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bstract

The interaction of diphenyliodonium (DPI) cation with the excited singlet and triplet states of polycyclic aromatic hydrocarbons (PAHs) was
nvestigated in acetonitrile solution. The kinetics of quenching was determined by time resolved experiments and the triplet and radical ions
uantum yields were measured by laser flash photolysis. In the case of PAHs with short singlet lifetime (<10 ns) the singlet quenching is not an
mportant process due to the limited solubility of DPI chloride in acetonitrile. On the other hand, for those with excited singlet lifetimes of tens
f nanoseconds or longer, the singlet quenching becomes significant. However, in these cases an important decay route of the radical ion pair is

ntersystem crossing to the triplet state. For the triplet quenching reaction, the charge separation process is highly efficient with near 100% of
he quenching events leading to radicals. Singlet and quenching rate constants fall on the same correlation with the reaction driving force. The
xperimental data can be fitted to a Rehm–Weller mechanism with normal parameters when a value of −0.7 V versus SCE is used for the reduction
otential of DPI.

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

Diaryliodonium salts have been used for a long time in initi-
ting systems for cationic [1–5] and vinyl [6–8] polymerization.
owever, their low absorption coefficient above 300 nm limits

heir use in practical systems. The spectral response of these
hotoinitiating systems may be extended into the 300–400 nm
egion by the incorporation of sensitizers. Sensitization was gen-
rally carried out with polycyclic aromatic hydrocarbons (PAHs)
r aromatic ketones [1,9–12]. In these systems the iodonium
ation is thought to participate as an electron acceptor in a sin-

le electron transfer step in the mechanism. The participation of
oth singlet and triplet states of the sensitizer in these processes
as postulated [13,14].

∗ Corresponding author.
E-mail address: cprevitali@exa.unrc.edu.ar (C.M. Previtali).
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t
o

p
[
B
x
a

010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2007.11.027
ectron transfer

Diaryliodonium salts are also employed in photoinitiating
ystems operating in the visible region [15,16]. The most
ommon photoinitiator systems in the visible for radical poly-
erization are composed of a dye and an amine as an electron

onor. The incorporation as a third component of an onium
alt to these systems, generally a diphenyliodonium (DPI) salt,
nhances the polymerization rate [6–8,17–19]. In this case an
lectron transfer step from the semireduced dye to the onium
alt was presumed to be responsible for the accelerating effect
f the salt, although the presence of DPI may affect the whole
echanism by affecting the excited states properties of the sensi-

izer and altering local concentrations of the reactants by means
f hydrophobic aggregates [20].

For cationic photopolymerization in the visible, three com-
onents systems incorporating an iodonium salt are also known

21]. Cationic polymerization of epoxides was investigated by
i and Neckers [21]. They found that a system consisting of a
anthene dye, an aromatic amine and a diaryliodonium salt is
n efficient photoinitiator. They proposed the electron transfer
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dx.doi.org/10.1016/j.jphotochem.2007.11.027
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rom the dye to the iodonium salt as the primary photochemical
eaction.

Several papers have deal with the mechanism of active
pecies generation when PAHs are employed as sensitizers
1,10,14,22,23]. Electron transfer from the excited PAH to the
PI cation is generally accepted as the reaction step in which

ctive radicals are formed. However, the role of the excited
inglet and triplet states is sometimes controversial. The mech-
nism for cationic polymerization initiated by diaryliodonium
alts sensitized by anthracenes was investigated by Nelson et
l. [9] and Müller and Zücker [22]. The use of decahydroacri-
ine diones as photosensitizers for onium salt decomposition
as investigated by Timpe et al. [24]. Rate constant for singlet

nd triplet quenching were determined. Singlet quenching rate
onstants were close to the diffusional limit, while those for
riplet quenching were in the order of 108 M−1 s−1 for diphenyl
odonium in acetonitrile–water mixture.

The photochemistry and photophysics of iodonium salts have
een reviewed by DeVoe et al. [25]. The ability of diphenyl
odonium salts to act as an electron acceptor is ascribed to its
ow reduction potential (Ered). Values as low as −0.2 V versus
CE have been reported for Ered. With this value prediction of
eactivity and possible mechanistic steps for the participation of
PI in photoinitiating systems have been previously discussed

1,11,13,26–28]. However, using −0.2 V leads to incompatible
orrelations of rate constants for the quenching of excited states
y DPI (vide infra). In contrast, other researchers suggest a lower
alue for Ered, ca. −0.7 V [10,14,29] and even more negative
30].

In view of the importance of diaryliodonium salts for practi-
al uses and the interest in mechanistic aspects of their action,
e undertook a detailed investigation of the interaction of
iphenyliodonium chloride (DPIC) with the excited singlet and
riplet states of polycyclic aromatic hydrocarbons in acetonitrile
olution. The kinetics of the excited states quenching was inves-
igated by time resolved experiments and the triplet and radical
ons quantum yields were determined by laser flash photolysis.
he occurrence of an electron transfer process was confirmed,
lthough the heavy atom quenching may be the most important
echanism operating in the singlet state process. The triplet

uenching rate constants thermodynamic correlation confirms a
alue of −0.7 V for the reduction potential of DPI.

. Experimental

PAHs were purchased from Aldrich and were used with-
ut further purification. It was checked that their photophysical
roperties coincided with those reported in the literature. DPIC
as provided by Aldrich. Acetonitrile, HPLC grade, was from
intorgan.

Absorption spectra were recorded using a HP8453 diode
rray spectrophotometer. Steady state fluorescence experiments
ere carried out with a Spex Fluorolog spectrofluorometer.

luorescence lifetime measurements were done with the time
orrelated single photon counting technique using Edinburgh
nstruments OB-900 equipment. Transient absorption spectra
nd triplet quenching were determined by laser flash photolysis.
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q
t
s
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Spectron SL400 Nd:YAG laser generating 355 nm laser pulses
20 mJ per pulse, ca. 18 ns FWHM) or a Laseroptics nitrogen
aser (337 nm, 4 mJ per pulse, ca. 10 ns FWHM) were the exci-
ation sources. The laser beam was defocused in order to cover all
he path length (10 mm) of the analyzing beam from a 150 W Xe
amp. The experiments were performed with rectangular quartz
ells with right angle geometry. The detection system comprises
PTI monochromator coupled to a Hamamatsu R666 PM tube.
he signal was acquired by a digitizing scope (Hewlett-Packard
4504) where it was averaged and then transferred to a computer.
ll the kinetics determinations were performed at 20 ± 1 ◦C.
or the laser photolysis experiments the solutions were de-
xygenated by bubbling during 30 min with solvent saturated
igh purity argon. The fluorescence quenching experiments were
lso carried out in de-oxygenated solutions. At the quencher con-
entrations employed the fluorescence was quenched without
hanges of the spectral shape. In addition, there were not changes
n the absorption spectra of the fluorophores. Thus, ground state
omplex formation can be disregarded.

Quantum yields of radical cations were determined rela-
ive to the triplet yield of the PAH by means of the relation
R/AT = ΦRεR/ΦTεT where AR is the absorbance of the radical
ation determined from the decay at one of the wavelength of
he absorption maxima and extrapolated to zero time (i.e. maxi-

um yield), AT is the initial triplet absorbance measured at one
f the maxima of the T-T absorption spectrum, ΦRεR and ΦTεT
re the product of quantum yields and extinction coefficients at
he measuring wavelength of the radical cation and triplet state,
espectively. The extinction coefficients were obtained from the
iterature for the triplet state [31] and from Ref. [32] for the rad-
cal cations. The latter were scaled with the absorption spectra
n [36] when necessary.

. Results

.1. Singlet quenching

Upon addition of DPIC to an acetonitrile solution of the
AHs a quenching of the fluorescence is observed without
hanges in the spectral shape, therefore, exciplex formation may
e disregarded. Bimolecular quenching rate constants for sin-
let quenching (kq) were determined from fluorescence lifetime
eterminations according to Eq. (1)

−1 = τ−1
0 + 1kq[DPIC] (1)

here τ0 and τ stand for the fluorescence lifetime in the absence
nd the presence of DPIC, respectively.

The rate constants are collected in Table 1. The fluorescence
ifetime of the fluorophores, measured in deoxygenated acetoni-
rile solutions, are also shown in Table 1.

In order to obtain information on the nature of the singlet
uenching process, laser flash photolysis experiments were per-

ormed by excitation of the PAHs at 337 or 355 nm. The triplet
uantum yield was determined by monitoring the T-T absorp-
ion immediately after the laser pulse. In the case of long-lived
inglet states it was found that the triplet yield does not fol-
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Table 1
Singlet and triplet states quenching rate constants by DPIC in MeCN at 293 K

PAH τ0 (ns) ES (kJ)a 1kq (M−1 s−1) ET (kJ)b 3kq (M−1 s−1)

Naphthalene (1.60)c 86.0 384 1.1 × 1010 255
Anthracene (1.09) 4.3d 319 1.1 × 1010 178 1.0 × 107

Pyrene (1.16) 330 321 8.6 × 109 202 5.5 × 107

1,2-Benzanthracene (1.18) 44.2 307 8.7 × 109 198 1.5 × 107

Phenanthrene (1.50) 57.2 345 8.4 × 109 257 2.9 × 108

Tetracene (0.77) 4.9d 254 6.9 × 109 123
1,2,5,6-Dibenzanthracene (1.19) 32.2 303 6.7 × 109 218 7.0 × 107

Perylene (0.85) 4.2d 273 1.0 × 1010 151 7.3 × 106

The estimated error is ±5 and ±10% for singlet and triplet rate constants, respectively.
a Excited singlet state energy from Ref. [34].
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extent than the singlet lifetime. Also in this case, a plot accord-
ing to Eq. (3) is linear and from the slope the value of f could
be obtained. Similar treatment for the singlet quenching and
triplet yield of 1,2,5,6-dibenzanthracene and phenanthrene, the
b Triplet energy from ref. [34].
c Redox potential in volts vs. SCE in acetonitrile from Ref. [33].
d In air equilibrated solution.

ow the same quenching behavior as the fluorescence lifetime or
ntensity. Moreover, in the case of pyrene an augment of the T-T
bsorption was observed at the same time that the singlet was
uenched. These results suggest the operation of triplet induc-
ion step in the quenching mechanism, probably originated in an
xternal heavy atom effect.

Accordingly, the singlet quenching may be accounted for by
he following mechanisms

PAH∗ kd−→PAH

PAH∗ kisc−→3PAH∗

PAH∗ + DPIC
fkq−→3PAH∗ + DPIC

PAH∗ + DPIC
(1−f )kq−→ quenching

here f stands for the fraction of the quenching events leading to
he triplet state (i.e. the efficiency of the triplet induction process)
nd kq is the overall quenching rate constant.

Consequently, the triplet quantum yield may be written as

T = kisc

(τ1
0 )

−1 + kq[DPIC]
+ fkq[DPIC]

(τ1
0 )

−1 + kq[DPIC]
(2)

here τ1
0 is the excited singlet lifetime, defined as τ1

0 =
kd + kisc)−1, Eq. (2) may be rearranged to

ΦT

(ΦT)0
(1 + KSV[DPIC]) = 1 + f

kq

kisc
[DPIC] (3)

here (ΦT)0 and ΦT are the triplet quantum yield in the absence
nd in the presence of DPIC and KSV = kqτ

1
0 is the slope of the

tern Volmer (SV) plots for fluorescence quenching obtained
rom lifetime measurements, i.e. τ0/τ = 1 + KSV[DPIC].

Two examples of the use of Eq. (3) are given in Figs. 1 and 2,
ogether with the SV plots for triplet yield and singlet quenching.

In Fig. 1, SV plots for the quenching of pyrene are presented.

t can be seen that at the same time that the singlet is quenched,
he triplet yield increases, in this case the plot of (ΦT)0/ΦT is not
inear with a negative slope. Nevertheless, the plot according to
q. (3) is linear, and from the slope, the literature value of kisc and

F
(
(

ig. 1. Stern Volmer plots for the singlet quenching (�, τ0/τ) and triplet yield
�, (ΦT)0/ΦT) of pyrene as a function of DPIC concentration. (�) Plot of
ΦT/(ΦT)0)(1 + KSV[DPIC]) vs. [DPIC].

he overall rate constant for singlet quenching kq, the efficiency
f triplet induction (f) may be obtained.

In Fig. 2, it is shown the SV plot for the quenching of 1,2-
enzanthracene, based on measurements of the singlet lifetime,
ogether with the similar plot for the triplet yield. It can be seen
hat although in this case the triplet yield decreases in the pres-
nce of the salt, the intersystem crossing is suppressed to a lesser
ig. 2. Stern Volmer plots for the singlet quenching (�, τ0/τ) and triplet yield
�, (ΦT)0/ΦT) of 1,2,5,6-dibenzanthracene as a function of DPIC concentration.
�) Plot of (ΦT/(ΦT)0)(1 + KSV[DPIC]) vs. [DPIC].
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Table 2
Induced intersystem crossing efficiency in the singlet quenching by DPIC

f ηT
a kisc (107 s−1)b

Phenanthrene 0.1 ± 0.1 0.9 1.4
1,2-Benzanthracene 0.25 ± 0.1 1.0 2.0
1,2,5,6-Dibenzanthracene 0.5 ± 0.3 0.8 3.3
Pyrene 0.9 ± 0.1 1.0 0.12
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Efficiency of radical formation in the triplet quenching.
b Intersystem crossing rate constant from triplet quantum yields and singlet

ifetimes in Ref. [34].

emaining two PAHs with relatively long excited singlet lifetime,
llowed also in these cases the estimation of the efficiencies of
riplet induction, collected in Table 2.

Also in Table 2, the intersystem crossing rate constant of
he PAHs is included. It can be seen that, with the exception
f pyrene, f augments when kisc increases. This result is similar
o that found by Patterson and Rzad [35] for the fluorescence
uenching of aromatics hydrocarbons by cesium chloride in
ethanol.

.2. Triplet quenching

Triplet quenching was measured by laser flash photolysis by
onitoring the decay of the T-T absorption in the presence of
PIC. Bimolecular quenching rate constants (3kq) were obtained

rom a plot of the pseudo-first order decay rate constants of the
riplet state (kobs) as a function of DPIC concentration, Eq. (4).
he rate constants are collected in Table 1.

obs = k0 + 3kq[DPIC] (4)

The transient absorption spectra at long times of the PAHs in
he presence of DPIC show, in all cases, the typical bands of the
adical cation of the PAH. This confirms the electron transfer
ature of the quenching process. Typical spectra are shown in
igs. 3 and 4.

In Fig. 3, the transient absorption spectra of phenanthrene in

he absence and the presence of DPIC 1.2 mM are presented. In
he absence of the salt the spectrum presents the typical bands
f the T-T absorption of phenanthrene at 425, 455 and 485 nm
31]. In the presence of DPIC the spectrum is totally different

ig. 3. Transient absorption spectrum of phenanthrene taken at 10 �s after the
aser pulse in the absence (�) and the presence (©) of DPIC 1.2 mM.

Φ

w
t
q
a
g
r

Φ

w

β

w
τ

I

ig. 4. Transient absorption spectrum of 1,2,5,6-dibenzanthracene in the pres-
nce of DPIC 2 mM at 1 �s (©) and 40 �s (�) after the laser pulse.

ith bands at 393, 425 and 485 nm that can be ascribed to the
adical cation of phenanthrene [36].

In Fig. 4, the spectrum of 1,2,5,6-dibenzanthracene is shown
n the presence of DPIC 2.0 mM at 1 �s and at 40 �s after the
aser pulse. At short times the spectrum shows the bands of the
-T absorption at 495, 530 and 565 nm [31]. At longer times
hese bands are replaced by the absorption of the radical cation
f the hydrocarbon at 375 and 510 nm [36].

Thus, the laser flash photolysis experiments substantiate an
lectron transfer quenching process.

PAH + DPI+ → PAH•+ + DPI•

This is followed by a fast breakdown of DPI• radical [10]

PI• → PhI + Ph•

It is the phenyl radical formed in the last reaction that is active
n promoting polymerization.

.3. Radicals yield

The radical quantum yield produced in the deactivation of
AHs excited states by DPIC is given by

rad = Φ ∗ βη (5)

here Φ* stands for the quantum yield of excited state forma-
ion in the presence of DPIC, β is the fraction of excited states
uenched, and η is the fraction of these events that leads to
ctive radicals. Since radical ions can be produced from the sin-
let and triplet excited states of the PAHs with DPIC, the total
adical quantum yield is given by

rad = (Φrad)S + (Φrad)T (6)

Each term in Eq. (6) may be written in the form of Eq. (5)
ith β given by Eq. (7)

= kq[DPIC]

kq[DPIC] + ∑
k0 (7)
here kq is the respective quenching rate constant and
∑

k0 =
−1
0 is the sum of all the first order decays of the excited state.
n this way the maximum (η = 1) radical quantum yield can be
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alculated from the measured values of the quenching rate con-
tants, the excited state lifetimes, and the triplet quantum yield,
s given in Eq. (8)

rad = ηS
1kq[DPIC]

1kq[DPIC] + (τ1
0 )

−1 + ηTΦT
3kq[DPIC]

3kq[DPIC] + (τ3
0 )

−1 (8)

The triplet quantum yield to be used in the second term in Eq.
8) has to be corrected by the singlet quenched by DPIC and the
fficiency of the triplet induction process, as given by Eq. (2).
t low quencher concentration the fraction of excited singlet

tates quenched would be low. Moreover, as explained above,
he majority of the singlet quenching events lead to the triplet
tate. Therefore, the first term in Eq. (8) may be disregarded.
n this way, by comparison of the theoretical maximum radical
ield with the experimental value, determined as explained in
he experimental section, ηT can be estimated. The results are
ollected in Table 2. They are affected by a considerable error,
hich is difficult to evaluate, due mainly to the uncertainty in

he absorption coefficient of the radicals and triplet state. Nev-
rtheless, the values given in Table 2 point consistently to an
fficiency close to unity for the triplet process.

. Discussion

As can be seen in Table 1, both singlet and quenching rate
onstants vary with the oxidation potential of the PAH accord-
ng to a charge transfer process. This is further corroborated by
he presence of the radical ions as manifested by the transient
pectra. Although in the singlet quenching reaction the main
roduct is the triplet state, the trend in the rate constant is also
onsistent with the intermediacy of a geminate radical ions pair
RIP). Therefore, a correlation of the rate constants with the
ibbs energy change for the overall electron transfer process,
G◦, is expected. The latter may be calculated from the redox

otentials of the donor E(D/D+) and acceptor E(A/A−), and the
nergy E* of the excited state involved, with the Rehm–Weller
quation [37]

G◦ = E(D/D+) − E(A/A−) − E ∗ +C (9)

here C is the coulombic energy term.
The excited states energies and redox potential of the PAHs

re well-established quantities (Table 1). This is not the case
or the reduction potential of DPI. As discussed above, val-
es in the range −0.2 to −0.7 V versus SCE can be found in
ifferent sources. If the first value is adopted, �G◦ will be
egative even for the less reactive process, the triplet quench-
ng of perylene, for which −0.52 eV results when −0.2 V is
sed for Ered. However, the value of the rate constant measured
or this process, 7.3 × 106 M−1 s−1 (Table 1) is incompatible
ith this exergonicity for a single electron transfer reaction.
he triplet quenching rate constants in Table 1 are in line
ith a more negative value for the reduction potential of DPI.

his is further corroborated by comparison with other well-
haracterized electron transfer quenching of triplet states by
lectron acceptors. Thus, the triplet state quenching of PAHs by
itrobenzenes, with potentials from −1.02 to −0.86 V, presents
ig. 5. Singlet and triplet quenching rate constants as a function of the free
nergy change.

ate constants varying from 9 × 105 to 2.4 × 107 M−1 s−1 for
nthracene and from 5 × 108 to 6 × 109 M−1 s−1 for 1,2,5,6-
ibenzanthracene in acetonitrile [38]. These values are similar,
r even higher than those for the quenching by DPIC in Table 1.
oreover, alkyl substituted p-benzoquinones have one elec-

ron reduction potential in the range of −0.5 to −0.84 V and
hey quench the triplet state of the dye safranine with rate con-
tants in the range of 3 × 107–3 × 109 M−1 s−1 in methanol and
× 106–4 × 108 M−1 s−1 in acetonitrile [39]. For the same dye
e measured in aqueous solution a quenching rate constant
y DPIC of 1 × 106 M−1 s−1 [19]. In summary, by compari-
on of the triplet quenching rate constants of different electron
cceptors with the values in Table 1, it can be concluded that
reasonable value for the reduction potential of DPIC in ace-

onitrile should be ca. −0.7 V as measured by other researches
10,14,29] and not−0.2 V as repeatedly employed for discussing
he reactivity of the salt in electron transfer processes.

In order to confirm the reasonability of this figure, we tried
free energy correlation using −0.7 V for Ered. In Fig. 5, the

uenching rate constants for the singlet and triplet quenching
n acetonitrile are plotted versus �G◦ with the latter calcu-
ated with Eq. (9) with a value of −0.7 V for E(A/A−). The
ehm–Weller mechanism for electron transfer quenching was
dopted, Scheme 1, where D* and Q stands for the excited PAH
nd the quencher, respectively.

The steady state quenching rate constant is

q = k12

1 + ((k21/k23)((k32/k30) + 1))
(10)

ntroducing the Gibbs energy change for the electron transfer
rocess,
Scheme 1.
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nd

23 = k0
23 exp

(−ΔG∗

RT

)
(12)

q. (10) becomes

q = k12

1 + (k21/k0
23) exp(ΔG∗/RT) + (k21/k30) exp(ΔG◦/RT)

(13)

After introduction of reasonable assumptions for the kinetics
arameters, Eq. (13) may be simplified to [37]

q = k12

1 + 0.25[exp(ΔG∗/RT) + exp(ΔG◦/RT)]
(14)

ith

G∗ = ΔG◦

2
+

[(
ΔG◦

2

)2

+ [ΔG∗(0)]2

]1/2

(15)

here �G*(0) is the activation free energy change for �G◦ = 0
nd it is an adjustable parameter. The solid line in Fig. 5 is drawn
sing Eqs. (9)–(15) with 3.1 × 1010 M−1 s−1 for k12 and 0.3 eV
or �G*(0). These parameters are in line with those found in
everal kinetics correlations for electron transfer processes in
cetonitrile. This, together with the goodness of the fitting may
e taken as a confirmation that the DPIC redox potential is ca.
0.7 V or even more negative, but not the value of −0.2 V.
It can be seen that both singlet and triplet quenching fall on

he same correlation. The main difference for singlet and triplet
uenching resides in the last step k30. In the case of singlet
uenching it involves three different pathways of decay of the
eminate radical pair, the back electron transfer to ground state,
he cage escape of the radicals and dissociation of the DPI radi-
al, and intersystem crossing to the triplet state of the PAH. The
atter being favored by the heavy atom effect of the iodine atom
n DPI. Meanwhile, for the triplet state as seen by the high yield
f radical ions, the most important decay route is the escape of
he radicals.

. Conclusions

The excited states quenching of PAHs takes place by an
lectron transfer mechanism. In the case of PAHs with short
inglet lifetime (<10 ns) the singlet quenching is not an impor-
ant process due to the limited solubility of DPIC in acetonitrile.
therwise, for those with lifetimes of tens of nanoseconds or

onger, the singlet quenching becomes significant. However, in
hese cases an important decay route of the radical ion pair is
ntersystem crossing to the triplet state. Differently, for the triplet
uenching reaction, the charge separation process is highly effi-
ient with near 100% of the quenching events leading to radicals.
inglet and triplet quenching rate constants fall on the same cor-
elation with the reaction driving force. The experimental data
an be fitted to a Rehm–Weller mechanism with normal param-

ters when a value of −0.7 V is used for the reduction potential
f DPI. If a value of −0.2 V is used instead the data cannot be
djusted to the model with reasonable values for the rest of the
arameters.
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19] M.L. Gómez, V. Avila, H.A. Montejano, C.M. Previtali, Polymer 44 (2003)

2875.
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