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Abstract

The influence of the ionic dissociation equilibrium on the photochemical and photophysical properties of xanthene dye onium salts (XTOn)
was studied. The dissociation constants ( Kp) determined by conductivity verify that the ionic association states directly influence the changes
m the absorption spectral shape, and the ratio Is3,/ 1,5 reflects the degree of dissociation of the system. The results of static fluorescence
quenching and dynamic lifetime quenching experiments demonstrate that the electron transfer of XTOn is mainly intra-ion pair electron
uransfer; the quenching rate constants of intra-ion pair electron transfer approach 10'>-10'* s=! M ™!, which is well above the rate limit
controlled by diffusion. The effects of substituents and solvents show that the process of electron transfer is controlled by the degree of

association, and the efficiency of photosensitized initiation may be improved further by a shift in the equilibrium.
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1. Introduction

The development of new advanced materials for laser and
photocuring requires the investigation of novel photosensi-
tization systems which respond to visible and IR light [ 1-4].
Dyes with a photoresponse covering the entire visible and
near-IR region are abundant, and are important photosensi-
tizers. Aromatic onium salts (On) are cation and radical
initiators [5,6], but they absorb below 300 nm which severely
limits their applicability in photopolymerization. Fortunately,
iodonium salts possess low reduction potentials and are easily
photosensitized by electron transfer reaction. Usually, the
photosensitized reaction involves bimolecular electron trans-
fer or energy transfer [7.8]; the reaction is controlled by
diffusion so that, in solid and viscous media with low molec-
ular mobility, it cannot occur effectively within the short
lifetime of the excited state. In order to avoid this problem,
the photosensitizer and initiation component are pre-assem-
bled by various bond links. The method in which the two
components are bonded through electrostatic interaction
between anions and cations is convenient and effective. Zhou
et al. [9] have reported a novel photosensitized initiation
system of eosin bis(diphenyliodonium) salt (EOOn). On
exposure to visible light, this system rapidly undergoes intra-
ion pair electron transfer to form the reactive radical, which
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then initiates the polymerization of unsaturated monomers.
A modified system containing various xanthene dyes to
increase the range of the spectral response has been reported
{10]. We have synthesized a series of xanthene dye iodonium
salts. We report the influence of the ionic dissociation equi-
librium on the photochemical and photophysical properties
of these salts and discuss the process of electron transfer and
its controlling factors.

2. Experimental details

Six xanthene dye iodonium salts (XTOn) were synthe-
sized by ionic exchange between xanthene dye and diphen-
yliodonium chloride

CO,Na

&
NaQO~ O

CH,Cl,
+ PhlC1 ——

CO,IPh,

where XT = fluorescein (FL), 4,7-dichlorofluorescein (FC),
4,7-diiodofluorescein (FI), eosin (EO), erythrosin (ER) and
rose bengal (RB).
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Table 1
Thermodynamic parameters of photosensitization system XTOn
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XTOn

Eg Er Eox Eeq AGg AGr
(kcal mol ™1) (kcal mol ') (V) ) (keal mol~*) (kcal mol™")
FL 55.86 4.7 0.91 —-1.13 -30.3 -19.1
FC 54.58 44.7 0.95 -1.07 —28.1 ~-18.2
FI 55.64 44.0 0.88 -1.18 —30.7 -19.1
EO 53.16 44.0 0.80 —1.04 —30.1 ~20.1
ER 52.77 44.8 0.79 ~1.09 ~299 —-22.0
RB 50.0 41.8 0.88 —-0.95 ~25.1 -165
Eosin ethyl ester iodonium salt (EOEtOn) was obtained 2-
by esterification of the C-2’ carboxyl group of eosin and ionic
exchange according to the above step.
Acetonitrile (AN) of analytical purity was used after dis-
tillation; 1,4-dioxan was used after refluxing with sodium for .2 I
16 h followed by distillation; the other agents of analytical
purity were used as received. @
The dissociation constant (Kp) of EOEtOn was deter-
mined by measuring the conductivity on a DDS-12 conduc-
tivity gauge in solutions of different concentration at 25 °C. On
Using the equation 1/A,=1/A,"+ A, X ¢/ (KpA,,™), where XT x v Aw. o
Am and A~ are the molar and limiting molar conductivity (nm) (M~'em™)
respectively, K, was obtained from the slope and section of
the plot of 1/A, vs. Anc. FL 4H 4H 500 047
The photobleaching light source was a xenon lamp (light FC 2H, 2C1 4H 508 1.03
. . . F1 2H, 21 4H 517 1.72
below 300 nm filtered out with hard glass) and the intensity EO 4Br 4H 528 8.45
of irradiation was 2.45 mW cm 2. The photobleaching rate ER 41 4H 531 7.90
was expressed by the relative change in the maximum optical RB 41 4Cl 561 8.52

density of the absorption peak at long wavelength as a func-
tion of the irradiation time

R, = (0D,—0D) /0Dt
The quantum yields (P) were calculated according to
@=R,/2.3031,ebc

where R, is the rate of the photoreaction and I, is the intensity
of irradiation.

The lifetime and fluorescence quenching experiments were
conducted on an NEAS HORIBA-NAES-100 time-resolved
spectrofluorometer and a Hitachi MPF-4 fluorescence spec-
trophotometer, and the absorption spectra were recorded on
a Hitachi 557 UV-visible spectrophotometer.

3. Results and discussion

The structures of the various xanthene dye iodonium salts
(XTOn) synthesized are shown below.

The free energy of electron transfer (AG,,) can be used to
determine whether or not a reaction will occur and reflects
the driving force for the reaction. On the basis of the Rehm—
Weller equation (according to the redox potentials of the
xanthene dyes and iodonium salt and the energies of the
excited singlet and triplet states of the dyes), the values of
AG,, were calculated. From Table 1, it can be seen that the
values of electron transfer (AG,,) between xanthenes and
iodonium salts are negative on exposure to light. Theoreti-
cally, this indicates that photoreaction may occur from the
singlet and triplet states of the dye and a high driving force
is observed.

3.1. Association states and absorption spectral properties

XTOn salts are a type of organic ionic compound which
may exist as a mixture of three ionic association states: freely
solvated ions, ion pairs and aggregates. The concentration of
our system is very low (approximately 10~ M), so that
aggregates are not observed; therefore an equilibrium
between free ions and ion pairs exists. According to the Fuoss
equation

Kp=1[3000/ (4Na?) ] X exp{ — [*/ (aek,T) ]} (1
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the dissociation constant (Kp,) depends on the dielectric con-
stant of the solvent (€), the centre to centre distance for
contact of the ions in the ion pairs (a) and the temperature
of the solution (T). Moreover, for the large sizes of these
ionic compounds, the dissolvability of the medium will sig-
nificantly influence the ionic association states.

In ordinary conditions, the spectral properties of solvent-
s :parated ion pairs (loose ion pairs) and free ions are very
s:milar; however, the shape and peak position of the absorp-
ton spectrum of tight ion pairs are different from those of
solvent- separated ion pairs and the absorption is usually blue
shifted. The reason for this is that the distance between the
anion and cation in the tight ion pair is so short that their
electronic clouds can interact with each other {11]. In
cioxan—AN, we have studied the effect of solvent polarity on
11e absorption spectrum (Fig. 1). It can be seen that, in the
polar solvent AN, EQOn exhibits one set of long-wavelength
:bsorption peaks (set I: 532, 500 nm); following an increase
1n the dioxan content, i.e. decreasing solvent polarity, the
peaks at long wavelength gradually decrease, and a new set
«f absorption peaks at short wavelength (set II: 445, 380 nm)
~ppears.

The set of peaks at long wavelength can be attributed to
the characteristic peaks of freely solvated ions and the other

1.5

gset I 532, 5u0nm
SetII 445, 380nm

l.2f

Absorbance

300 400 500 600

Wavelength (nm)

Fig. 1. Effect of solvent polarity on the spectrum of eosin iodonium salt in
AN-1,4-dioxan. 1,4-Dioxan (vol.%): 1, 0; 2. 20; 3, 40, 4, 60, 5, 80; 6, 100;
concentration of EOOn, 2 X 10 mol 17}

Table 2

Dissociation constant and Is3,/ 1445 ratio of EOEtOn in a mixture of AN and
dioxan

Parameter An (vol.%)

0 20 40 60 80 100
Is32/ Lugs 02 10 3.0 55 9.0
AX102 (sm®mol™") 00 028 122 139 152 223
KpX 10° 0 045 091 422 568 983

setcan be assigned to ion pairs. An increase in solvent polarity
causes an increase in the degree of dissociation and a pro-
portional enhancement of the I53,/14,5 ratio. Therefore this
ratio can be used to evaluate the degree of dissociation of the
system.,

In order to confirm the relationship between the degree of
dissociation of XTOn and the I3,/ 45 ratio, the dissociation
constants (Kp) were obtained by the conductivity method.
Because XTOn is a binary salt, it is difficult to measure the
dissociation constants Kp,; and Kp,. Fortunately, the plane of
the 2'-carboxylphenyl group is perpendicular to that of the
xanthene moiety of the dyes and the absorption characteristics
of the molecule in the visible region depend mainly on the
association states of the 4-phenoxyl group [12]. Therefore
eosin ethy! ester monoiodonium salt (EOEtOn), instead of
EOOn, was chosen for measurement of the conductivity of
solutions of different concentration and solvent polarity. The
conductivity of EOEtOn at a concentration of 4.0X 1074 M
in dioxan is zero on the smallest scale (0-0.2 scm™!) of the
conductivity gauge, indicating that the ions of EOEtOn pre-
dominantly exist as ion pairs. With an increase in the pro-
portion of AN, the limiting molar conductivity (A,,™) and K,
values increase. It is clear that the changes in K, are consistent
with those of the Is3,/1,,5 ratio (Table 2). The value of K
is 9.83 X 1073 in AN and, if the concentration is 10~> M,
91.5% of the salt will dissociate into free ions in this polar
solvent.

3.2. Studies of the fluorescence quenching by onium salts

The quenching of the fluorescence intensity and lifetime
was carried out at room temperature. Dynamic quenching of
the lifetime usually involves a bimolecular collision process
which is controlled by diffusion. The lifetime obtained for
eosin anions is 2.21 ns in AN, similar to the reported value
[ 13]. The rate constants of lifetime quenching obtained from
a Stern—Volmer plot for a 9:1 mixture of dioxan and AN are
close to the corresponding values of static quenching (10"
M~ ! s ). Because, in non-polar solvents, the Ky, value of
EOOn is zero, the cations and anions rapidly associate into
ion pairs; since this process is controlled by a strong static
electroforce and not by molecular diffusion, it is impossible
to observe the pure quenching reaction of freely solvated ions.
However, in polar solvents, most of the salt (more than 90%)
exists as free ions; the quenching of the lifetime involves a
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collision process between free cations and anions, and there-
fore the quenching rate constant (6.27 X 10" M~! s™ ') is
controlled by diffusion and is much lower than that of static
fluorescence quenching (Table 3). Although the proportion
of free ions is much higher than that of ion pairs in AN, the
static quenching rate constant shows that the reaction of ion
pairs plays an important role. Overall, the reaction rate con-
stants depend on the proportion of ion pairs in the solvent.
The higher the proportion of ion pairs, the more rapid the
electron transfer. Therefore it is expected that the rate of
electron transfer of XTOn can be controlled by changing the
ionic association states.

3.3. Studies of the photobleaching reaction

On irradiation with visible light, electron transfer occurs
between excited xanthene dyes and iodonium salts ( Scheme
1) to form radical pairs (XT"/°On) which may undergo back
electron transfer to regenerate the initial ion pair or carbon—
iodine bond cleavge to form neutral iodobenzene (Phl) and
the phenyl radical (Ph") in a solvent cage with XT". Ph” can
also undergo back electron transfer with XT" to return to the
ground state, couple and disproportionate with XT" to gen-
erate the leuco form of the dye or diffuse from the solvent
cage to generate the free radical which undergoes further
secondary reaction or may be applied to initiate polymeriza-
tion of a monomer. During the photoreaction, the bleaching
of the dye causes changes in the absorption spectrum which
can be used to monitor kinetically the process of electron
transfer.

3.3.1. Effect of substitution

The minimum energy structure of EOOn has been studied
using the computer molecular modelling technique [ 12], and
ithas been demonstrated that the onium cation may be bonded
to phenoxyl and carboxyl anions in different configurations.
The intra-ion pair electron transfer will firstly occur on the
phenoxyl anion bonded to the xanthene moiety. The photo-
bleaching data of various xanthene dyes are outlined in Table
4. On the whole, we can see that the bleaching rates (R,,) and
quantum yields (®,) are in the order FL>FC>EI>
EO > ER > RB. Obviously, the halogen atom substituents in
the skeleton of the xanthene moiety, especially in the ortho
positions of the phenoxyl group, will play an important role
in electron transfer. The higher the electrophilic effect of the
halogen atoms (C1> Br> 1> H), the lower the electron cloud
density on the phenoxyl anion, and thus the electrostatic
attraction of the phenoxyl anion to the iodonium cation grad-

Table 3
Quenching rate constants of eosin with onium in mixtures of AN-dioxan

Rate constant 10 50 100
kq (M~ 's™ 1 3.75x 101 7.52x 10'? 2.91x10"
kq M~ 's™ 1 3.45x 10" 6.27x10'

kg, ko fluorescence quenching rate constants of intensity and lifetime.

hv

XT-Op* < = (XT+-On)
Ot"be,\ 4’“’9

w@\" (XT./.Ph)\‘

Leuco@ ‘3«% Ph

Scheme 1. Process of intra-ion pair electron transfer of XTOn.

Table 4
Photobleaching of various xanthene iodonium salts

FL FC FI EO ER RB
I/ Iy 2.04 2.57 2.80 8.41 7.86 10.70
R,x10%s™! 4.20 291 248 3.59 1.85 1.93
@, 0.33 0.29 0.18 0.12 0.09 0.03

[XTOn] =2x 10" mol 1! in CH,Cl, in the presence of nitrogen.

Table 5
Absorption and photobleaching data of EOOn in EAc-AN mixtures

EAc  Dielectric  Apga  €max X 107% L/l RyX10* &,
(%) constant (nm) (cm™'M™!) (s™hH
0 37.5 532 4.99 0.24 0.050
20 30.1 533 3.82 10.1 2.65 0.076
40 22.7 535 291 923 431 0.083
60 154 537 1.85 8.75 5.56 0.102
80 7.98 539 143 851 8.13 0.124
100 6.02 540 1.20 824 924 0.152

Concentration, 2X 1075 17! in the presence of nitrogen.

uvally decreases from FL to RB. In addition, the steric hin-
drance, depending on the size of the halogen substituent
(I>Br> Cl> H), increases the distance between cation and
anion. The above two factors may decrease the degree of
orbital overlap and weaken the interaction between donor and
acceptor. As a result, xanthene dyes with halogen atom sub-
stituents easily form freely solvated ions and their degrees of
dissociation (1;/I;) increase from FL to RB, similar to the
order of the photobleaching rates. These results indicate that
the rate of electron transfer changes in an opposite manner to
the pure degree of dissociation of XTOn. Overall, the nega-
tive effect of the substituent, depending on the electric prop-
erties and steric hindrance, is in the order I> Br>Cl1> H.

3.3.2. Effect of solvent polarity

As mentioned above, the polarity and dissolvability of the
solvent directly affect the degree of dissociation of the XTOn
salt, and have an important influence on the photoreaction.
The photobleaching data of EOOn in solvents with different
proportions of AN and ethyl acetate (EAc) are outlined in
Table 5. Because of the changes in the extinction coefficient
of the absorption peak at long wavelength in the different
mixtures, the quantum yields are used as a reasonable crite-
rion for comparison. It is clear that, following the increase in
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F1g. 2. Effect of addition of onium on the photobleaching of RBOn in AN;
|RBOn]}=2X10"%mol 1" in the presence of nitrogen.

FAc content, the degree of dissociation (/L) of EOOn
gradually decreases, but the quantum yield of reaction
increases strongly. This result is consistent with fluorescence
«juenching data.

..3.3. Effect of salt addition

The low solubilities of XTOn salts in non-polar solvents
reverely limits their applicability to the photopolymerization
nf monomers. Although XTOn salts are soluble in polar sol-
ents, their dissociation results in a decrease in the rate and
ijuantum yield of initiation. In addition, polymerization reac-
‘ions are usually disturbed by impurities and oxygen, espe-
-ally for those xanthene dyes having higher @, values such
15 ER and RB. Fortunately, the addition of onium to the
system helps to move the equilibrium towards the formation
of ion pairs. Of the xanthene dyes, RB has the highest &,
value (approximately unity); the effect of addition of an
nium salt on the rate and efficiency of electron transfer is
:specially significant to this system (Fig. 2). When the initial
:oncentration of onium salt is lower than 5X 10~ * M, the
ohotobleaching rate increases slowly and exhibits an almost
linear relationship to the concentration of onium. However,
when the concentration reaches 5X 107 M or more, the
bleaching rate increases sharply and finally attains a constant
value. This indicates that RBOn mainly exists as free ions in
the initial state, with the addition of a low concentration of
onium, and only a few ion pairs are formed. As more salt is
added, the proportion of intra-ion pairs increases. When the
concentration of onium is in the range 107°-1072 M, the
zffect is remarkable.

4. Conclusions

XTOn salts naturally exist as freely solvated ions and ion
pairs, their proportion depending on the structure of the xan-
thene dye and the polarity of the solvent. During photoreac-
tion, they may undergo rapid intra-ion pair electron transfer
(key=10"2-10"* M~' s7!); the proportion of ion pairs has
an important influence on the rate of electron transfer. The
unstable radicals produced by electron transfer rapidly
undergo bond cleavage to form active fragments of the pre-
liminary radical. This type of rapid consecutive reaction helps
to decrease back electron transfer and inactivation in the
solvent cage and enhances the reaction efficiency of the rad-
ical formed.
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