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ABSTRACT

The efficiency of several xanthene dyes as photoinitiators of the free radical polymerization in
aqueous medium was evaluated. These results show that dyes with triplet quantum yield higher than
0.1 present similar efficiencies, independently of their different chemical structure. A detailed study
of the photophysics of the dyes under the polymerization conditions was carried out using laser
time-resolved spectroscopies. These studies show that the active radicals are those which formed in
the interaction of excited triplet state of the dye with the amine through an electron transfer process.
In spite of this, the photoinitiation efficiency is not correlated with the triplet quantum yield. Also,
the photophysics studies show that the quantum yield of the different pathways of the decompo-
sition of the charge transfer intermediate is an important parameter to predict the efficiency of these
photoinitiator systems. The experimentally measured active radical formation is well correlated with
that calculated from the polymerization rate. The presence of heavy atoms in the xanthene ring
increases the triplet quantum yield, but decreases the active radical yield, and then the polymeri-

zation rate.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The extension of the absorption spectrum of photoinitiators to
the visible light is now of great interest. Besides of the practical
interest of using light in this spectral region, they are found
applications that range from lithography for integrated circuit
manufacture to curing processes. Dye-sensitized photo-
polymerization of vinyl monomers has been the subject of exten-
sive investigations. Many of these systems consist of a dye
and amines as reducing agents, where the excited triplet state of
the dye acts as the oxidizing species [1-4]. Several dyes are been
used as photoinitiators, however, there are no systematic studies
that allow to predict their relative efficiencies.

Xanthene dyes are very convenient visible photoinitiators due
to their high absorption in the region 500-580 nm, and their wide
solubility range. Furthermore, this absorption range makes these
dyes as suitable photoinitiators for pulsed-laser polymerization
using the second harmonic of the Nd:YAG laser, 532 nm. Eosin
and Rose Bengal in the presence of electron donors such as
tertiary amines, N-phenylglycines, and sulfur containing
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compounds have been described as efficient photoinitiators for
the free radical polymerization of acrylate monomers [5-13]. Also,
Fouassier et al. have shown that xanthene dyes are efficient
photosensitizers in multicomponent photoinitiator systems
[14,15]. Xanthene derivatives, in particular fluorone dyes, in
conjunction with amines or borates as reducing agents have been
developed for use as visible photoinitiators for polymerization of
acrylic monomers [16-19]. More recently, eosin in the presence of
amine has been used as efficient photoinitiator for surface
modification by surface-mediated polymerization [20]. In all these
systems it has been proposed that the active free radicals are
formed in one-electron transfer process from the electron donor
co-initiator to the excited triplet of the dye. Because the active
radical formation involves a charge transfer intermediate, the
photoinitiation efficiency is markedly sensitive to the nature of
the dye. The photochemical properties of various xanthene dyes
have been the subject of several studies [6,9,10,14,16]. However,
a correlation between the photochemistry and the initiation effi-
ciency requires the detailed photochemical study under the
polymerization conditions.

In this work we compare the efficiency of several xanthene dyes,
shown in Scheme 1, as photoinitiators of the polymerization of
acrylamide in aqueous solution. Triethanolamine (TEOHA) was
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Scheme 1. Structure of xanthene dyes.

used as co-initiator. The photophysics and photochemistry of the
dyes under the polymerization conditions were investigated, and
correlated to their efficiency as photoinitiators.

2. Experimental part
2.1. Material

Triethanolamine (TEOHA) (Aldrich) was purified by distillation
under reduced pressure prior to use. All dyes were obtained from
Aldrich and were used as received. Acrylamide from Sigma (elec-
trophoretic grade >99%) was used as received.

2.2. Measurements

Acrylamide polymerization rates (Rp) were measured dilato-
metrically in oxygen-free aqueous solutions at 25 °C. The pH was
adjusted at 9.5 by NaOH or HCI addition. The monomer concen-
tration was 0.4 M. The samples were irradiated at 532 nm using as
light source a xenon lamp-monochromator system. Low absor-
bances (0.1) of dyes were used to avoid the aggregation of the dyes.
The polymerizations were carried out to conversion below 25%.

Absorption spectra were measured using an HP8453 diode array
spectrophotometer. Static fluorescence measurements were
obtained on a Spex Fluorolog spectrofluorometer in air equilibrated
solutions at 20 °C. Bandwidths of 1.25 nm were used for excitation
and emission slits. Fluorescence lifetimes were measured with an
Edinburgh Instrument OB-900 time correlated single photon
counting fluorometer (Edinburgh, UK). Analysis of the fluorescence
decays was carried out by a least-square iterative de-convolution
method using the analysis routine provided by Edinburgh
Instrument.

Transient absorption measurements were made using a laser
flash photolysis (LFP) equipment. The third harmonic of an Nd:YAG
laser (532 nm, 10 mJ/pulse, 20 ns) was employed for sample exci-
tation. The signals from the monochromator/photomultiplier
system were initially captured by a HP54504 digitizing oscilloscope
and transferred to a computer for storage and analysis. For exper-
iments in the presence of TEOHA a flow cell was used to avoid
sample photolysis by the laser flash.

Laser-induced-opto-acoustic-spectroscopy (LIOAS) measure-
ments were done with the same laser used for LFP with the beam
width shaped to a rectangular slit (0.5 mmw x 5 mm h). The details
of our LIOAS set-up have been reported elsewhere [21,22]. A time
resolution of the LIOAS experiments from ca. 20 ns up to 3 ps using
de-convolution techniques could be achieved.

3. Results and discussion
3.1. Polymerization studies

The polymerization of acrylamide photoinitiated by several
xanthene dyes in aqueous solution at pH 9.5 was carried out with
visible light of 532 nm at 25 °C. In order to compare the photo-
initiation efficiency of the different kinds of dyes we also measured,
under the same experimental conditions, the acrylamide poly-
merization rate photoinitiated by resorufin, a phenoxazine dye, the
phenazinium dyes, safranin and phenosafranin, and rhodamine 6G,
an amine xanthene dye. These dyes present a high absorption at
532 nm and their behaviour as photoinitiators has been previously
studied by us [23-25]. The measurements were made in solutions
with matched absorbances of near 0.1 at 532 nm with 10 mm
pathlength. Under this condition no evidence was found for
aggregate formation in any of the dyes. The acid-base equilibrium
of xanthene dyes in ground and excited states has been reported
[26-29]. According to these reports, at the polymerization condi-
tions, pH 9.5, all xanthene dyes exist in the dianionic form in the
ground state as well as in the excited states. Possible pH effects on
the polymerization of acrylamide in aqueous solution were exam-
ined using 4,4’-azobis (2-amidinopropane) dihydrochloride (ABAP)
as photoinitiator. These results showed that the polymerization
rate measured at several pHs was kept constant in the pH range 3-
10. At high acid or high basic media the polymerization rate
decreases considerably, as expected from the hydrolysis of the
amide group.

Absorption spectra of studied xanthene dyes in water at pH 9.5
are shown in Fig. 1.

The polymerization was negligible when the dyes and mono-
mer were irradiated in the absence of amine. However, it was
efficiently activated by the presence of TEOHA. It is well known
that xanthene dyes present photobleaching when are irradiated in
the presence of amines [30,31]. We found that the concentration
of xanthene dyes in the presence of TEOHA before and after the
steady state irradiation, at the same experimental conditions
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Fig. 1. Absorption spectra of xanthene dyes in water pH 9.5.
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where the polymerizations were carried out, decreases ~20%.
However, when these experiments were carried out in the pres-
ence of acrylamide showed that the photobleaching is inhibited by
the monomer.

The polymerization rates, obtained from the initial slope of plots
of the volume contraction vs. time, increase with the amine
concentration and reach a maximum value at ~15 mM amine.
Further amine addition slightly inhibits the polymerization. This
behaviour holds for all studied xanthene dyes. Typical plots of Rp
vs. TEOHA concentration are shown in Fig. 2, and Rp values at
20 mM TEOHA are colleted in Table 1. These data show that fluore-
scein and rhodamine 6G do not lead to polymer, and Rp for the
other studied xanthene dyes present very small differences.

Data of Table 1 also show that the xanthene dyes that lead to
polymer formation behave as more efficient photoinitiators when
compared to phenoxazine and phenazine dyes. Also, it is inter-
esting to note that a similar trend in the photoinitiation efficiency
has been reported for the polymerization of diacrylates employing
eosin, Rose Bengal and phenosafranin as photoinitiators [14].

As described for the free radical polymerization of vinyl
monomers in aqueous medium photoinitiated by bimolecular
systems with amines as co-initiator, Rp can be expressed by the
classical kinetic law [24,32,33], given by

k
Rp = (ﬁ) @12 M) (1)
t

where I, is the intensity of the absorbed light by the photoinitiator,
and @; is the initiation quantum yield. From Eq. (1) it can be
deduced that at the same monomer concentration, the same
solvent, and identical I,, the dependence of Rp with the chemical
structure of the photoinitiator will be consequence only of the
initiation quantum yield. Thus, Eq. (1) indicates that under the
same experimental conditions, the relative photoinitiation effi-
ciency will be given by the ratio of the square of polymerization
rates, Eq. (2)

(%) _ (Rp)F
(P2 (Rp)3

Therefore, in order to understand the efficiencies of the different
dyes, knowledge of the factors that control the initiation quantum
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Fig. 2. Polymerization rates photoinitiated by (O) erythrosine B, and (@) mercury
dibromofluorescein, as function of the TEOHA concentration. Acrylamide = 0.4 M, in
water pH 9.5 at 25 °C. Excitation at 532 nm.

Table 1
Polymerization rates of acrylamide photoinitiated by dyes irradiated at 532 nm in
the presence of 20 mM TEOHA, water at pH 9.5.

Dye Rp (arbitrary units)
Mercury dibromofluorescein 0.45
Eosin Y 0.41
Rose Bengal 0.44
Erythrosin B 0.45
4,5-Dibromofluorescein 0.46
Fluorescein NP
Rhodamine 6G NP
Phenosafranin 0.33
Safranin O 0.22
Resorufin 0.15

NP = no polymer formed.

yield is necessary. To this goal an investigation of the photophysical
and photochemical behaviour of the dyes under polymerization
conditions is mandatory.

3.2. Photochemical studies of the initiation mechanism

It is well known that the deactivation of excited states of
xanthene dyes by amines involves the formation of a charge
transfer intermediate between the excited dye and the amine with
the latter acting as an electron donor [6,9,10,12,14,34-36]. The
deactivation processes can be represented through Egs. (3)-(8)

Dye?~ + hv — !(Dye?™)* (3)
1(Dye?~)* — deactivation (4)
T(Dye?~)* + Am — quenching (5)
'(Dye?~)" —3(Dye?”)’ (6)
*(Dye*~)* + Am — [(Dye*” )~ Am'*] (7)
3(Dye?~)* — deactivation (8)

The main decomposition steps of the charge transfer intermediate
are the back electron transfer to give the dye and the amine in the
ground state (Eq. (9)), and the proton transfer from the amine cation
radical to the dye anion radical giving the monoprotonated dye
radical ((DyeH?~)") and the neutral a-aminoalkyl radical (Am(-H)'),
(Eq. (10)). The amine neutral radical is the active radical for the
polymerization initiation.

[(Dye’~ )~ + AmH'*] — Dye + Am (9)

[(Dye?’~ )~ + AmH'*] — (DyeH?~)" + (Am(—H)" (10)

Frequently, it is proposed that active radicals are formed from
the interaction of the excited triplet state with the amine; the
singlet interaction inhibits the polymerization. From the above
mechanism the amine radical quantum yield (®an:) is given by
Eq. (11)

Dpme = Prfra (11)

where fr is the fraction of triplets quenched by the amine, « is the
fraction of quenched triplets that lead to radicals (reaction (10)),
and &7 stands for the intersystem crossing quantum yield in the
presence of amine given by
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o7

P = (Skyr2[Am] + 1)

(12)

where @} is the intersystem crossing quantum yield in the absence
of amine, Skq is the singlet quenching rate constant, and 1€ is the
singlet lifetime in the absence of amine.

The parameter fr is related to the triplet quenching rate constant
(3I<q) by Eq. (13), where k, is the triplet decay rate constant in the
absence of the amine.

3kq[Am]

fr= 3kq[Am] + ko

(13)

These relations show that to predict the radical quantum yield,
and hence the polymerization efficiency, it is required to know the
singlet and triplet lifetimes as well as quantum yields and the rate
constants of the different pathways that deactivate the excited states.

3.3. Photophysical parameters and photochemical processes

3.3.1. Singlet state

Singlet state lifetimes were determined by the singlet photon
counting technique in air equilibrated solutions at pH 9.5, and are
collected in Table 2.

The comparison of singlet lifetime values with those previously
reported is difficult because they are very dependent on the solvent
and the pH. Data of Table 2 show that the singlet lifetime under the
polymerization conditions, aqueous solution at pH 9.5, are rather
shorter than those reported in organic media [26,37-39]. In the
presence of TEOHA the emission is quenched without spectral
distortion. Rate constants for singlet quenching were obtained from
the shortening of the fluorescence lifetime by gradual amine
addition and are also shown in Table 2. The values are near the
diffusion control limit. Values for Rose Bengal and erythrosin could
not be determined due to the very short lifetime (ca. 100 ps), as
expected from the fast intersystem crossing process. In these cases
assuming a diffusion controlled rate constant value
(4x10°M~'s~1) for the singlet quenching, the fraction of the
excited singlet states intercepted by TEOHA 20 mM is less than 1%.

3.3.2. Triplet state

Laser flash photolysis experiments of xanthene dyes in water at
pH 9.5 gave a transient absorption spectrum that presents two
bands in the regions of 340-470 and 550-700 nm, that are assigned
to the triplet state. At pH 9.5 it can be considered that the dominant
form of the triplet state of the dyes is the dianionic form [26]. Fig. 3
shows the absorption spectrum of 4,5-dibromofluorescein in Ar-
saturated aqueous solution pH 9.5 at 5 s after the laser pulse. The
depression of the absorption corresponds to the bleaching of the
ground state absorption of the dye. Similar spectra were obtained

Table 2
Photophysical parameters of xanthene dyes in water, pH 9.5.

Dye s, ns  'kgx107° 9% 3kqx 1077 Drag©
M- !s! M- !s!

Mercury dibromofluorescein ~ 2.01 2.2 0.40 3.6 0.23
Eosin Y 119 34 0.61 42 0.25
Rose Bengal 0.1 - 0.93 6.4 0.15
Erythrosine B 0.1 - 0.97 3.8 0.15
4,5-Dibromofluorescein 231 14 0.49 3.5 0.22
Fluorescein 428 14 0.05° - -
Rhodamine 6G 446 086 01° - -

2 Ref. [26].

b Ref. [37].

¢ At 20 mM TEOHA.
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Fig. 3. Transient absorption spectrum of 4,5-dibromofluorescein in water at pH 9.5,
taken at 5 ps after the laser pulse.

for all dyes. The spectra of eosin and Rose Bengal show similar
characteristics to those previously reported in aqueous solution at
neutral pH or in water-organic solvent mixture [40,41].

In order to obtain the triplet quantum yields @1, two indepen-
dent techniques were employed. The first is based on measure-
ments by the LFP technique of the product of the triplet quantum
yield and its absorption coefficient (®ter) at a working analysis
wavelength, and independent measurements of e. The other way
of obtaining the intersystem crossing quantum yield is by means of
laser-induced-optoacoustic-spectroscopy (LIOAS) determinations.
The use of these techniques is discussed in our previous publica-
tion [22]. Briefly, in the LFP experiments the product ®ter, where et
is the absorption coefficient of the triplet at the working wave-
length, was measured by LFP with ZnTPP (zinc tetraphenyl
porphyrin) in benzene as actinometer. The absorption coefficients
were determined by the ground state depletion (GSD) method [42].
The second method used to determine the triplet yield of the dyes
was LIOAS. The dye Evans Blue was used as a calorimetric refer-
ence. An average value of the prompt heat release q was deter-
mined from the ratio of the signal amplitude of the reference and
the sample. It includes contributions from vibrational relaxation
S1" — S1°, nonradiative deactivation S; — Sg, and S; — Ty transi-
tion. In our irradiation conditions only the triplet state of the dyes
was formed as an energy storage species and the energy balance
may be written as

Ey =q+ @FES + OrEr (14)

In Eq. (14) E; is the energy of the laser photon at 532 nm, ®¢Es
(g is the fluorescence quantum yield and Es the first excited singlet
energy) is the fraction of energy lost as fluorescence from the
singlet state of the dyes, and @tEt (Et is the triplet state energy) is
the energy stored by triplet state of the dyes. Using the values of ¢,
Es and Er from the literature, @1 could be determined from the
experimental q values.

The values of the triplet quantum yield determined by both
methods coincide within the experimental error (£20%), and with
those in the literature when available [26,43-45]. They are
collected in Table 2.

3.4. Triplet state quenching and radical yield

In the presence of TEOHA a shortening of the triplet lifetime of
the dyes was observed. Fig. 4 shows the absorption spectra of
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mercury dibromofluorescein at 1 us and 20 ps after the laser pulse.
At 1 ps, it is observed the two absorption bands corresponding to
the triplet state. At longer times the absorption in the region 535-
600 nm and 330-400 nm is greatly reduced and a new band at
390 nm appears. The inset in Fig. 4 shows that the signal at 560 nm
decays with a first order kinetics, and the signal at 400 increases
with time at a similar rate. This long-lived signal is ascribed to the
absorption of the monoprotonated dye radical formed by proton
transfer from the amine cation radical, Eq. (10).

The bimolecular quenching rate constants (3kq) were evaluated
from the experimentally measured pseudo-first-order decay (kobs)
at the longer wavelength absorption band, according to

kops = ko + 3kq[TEOHA] (15)

where kg is the triplet decay rate constant in the absence of amine.
The values of 3kq for the xanthene dyes are included in Table 2.
These data show that the triplet quenching by TEOHA is a slow
process. Values in the same order of magnitude have been previ-
ously reported for eosin and erythrosin in water [46]. However,
these values are almost two orders of magnitude lower in organic
media [14,46]. Considering that the triplet deactivation is an elec-
tron transfer process, the low values of 3kq are those expected from
the low energy of the triplet state and the low reduction potential
of the xanthene dyes [14,19]. Moreover, this quenching mechanism
explains the solvent dependence of 3kq. However, due to the long
lifetime of the triplet dyes more than 92% of triplets are quenched
at the amine concentration (20 mM) used in the polymerization
studies. The triplet decay of dyes was also measured in the absence
of amine in both water and in the presence of 0.4 M acrylamide. In
both cases were obtained similar values. These results indicate that
the triplet state of dyes is not quenched by the monomer.

Assuming that the active radicals are formed in equal yield than
the semireduced form of the dye, the quantum yield of initiating
radicals can be estimated from the long-lived absorbance after the
triplet decay in the presence of TEOHA, measured in the laser flash
photolysis experiments. The triplet yield extrapolated at time =0
was employed as an internal actinometer. Accordingly, the radical
quantum yield was obtained from Eq. (16)

000 282%8an
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-0.03
0.03 b
0.02
-0.06 - 3 0.01 .
0.00
0 10 . 20 30 40
-0.09F fime: s . .
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Fig. 4. Transient absorption spectra of mercury dibromofluorescein in the presence of
TEOHA 15 mM at (@) 1 ; and (O) 20 ps. Inset: decay profiles at (a) 560 nm (triplet);
(b) 400 nm (radical).

AAR(t) _ Prer
AAr(0)  Prer

(16)

where AAg(t) is the absorbance at the wavelength of the maximum
of the transient spectrum of the dye in the presence of TEOHA,
measured at time t when all the triplets have disappeared. AAf(0) is
the absorbance at the triplet state extrapolated at time = 0. ¢ is the
triplet quantum yield corrected by the singlet quenching by TEOHA
if necessary and ¢gr and e are the extinction coefficients of the
radical and the triplet, respectively. In order to estimate ¢g the GSD
method was employed, eg = (AAgR/AAg)éec but now the absorption
of the radical and ground state is measured when all other transient
species have decayed. In this way an estimation of the radical yield
could be obtained, albeit its error was difficult to estimate but it
must be of considerable magnitude due to the several assumptions
made in the procedure. The values are collected in Table 2.

3.5. Photoinitiation mechanism

The polymerization rate is related with the amine radical
quantum yield (Eq. (11)), and the fraction of neutral amine radicals
that add to the monomer (B) by Eq. (17)

Rp? o« Py B (17)

Then, the polymerization rate at constant absorbed light and the
same monomer concentration can be related to the amine
concentration by Eq. (18)

9 3ky[Am]

Rp? = ct
P Tk glAm] 1) kg [Am] 1 ko

(18)

Experimental points shown in Fig. 2 can be represented quite well
with Eq. (18) using the measured values of kq and ¢%. This shows
that the radicals that lead to polymerization are those originated
from the interaction of the dye triplet with the amine. The singlet
deactivation leads to the polymerization inhibition as shown for
mercury dibromofluorescein in Fig. 2. At 100 mM TEOHA, 30% of
the excited singlets are quenched by the amine. The polymerization
is not inhibited using erythrosin as photoinitiator. This is in
agreement with the low singlet fraction quenched by the amine
(~2%) in concordance with the short singlet lifetime of the
erythrosin dye.

Further evidence of the initiation by the radicals formed in the
triplet deactivation is the lack of polymerization when fluorescein
and rhodamine 6G were employed. The triplet quantum yield for
these dyes is lower than 0.1 (Table 2). Although, the 38% of the
fluorescein singlets and 28% of rhodamine 6G singlets are deacti-
vated by 100 mM TEOHA, the polymerization was negligible. This is
a clear evidence that the active radicals are those formed from the
interaction of the triplet excited dye with the amine.

On the other hand, the efficiency as photoinitiator of the
different studied dyes can be compared at constant amine
concentration; we chose 20 mM TEOHA, because at this concen-
tration all dyes reach the maximum Rp value. As shown in Table 1,
Rp values are quite similar for all studied xanthene dyes irre-
spective on the nature and the number of the substituents at the
xanthene ring. Moreover, the xanthene dyes with the larger &t are
not better initiators than those with low triplet quantum yields.
Relative « values of the fraction of triplet quenched that lead to
active radicals (are]) can be calculated from Eq. (18), taking the
measured values of Rp, @rand f1. These results are shown in Table 3.

Interestingly, data of Table 3 show that the lower «e values
correspond to the dyes with higher &, Rose Bengal and erythrosin.
This means that the main decomposition step of the charge transfer
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Table 3

Fraction of the triplet quenched that lead to radicals.

Dye el o
Mercury dibromofluorescein 1 0.64
4,5-Dibromofluorescein 0.83 0.49
Eosin Y 0.55 0.45
Rose Bengal 0.37 0.16
Erythrosin B 0.37 0.16

2 Calculated from the measured polymerization rates, Eq. (18).
b Calculated from the experimental values of the dye radical quantum yield.

intermediate for these two compounds is the back electron transfer,
a process that involves spin inversion. The presence of the heavy
atoms, iodine, in the xanthene ring explains the favourable back
electron transfer, and then the decrease of the proton transfer in the
charge transfer intermediate.

The « values also can be estimated from the experimental values
of &1 and Prq as a = P,q/P, and are also collected in Table 3.
Interestingly, these results, even the high uncertainty in the exper-
imental measurement of the &;,4, show the same trend than that
obtained from the Rp. The trend of « is contrary to that of @ (Table 2).
Frequently, it is stated that compounds with high triplet quantum
yield are efficient photoinitiators because the active radicals come
from the interaction of the triplet state with the co-initiator.
However, the factors that increase ¢ decrease the active radical
yield, with the corresponding decrease of the polymerization rate.
This explains the similar photoinitiation efficiency that we found for
xanthene dyes as photoinitiators of the vinyl polymerization.

4. Conclusions

The detailed study of the processes that deactivate the excited
states of xanthene dyes in the polymerization medium allowed to
establish a correlation between the efficiency as photoinitiator of
xanthene dyes and their photochemical behaviour. Several time-
resolved spectroscopies showed that the active radicals are the
amine radicals formed in the interaction of the xanthene triplet
state with the amine. The measured radical yield is well correlated
with polymerization efficiency, however, the photoinitiation effi-
ciency is not correlated with the triplet quantum yield. This shows
that to predict the efficiency of the photoinitiator it is necessary to
consider all the processes involved in the deactivation of their
excited states. Interesting for xanthene dyes, the presence of heavy
atoms increases the triplet formation but decrease the radical yield,
and then, the polymerization rate.
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