in co-initiator concentration is
distinctly visible.

However, it is worth to note that, for the cyanine bo-
rate salts tested, the influence of an additional amount of
borate anion on the rate of photoinitiated polymeriza-
tion is different and depends on the type of the dye ca-
tion. The obtained results suggest that the borate cya-
nine salts in the tested polymerizable formulation do not
exist exclusively as ion pairs and that they are partially
dissociated. The increase in the co-initiator concentra-
tion shifts the equilibrium constant of cyanine ca-
tion/borate anion system towards the ion pair forma-
tion. This leads to the acceleration of the electron transfer
process and this, in turn, causes the rise of free radical
polymerization rate.

The influence of the bleaching process of cyanine
dye on the rate of polymerization

The general equation describing the rate (Rp) of the
photoinitiated free radical polymerization via the intra-
or intermolecular electron transfer process can be pre-
sented as follows [3]:

M) 1y —k) 1"
R, =—T—kl,[M]-[—k'—} @
where: I, — light intensity, [M] — monomer concentration,
kobs — rate constant of the primary photochemical process (in
this case the electron transfer process), kvt — rate constant of
the bleaching process (rate constant of the cyanine and butyl
radicals recombination process), ki — rate constant of the ter-
mination of the macroradicals, ky — rate constant of propaga-
tion.
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Fig. 5. Changes in the absorption intensity [(Ao - Ad/Aol of
the dyes Cy27B2 (curve 1), Cy28B2 (curve 2) and Cy29B2
(curve 3) with one type of counter-ion (B2) during argon-laser
irradiation (I, = 20 mWjem?) in ethyl acetate (EtAc) solution
(V=40mL, c=1-10"M)

The equation (2) contains the rate constant of the
process (bleaching) that is competitive to photoinitiated
polymerization. This is why it was very important to
establish the possible influence of the bleaching process
on the rate of free radical polymerization. The simplest
method allowing to follow the colour loss of the photo-
initiating system was based on the measurement of the
changes of the electronic absorption spectrum intensity.
On the basis of these experiments it appears that, as in
the case of the kinetics of the photopolymerization, the
rate of the bleaching process strongly depends on the
structure of both the dye cation and borate anion (Figs. 5
and 6).
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Fig. 6. Changes in the absorption intensity [(Ao - Ar)/Ao] of
Cy28 dye with various counter-ions (B2, B3, B4) during ar-
gon-laser irradiation (conditions as in Fig. 5); 1 — Cy28B3,
2 —Cy28B4,3 — Cy28B2

On the basis of the spectroscopic measurements the
quantum yields of the bleaching process of the tested
photoinitiating systems were calculated. The quantum
yields of this reaction oscillates in the range from 0.0005
to 0.04. These results are at least one order of magnitude
lower than the quantum yield of n-butyl radical forma-
tion (¢ = 0.73) [9]. It allows to conclude that the bleaching
process is slow and it does not influence the overall effi-
ciency of photoinitiated free radical polymerization.

The influence of the free energy of electron transfer
process on the rate of free radical polymerization

Taking into consideration the Marcus theory, the rate
of free radical polymerization photoinitiated by cyanine
borate salts can be expressed by the following equation:

3)

R,=- diM] _ k,[M]\/L,XZexp[—(x +AG,)’ / 4ART]
e ! k

!
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where: y — transmission coefficient, Z — universal fre-
quency factor (6 - 10" s™) at 25°C, . — total reorganization
energy, AGe — free energy of the electron transfer process,
described by earlier mentioned Rehm—Weller equation [eq.
(D]

The rate of free radical polymerization can also be
described in the simpler logarithmic form:

InR,=A~(\+AGa)” / 8 ART @

where: A combines all the constant data of initial time of
polymerization.

From the analysis of the equation describing the rate
of the photopolymerization one can conclude that for
the polymerization initiated via electron transfer pro-
cess the relationship between InRp and AG. should pre-
sent the classical Marcus parabolic relation. This type of
dependence for the selected photoinitiating salts is
shown in Fig. 7.
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Fig. 7. Marcus plot of the rates of polymerization (a.u.) of
TMPTA:MP (9:1 by volume) mixture for cyanine-tert-butyl-
triphenylborate photoinitiating systems; 00 — cyanines, ® —
meso-cyanines
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It is apparent that the experimental data show, for
almost all the cases, the relation consistent with Marcus
theory. It is worth to note that in the series of both sec-
-butyltriphenylborate and tert-butyltriphenylborate as
the electron donors, the rate of free radical polymeriza-
tion increases when the driving force of the electron
transfer process (free energy of activation, AGej) becomes
more negative.

For the series with tetra-n-butylborate as the electron
donor, in the area of free energy change of electron trans-
fer process from -0.6 eV to -0.3 eV, while the driving force
of the electron transfer process increases, the rate of the
polymerization decreases. In the literature this type of
behavior is called “the inverted Marcus region”.

There are two types of the electron donors that form
identical initiating radical after the electron transfer reac-

tion. These are n-butyltriphenylborate and tetra-n-butyl-
borate salts. Since for these types of the electron donors
the values of AGg exhibit different values, therefore it
was interesting to see the Marcus relationship for these
two types of donors displayed on one plot. It is shown in
Fig. 8.
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Fig. 8. Marcus plot of the rates of polymerization (a.u.) of
TMPTA:MP (9:1 by volume) mixture for cyanine-n-butyl-
triphenylborate () and cyanine-tetra-n-butylborate (M) pho-
toinitinting systems

The experimental data covers practically the whole
parabola. This observation allows to conclude that the
tested systems behave as predicted by Marcus theory,
including the presence of so-called “the inverted Marcus
region”.

The photophysics of the cyanine dyes. The kinetics
of the quenching of the cyanine dyes excited singlet
state

The kinetics of the quenching of the excited singlet
state was studied using the measurements of the fluores-
cence lifetime of the selected cyanine dyes, namely the
dyes with iodine, ethyl sulfate and simultaneously with
borate ions as counter-ion. The examples of the fluores-
cence decay curves are shown in Fig. 9.

The analysis of the experimental data shows that
there is a significant difference between the singlet state
lifetime of cyanine dye with and without an alkyl group
in the meso position of the polymethine chain. The alkyl
substitution in the meso position of the polymethine
chain (Cy54, O) dramatically decreases the fluorescence
lifetime. This behavior is attributed to the faster tor-
sional, non-radiative relaxation of the excited state of the
dye to the ground state.

The effect of ethylsulfate anion exchange to n-butyl-
triphenylborate anion is shown in Fig. 10. It is clear from
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Fig. 9. The influence of the substitution in meso position

(Cy54 vs. Cy6, sec Table 1 in [4]) on the fluorescence lifetime

of cyanine borates tested. Fluorescence measurements per-

formed in MP:ethyl acetate (EtAc) solution (1:9); 1 — Cy6,

2—Cy54
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the data shown in Fig. 10 that borate ion strongly de-
creases cyanine ion fluorescence lifetime and this, in
turn, suggests that borate ion quenches the singlet ex-
cited state of the cyanine dyec.

The lifetime of the excited singlet state of the cyanine
dye strongly depends on the structure of the dye and the
type of borate ion. The results obtained during fluores-
cence lifetime measurements show that the lifetimes of
the tested thiacarbocyanine dyes are in the range from 3
to 595 ps. The lifetimes of the excited singlet state of the
carbocyanine dyes are shorter and are in the range from
7 up to 399 ps.

The relationship between the rate constant and free
energy of the electron transfer process

The electron transfer process between the cyanine
and borate ions causes the quenching and simultane-
ous shortening of the fluorescence lifetime of the cya-
nine dye. Assuming that the electron transfer is the
only one quenching route, one can calculate the rate of
the electron transfer for the tested ion pairs. The calcu-
lated rate constants for the selected tested dyes are
listed in Table 2.

Analysis of the data collected in Table 2 shows that
the rate constants of the electron transfer ranging from
19-10°to 1.6 - 10" s and are lower than those mea-
sured for the borate salts of N.N ’-dimethglindocarbocya-
nine dyes in benzene solution (about 108 {9, 18]. The
introducing of methyl or ethyl group to the polymethine
chain increases, in the majority of cases, the rate constant
of the electron transfer process by about two orders of
magnitude.

The classical Marcus equation combines the rate con-
stant of the electron transfer process with free energy

8000

© ooy coapo ap
S I
0Tyt

4000

Counts, a.u.

GO0 O D B

0 1000
Time, ps
Fig. 10. The influence of the borate ion on the fluorescence
decay of Cy9. Fluorescence measurements performed in
MP:EtAc solution (1:9); 1 — ethylsulfate anion, 2 — n-butyl-
triphenylborate anion
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Table 2. Calculated rate constants (k) of electron transfer process for selected tested dyes*)
b ke, s ka, s ka, s ka, s
ye CyB2 CyB3 CyB4 CyB5

Cy3 9.84 - 10° 1.48- 10 5.27 - 10° 1.07- 10° 223-10° 9.97 - 10° —
Cy4 1.55- 10" — — — 1.34- 10" — —
Cy50 - — 598 10° — 1.1-10" — —
Cyé 8.28 - 10° 4.45-10° — — — — —
Cy54 6.8-10" — — — 159 - 10" — 7.14 - 10" —
Cy8 421-10° 439-10° — — 141 10° 333108 =
Cy56 1.97- 10" — — — 16-10" — 159 - 10" —
Cy9 4.26-10° 1.03- 10° — — — — —
Cy47 6.5-10° — 6.33- 10° — 6.09 - 10° — —
Cy10 6.31- 10° — — — — — 159-10° 1.09 - 10°
Cyl1 2.06- 10" 3.67 - 10° — — 1.05- 10" 47-10° —
Cy33 — 155 108 — — — — —
Cy36 14-10" 293 10° — — 1.44 - 10° 2.84 - 10° —
Cy58 39.-10° 2.05-10° — — 6.85- 10° 3.63- 10° —
Cy59 6.57 - 10" — — — — — 2.83-10° 2.35- 10°
Cy60 4.77- 10" — — — — — —
Cy63 — — — — — 16- 10° —
Cy65 — — — — — — 8.97 - 10° —
Cy66 — — 5.31- 10° — — — —
Cy18 8.14- 10’ 7.36 - 10° 9.94-10° 9.89 - 10° 431-10° 1.07 - 10° —
Cy19 5.45- 10° 141-10° — — 4.34-10° 145 10° —
Cy4l 759 10° — — — — — —
Cy45 1.27-10" — 9.38- 10° — — — 4.62-10° 1.16 - 10"
Cy20 5.49 - 10° 1.09-10° — — — — 2.06 - 10°
Cy21 2.74 - 10° — — — _ _ _
Cy22 — 1.86- 10° 5.18 - 10° — — — —
Cy48 | 922-10° 456 - 10° — — — — —
Cy2s | 128-10° 1.86 - 10° 1.09 - 10° 377 10° — — 2.12- 10° —
Cy24 | 638 10° 2.21-10° 1.05-10° 3.94 - 10° — — —
Cy27 6.31-10° — — — _ _ _
Cy25 4.48- 10’ 255 10° 202-10° | 283-10° 3.7-10° 1.91-10° —
Cy52 — 5.49 - 10° = | 594.10° = = 8.95- 10%
Cy28 | — 122-10° — — — 1.54 - 10° —

* In almost all cases, the rate constants of electron transfer process were calculated for two fluorescence lifetimes of cyanine dyes; it is the reason

of two values of k. for the same dye.

change of this reaction. The relationships between the
rate constant of the electron transfer process and free
energy change of this process, for the tested salts, are
shown in Figs. 11 and 12.

The data presented in these figures are consistent
with the theory of the photoinduced electron transfer
process. The observed relationships allow to conclude
that the excited state, which is quenched by the borate
anion, is the fluorescing state of cyanine dye. The Mar-
cus relationship is not observed for the cyanine dyes
with an alkyl group in meso position.

The influence of the rate constant of electron trans-
fer process in cyanine-borate ion pair on the rate of
photoinitiated free radical polymerization

One of the main purposes of the presented research
was also to extend the study on the photochemistry of
the cyanine borate salts by studying the relationship
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Fig. 13. The dependence of the rate of photopolymerization
(Rp) on the rate constant of electron transfer (kei) for cyanine
n-butyltriphenylborates (B2); 00 — cyanines, ® — meso-cya-
nines
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between the rate of the primary process, ie. the rate of
the electron transfer process, and the rate of the photoini-
tiated polymerization. The kinetic analysis of the photo-
initiated polymerization leads to the conclusion that if
there is a direct relationship between the rate of the elec-
tron transfer process and the rate of photoinitiated free
radical polymerization one should observe a linear rela-
tionship between logarithm of the rate constant of the
electron transfer process and the logarithm of the poly-
merization rate. It is illustrated in Figs. 13 and 14.
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Fig. 14. The dependence of the rate of photopolymerization
(Rp) on the rate constant of electron transfer (kei) for cyanine
sec-butyltriphenylborates (B3)

On the basis of the data presented in these figures one
can conclude that for the cyanines without meso substitu-
tion there are two possibilities: the first showing no rela-
tionship between the rate of the electron transfer (Fig. 14)
and second indicating a linear relationship between
these values (Fig. 13). This second possibility is not ob-
served for cyanine dyes substituted in the meso position.
The conclusions presented above are consistent with the
relationship presented in Figs. 11 and 12 for the dyes
without the substituent in meso position. Therefore, one
can ascertain that the practical application of Marcus
theory to the prediction of the kinetics of the photoinitia-
ted free radical polymerization is possible only for a se-
lected group of cyanine dyes.

CONCLUSIONS

— Butyltriphenylborate anions as co-initiators with
cyanine dyes can be used in the visible-light-induced
polymerization of acrylates.

— The rate of the electron-transfer process is depen-
dent on the structure of the alkyl group bound to the
boron atom of the borate.

— The practical application of Marcus theory to the
prediction of the rate of photoinitiated polymerization is
possible only for selected initiating photoredox pairs.
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