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Abstract

Similar lifetimes of the S1 state (λmax∼ 590 nm,τS1 −7.55 to 9.11 ps in acetonitrile) of thetert-butyl aroylperbenzoates (BAPs), water-
insoluble (1 and2) and water-soluble (3) having the perester moietypara (1 and3) andmeta(2) to the benzophenone carbonyl group, were
obtained by ultrafast pump-probe techniques. The lifetime of the T1 state of2 (λmax∼ 510 nm,τT1 > 1.2 ns) was, however, found to be at least
four times higher than those of1 and3 (λmax∼ 560 nm,τT1 ∼ 0.3 ns). The effectiveness of1–3 as photoinitiators for the polymerization of 1-
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inyl-2-pyrrolidinone (NVP) and lauryl acrylate (LAC) was compared. Perester2 is a better thermal and photoinitiator for NVP polymeriza
han either1 or 3. The photopolymerization of LAC initiated by either1 or 2 is an efficient process.

2004 Elsevier B.V. All rights reserved.
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. Introduction

tert-Butyl aroylperbenzoates (BAPs) are good candi-
ates as initiators for photochemical vinyl polymerization
ecause of the known direct dissociation of their weak
eroxy (O O) bond [1–4]. They initiate photopolymer-

zation of monomers such as methyl methacrylate and
tyrene [1,5,6]. Recently, [4-(4′-tert-butyldioxycarbonyl-
enzoyl)benzyl]trimethylammonium chloride (a water-
oluble BAP) has been shown to initiate the microemulsion
olymerization of styrene[7].

The products from steady-state photolysis of BAPs indi-
ate that homolytic dissociation of the peroxy bond leads
o formation of the corresponding aroylbenzoyloxyl and
roylphenyl radicals as shown below[1,2]. The quantum
ields of dissociation (φdiss) of the O O bond are almost
nity for many of BAPs[1–3]. The absolute bimolecular
ates of reactions of the aroylphenyl radicals (λmax∼ 550 nm,
∼ 0.4–0.6�s in CCl4) with several quenchers includ-

�

ing monomers such as methyl methacrylate, 1-viny
pyrrolidinone (NVP), and lauryl acrylate (LAC) range fro
7.56× 107 to 1.68× 109 M−1 s−1 at room temperature[4].

ArCOPhCOOOCMe3 + hν → 1[BP]∗

1[BP]∗ → 3[BP]∗ → ArCOPhCOO• + •OCMe3

ArCOPhCOO• → ArCOPh• + CO2

Transient spectrometry revealed that rapid intersy
crossing (ISC) of the S1 state of BAPs (λmax∼ 590 nm
τS∼ 7–9 ps) produces the T1 state (λmax∼ 540–560 nm
τT ∼ 0.6–0.7 ns in benzene), the lifetime of which is s
vent dependent[4,8,9]. The triplet excited energy initial
resident on the benzophenone moiety needs to be diss
intramolecularly in order that the OO bond of the BAP
cleaves homolytically. It has been suggested that such a
ergy transfer can occur to a triplet excited repulsive sta
the O O bond[8]. However, the multi-picosecond lifetim
of the triplet states of BAPs, which have the perester mo
Contribution no. 529 from Center for Photochemical Sciences.
∗ Corresponding author. Tel.: +1 419 372 2034; fax: +1 419 372 0366.
E-mail address:neckers@photo.bgsu.edu (D.C. Neckers).

para to the benzophenone carbonyl group, indicate that such
an energy transfer is not an instantaneous process[4,8].
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Fig. 1. Chemical structures oftert-butyl aroylperbenzoates.

It is known that in the excited triplet state of benzophe-
none, electron density on thepara position is significantly
higher than that on themetaposition [10]. Thus, the loca-
tion of the perester moiety in BAPs (eithermetaor para to
the benzophenone carbonyl group) can affect the rates of the
triplet energy transfer and, hence, dissociation of the OO
bond.

In this paper, we compare results obtained by ultrafast
pump-probe investigation oftert-butyl (4-benzoyl)per-
benzoate (1), tert-butyl 3-(4′-methylbenzoyl)perbenzoate
(2), and [4-(4′-tert-butyldioxycarbonyl-benzoyl)benzyl]-
trimethylammonium chloride (3) (Fig. 1). Results obtained
from nanosecond laser flash photolysis (LFP, pulse width
∼7 ns) of3 in different solvents are presented and compared
with those of water-insoluble BAPs (1 and2).

The applicability of the BAP photoinitiator system is fur-
ther exemplified by its use in the polymerization of NVP, a
hydrophilic, nonionic monomer and LAC, a highly hydropho-
bic, non-polar, bulky monomer. Polymerization data allowed
us to compare the initiation activities of1–3. Monomer to
polymer conversion data clearly indicate that1 and 2 are
better photoinitiators for LAC polymerization than several
commercial photoinitiators.
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rescence quantum yields (φPh) were determined according to
the general procedure using benzophenone as reference[11].
TheφPh reported are normalized values.

2.3. Transient spectrometry

The laser system and apparatus for the ultrafast transient
absorption spectroscopy experiments has been described
elsewhere[8]. The output of a Ti:sapphire laser (Spectra-
Physics, Hurricane) (fwhm∼ 150 fs) was steered into an op-
tical parametric amplifier (OPA-800C, Spectra-Physics) to
obtain the 335 nm excitation wavelength. For these experi-
ments sample solutions were prepared to have an absorbance
of 0.8–1.1 at the excitation wavelength in the 2 mm flow cell
and were used without degassing. Kinetic traces at appro-
priate wavelengths were assembled from the accumulated
spectral data.

Details of the nanosecond LFP setup were provided ear-
lier [12]. The excitation pulse (355 nm,∼12 mJ/pulse) was
the third harmonic of a Q-switched Nd:YAG laser. The exci-
tation pulse width was∼7 ns. The sample solutions showing
an absorbance in the range of 0.17–0.24 at the excitation
wavelength in 1 cm2 quartz cuvettes were used and degassed
continuously with argon throughout the experiments. Fresh
samples were used for obtaining each kinetic trace.
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. Experimental

.1. Materials

The synthesis of1 and 2 has been reported previou
1,4]. 3 was synthesized following a literature procedure[7].
igh-pressure liquid chromatography (HPLC) grade w
nd spectrometric grade acetonitrile and chloroform w
sed as solvents for LFP experiments. NVP (Antara Ch
al) was distilled to remove the radical inhibitor before u
AC (Scientific Polymer Products) containing monome
ther hydroquinone (MMHQ) as the radical inhibitor w
sed as received.

.2. Phosphorescence

The phosphorescence spectra were recorded in EPA
diethyl ether:isopentane:ethanol, 5:5:2) at 77 K using a
934D3 phosphorimeter coupled to a Fluorolog®-3 spec

rometer; the excitation wavelength was 350 nm. Phos
.4. Polymerization

Emission from a xenon short arc lamp (75 W) was u
o induce the photopolymerization. The transmittance
70% at 340 nm and∼40% at 320 nm. A Galaxy Series FT
000 spectrophotometer was used to record the infra-red
pectra. A solution of monomer and photoinitiator was pla
etween two glass windows separated with a 0.75 mm s
nd the whole setup was tightly held in a mount. The i
ent light was focused on to this sample cell using an op
irror. The IR absorption spectrum was recorded before
iation. The sample was then irradiated and the IR absor
pectrum recorded again. To minimize thermal polyme
ion that might be induced by heating of the sample, the g
indow was cooled from outside by a continuous flow of c
ir. In the case of NVP, the degree of cure was determ
y comparing the area of the peak at 6175 cm−1 (the vinylic

H stretch) before and after irradiation using the follow
quation[13]:

Conversion=
[
A0 − At

A0

]
× 100

hereA0 is the area before irradiation andAt the area afte
rradiation for timet.

The samples were irradiated without degassing. Co
xperiments were carried out to ensure that no photo
erization occurred in the absence of the photoinitiato

ight. The peak at 6162 cm−1 was monitored to follow th
egree of polymerization for LAC. For bulk polymerizati

he initial rate of polymerization (Rp) was calculated from
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the polymerization conversions less than 10% using the fol-
lowing equation:

Rp = [M0]
dα

dt

whereM0 is the monomer initial concentration, andα the
polymerization conversion.

A slope (dα/dt) was obtained from plots of polymer con-
version against irradiation time, while [M0] for NVP was
calculated to be 9.4017 mol l−1 at room temperature. The
polymer conversions are average values of at least two experi-
mental runs. All photopolymerization experiments, as well as
transient absorption spectrometric experiments, were carried
out at room temperature (22± 2◦C).

3. Results and discussion

3.1. Phosphorescence

The absorption spectra of1–3 recorded in acetonitrile or
chloroform are similar to that of benzophenone. The phos-
phorescence spectra of2 and3 recorded in EPA are shown in
Fig. 2. The phosphorescence spectra of1–3are also similar to
that of benzophenone, clearly indicating that the lowest triplet
t nce
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Fig. 3. Transient absorption spectra obtained from the 335 nm pump-probe
experiment of2 (6.02× 10−3 M in acetonitrile), recorded 1.4 and 16.9 ps
after the laser pulse.

provided previously[4,8]. The S1 state of these BAPs absorbs
(λmax−590 nm in acetonitrile and benzene) at a higher wave-
length than at which the T1 state absorbs (λmax∼ 560 nm)
[4,8]. This is similar to the behavior of the S1 and T1 states
of benzophenone andp-iodobenzophenone[16]. Ultrafast
pump-probe experiments of2 in acetonitrile produced sim-
ilar transient absorption spectra; the S1 → Sn transition
takes place atλmax∼ 590 nm and the T1 → Tn transition
takes place atλmax∼ 510 nm (Fig. 3). The transient spectra
obtained from3 in acetonitrile under similar experimental
conditions (Fig. 4) are similar to those obtained for1 and
for tert-butyl 4-(4′-bromomethylbenzoyl)perbenzoate[4,8].
Thus, positioning the perester functionalitymetacauses a
blue shift (∼50 nm) in theλmax of the T1 → Tn transition of
2 as compared to that of1 and3. It is noted that not only the
S0–T1 energy gap, but also the T1–Tn energy gap is higher
for 2 than for1 and3.

The lifetimes of the S1 (τS1) and the T1 (τT1) states of1–3
were calculated by monitoring the rise and decay at theλmax
of the T1 state (Table 1). There are no differences in theτS1

of 1, 2, or 3. TheτT1 values of1 and3 are also similar. Nev-
ertheless, theτT1 of 2 (>1.2 ns) is at least four times higher
than those of1 (0.32 ns) and3 (0.33 ns) in acetonitrile[17].
Since decay of the T1 state of BAPs is associated with the in-
tramolecular energy dissipation from the benzophenone moi-
e ater,

F probe
e ps
a

ransitions of1–3are n,�* in character. The phosphoresce
uantum yields (φPh) are 0.05, 0.07, and 0.22 for1, 2, and3,
espectively. TheφPh of 1 is similar to that reported[6]. The
riplet energy deduced from the 0–0 band of the phosph
ence spectra was found to be higher for2 (69 kcal/mol) than
or 1 (68 kcal/mol) and3 (66 kcal/mol)[14]. This is similar to
he previous observation of higher n,�* triplet energy ofm-
yanobenzophenone and methyl 3-benzoylbenzoate tha
f p-cyanobenzophenone and methyl 4-benzoylbenzoat
pectively[15].

.2. The S1 and T1 states

Details of the S1 → Sn and T1 → Tn transitions of1 and
ther BAPs containing the perester moiety at the pos
arawith respect to the benzophenone carbonyl group

ig. 2. Normalized phosphorescence spectra of2 and3 measured in EP
5:5:2, diethyl ether:isopentane:ethanol) at 77 K; excitation wavele
350 nm.
ty to the O O bond and consequent dissociation of the l

ig. 4. Transient absorption spectra obtained from the 335 nm pump-
xperiment of3 (1.71× 10−2 M in acetonitrile), recorded 1.4 and 32.1
fter the laser pulse.
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Scheme 1.

Table 1
Lifetimes of the singlet (τS1) and triplet (τT1) states of the BAPsa

BAP τS1 (ps) τT1 (ns)

1b 9.11± 0.48 0.32± 0.01
2 9.09± 0.39 >1.2
3 7.55± 0.44 0.33± 0.02

a Excitation wavelength, 335 nm; solvent, acetonitrile.
b Ref. [8].

such energy transfer seems slower in the case of2 than in the
case of1or3. A similar intramolecular triplet energy transfer
has resulted in the lower rate of cleavage of the CI bond of
m-iodobenzophenone than that ofp-iodobenzophenone[18].

Decomposition of BAPs may involve a transition state that
evolves as the T1 state proceeds to radicals[8]. The lower rate
of intramolecular energy dissipation in2 relative to the cases
of 1and3 indicates that the activation energy of the transition
state of2 may be higher than that of1 or 3. It may also be
possible that the triplet state of2 is more polar as compared to
that of1or3. In such a case the triplet state of2would be more
stabilized in a polar solvent like acetonitrile. Interestingly, the
quantum yields of dissociation of the OO bond of1and2are
similar [3], indicating that the efficiency of energy transfer is
almost the same in both BAPs irrespective of the position of
the perester moiety.

3.3. Aroylphenyl radicals

The 4-benzoylphenyl and 3-(4′-methylbenzoyl)phenyl
radicals obtained from LFP of1 and 2, respectively, are
known to have absorption in the mid-UV-visible region (λmax
−550 nm)[4]. Analogous to this, a broad transient absorp-
tion having a maximum at 550 nm was obtained when3 was
laser flash photolysis (pulse width∼ 7 ns,∼15 mJ/pulse) in
w the

F pho-
t ser
p

550 nm transient observed in the case of LFP of1 and2 in
different solvents, the decay monitored at 550 nm was found
to be bi-exponential in the case of3 in water. The shorter
lifetime (∼0.34�s), which is similar to the lifetimes of the
other aroylphenyl radicals[3,4], can be assigned to the cor-
responding aroylphenyl radical (4, Scheme 1). The origin of
the longer lifetime component (∼3.76�s) is not clear.

When chloroform or acetonitrile was used as the solvent,
similar 550 nm transients were observed during LFP of3. The
kinetics at 550 nm followed an almost mono-exponential de-
cay in both solvents. Thus, it seems that only4 appeared in
these solvents.4 shows solvent dependent lifetimes (Table 2)
as do 4-benzoylphenyl and 3-(4′-methylbenzoyl)phenyl rad-
icals[4]. The lifetime of4 (τ −0.22�s) measured in acetoni-
trile is comparable to that of the 4-benzoylphenyl radical (τ

−0.21�s in acetonitrile) and the 3-(4′-methylbenzoyl)phenyl
radical (τ −29�s in acetonitrile). An absorption that was al-
most without decay was also observed in these solvents at
∼330 nm during LFP of3. This may be due to the light ab-
sorbing transients that are assumed to form during photolysis
of benzophenones[19].

3.4. Polymerization[20]

1-Vinyl-2-pyrrolidinone (NVP, Fig.6) was chosen as the
m tion
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ater (Fig. 5). Unlike the mono-exponential decay of

ig. 5. Transient absorption spectra obtained from 355 nm laser flash
olysis of3 (1.35× 10−3 M) in water, recorded 0.5 and 5.0 ns after the la
ulse.
onomer for a comparative study of photopolymeriza
nitiated by1–3, since both water-insoluble as well as wa
oluble BAPs dissolve in it. Furthermore, NVP is an imp
ant monomer for medical use and adhesive enhance pur
nd has moderate reactivity[21]. The aroylbenzoyloxyl an
roylphenyl radicals are considered to be the chain-initia
adicals in polymerization processes initiated by BAPs[22].
esults obtained from1- and2-initiated photopolymeriza

ion of lauryl acrylate (LACFig. 6) show that these BAPs a
fficient photoinitiators for acrylate polymerization.

.4.1. Photopolymerization
Each of the BAPs (1–3) initiated the photopolymerizatio

f NVP (Fig. 7). The efficiencies of initiation of polymeriz
ion by 1 and3 were almost similar, as reflected by sim
onomer to polymer percentage conversions at differe

adiation times (Table 3). The initial rates of polymerizatio

able 2
ifetimes (τ) of 4 in different solvents

olvent Concentration of3 (M) τ (�s)

2O 1.35× 10−3 0.34± 0.03
H3CN 6.32× 10−3 0.22± 0.01
HCl3 3.69× 10−3 0.19± 0.01
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Fig. 6. Chemical structures of monomers.

Fig. 7. Photopolymerization of NVP initiated by1 (9.67× 10−5 mol/g), 2
(9.06× 10−5 mol/g), and3 (9.76× 10−5 mol/g).

(Rp) were also similar for1 and3. Under similar conditions,
theRp for 2was found to be only slightly higher than those of
1 and3. Nevertheless, the percentage polymer conversions,
especially at later irradiation times, were much higher in the
case of2 than when1or3were used as photoinitiators. Thus,
2 is a better photoinitiator than1 and3.

Producing higher or lower concentration of the
polymerization-initiating radicals may not be the reason for
the difference observed in the photoinitiation activities of1
and2. The quantum yields of dissociation of the OO bond of
1 and2 are similar in benzene[3]. Slow but efficient produc-
tion of the chain-initiating radicals as reflected by the lower
rate of decay of the T1 state of2 than those of1 or 3 may be
the reason for its higher initiation efficiency. Nevertheless, it
is possible that1 and2 decompose with different efficiencies
in the presence of NVP. It is also possible that the secondary
radicals or chain propagating radicals produced in the case of
2 and NVP are more reactive than that produced in the case
of 1 and NVP or3 and NVP.

Both 1 and2 showed similar photoinitiator activities for
the polymerization of LAC (Table 3). At similar concentra-

Table 3
Initial rates of BAPs-initiated NVP photopolymerization (Rp) and percentage co

BAP % Conversion of NVP

−1 −1 iation

min

1 .49
2 .63
3 .31

Fig. 8. Photopolymerization of LAC (containing MMHQ) initiated by1a
(9.40× 10−5 mol/g),1b (1.28× 10−5 mol/g), and2 (1.32× 10−5 mol/g).

tions of 1 and 2, percentage conversions were nearly the
same (1b and 2 in Fig. 8). This is in agreement with the
similar quantum yields of dissociation of the OO bond
of these BAPs. The photopolymerization of LAC with ei-
ther1 or 2 is a rapid process. With the pyrenebutyltrimethy-
lammonium/triethyl amine system a nearly 3.7 times higher
rate of polymerization of 2-hydroxyethyl methacrylate than
that of NVP has been reported[23]. This initiator exploits
an electron transfer process to generate radicals. The en-
hancement in the efficiency of the photopolymerization of
LAC than of NVP is much greater with1 and 2. LAC
was more than 90% converted to polymer within 60 s of
irradiation even at photoinitiator concentrations as low as
1.28× 10−5 mol/g (0.004 wt%) of1 and 1.32× 10−5 mol/g
(0.004 wt%) of2 (Table 3). When higher concentrations of1
(9.4× 10−5 mol/g) were used (1a in Fig. 8), more than 90%
conversion was achieved in less than 20 s of irradiation.

The polymer conversion data also indicate that BAPs
are a better and efficient photoinitiator system for LAC
than are benzoin methyl ether[24], N-acetyl-4-nitro-
1-naphthylamine/dimethylaniline[25], and Michler’s ke-
tone/benzophenone or several other benzophenone based
photoinitiators[26]. At the same time, the thermal polymer-
ization of LAC using1 or 2 as initiators was found to be an
extremely slow process. At the 0.004 wt% concentration of1
a ely,
w

3
t at

7
l riza-
t hile
Concentration (mol/g) Rp (mol l s ) Time of irrad

5 min 10

9.67× 10−5 8.39× 10−3 17.46 22
9.06× 10−5 1.04× 10−2 36.77 61
9.76× 10−5 7.09× 10−3 14.74 20
nversions of NVP and LAC

% Conversion of LAC

Concentration (mol/g) Time of irradiation

22 min 10 s 20 s 60 s

28.42 1.28× 10−5 34.49 62.61 90.53
80.55 1.32× 10−5 32.42 61.17 92.71
38.37 – – – –

nd2, for example, only 3 and 5% conversions, respectiv
ere observed even after 1 h of heating at 70◦C.

.4.2. Thermal polymerization
The thermal polymerization of NVP was carried ou

0◦C. The efficiency of1–3 as thermal initiators (Fig. 9) fol-
ows the same pattern as observed for the photopolyme
ion. 1 and3 provided similar percentage conversions w
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Fig. 9. Thermal polymerization of NVP initiated by1 (9.50× 10−5 mol/g),
2 (9.06× 10−5 mol/g), and3 (9.76× 10−5 mol/g).

2 turned out to be a better thermal initiator (Table 4). After
100 min of heating, for example, the percentage conversion
obtained with2 (84.5%) was much higher than that obtained
with 1 (21.8%).

The thermal polymerization data also indicate that the per-
centage conversions are higher only during later times of heat-
ing in the case of2. This again suggests that the secondary
radicals or chain-propagating radicals produced in the case of
2 and NVP are more reactive than those produced in the case
of NVP and the BAPs with the perester at theparaposition.

The thermal polymerization of NVP initiated by each of
the BAPs seems slower than the corresponding photopoly-
merization under the experimental conditions used for photo
and thermal processes. For example, when2 was used as the
photoinitiator, 80.5% conversion of NVP was observed after
22 min of irradiation (Table 3). To obtain similar percentage
conversion during the thermal polymerization, the sample
had to be heated at 70◦C for∼100 min, even though2 is a bet-
ter thermal initiator too. A similar observation of a lower rate
of thermal polymerization (2.0× 10−5 mol l−1 s−1) than that
of photopolymerization (7.0× 10−4 mol l−1 s−1) of methyl
methacrylate has been reported for1 [5c]. The slower ther-
mal decomposition of BAPs than their photochemical de-
composition[1] is likely the reason for the slower thermal
polymerization.

3
t-

a . At
a -
v
h
( same

T
P

B

1
2
3

Table 5
Initial rates of photopolymerization (Rp) and percentage conversions of NVP
at different concentrations of1

Concentration
(mol/g)

Rp (mol l−1 s−1) % Conversion

5 mina 10 mina 22 mina

1.27× 10−5 5.84× 10−3 11.84 12.74 16.60
3.61× 10−5 6.75× 10−3 14.94 17.95 21.96
6.72× 10−5 7.86× 10−3 16.26 21.15 27.15
9.67× 10−5 8.39× 10−3 17.46 22.49 28.42
1.29× 10−4 9.68× 10−3 21.24 25.92 36.20

a Time of irradiation.

time of irradiation. With the increase in the concentration of
the photoinitiator, the chain-initiating radicals are formed in
higher amounts, thereby enhancing the monomer to polymer
conversion. TheRp values also increased as the concentra-
tion of 1 was increased (Table 5). A linear relationship was
observed between theRp values and the square root of the
concentration of1 with a slope of 0.5.

4. Conclusions

Ultrafast pump-probe (pulse width∼ 150 fs) experiments
yielded similar rates of S1 → T1 ISC of 1–3 in acetoni-
trile (kS1→T1 ∼ 1.1× 1011 s−1). The T1 → Tn transition of
2 (λmax −510 nm) was observed to be blue shifted compared
to that of1and3 (λmax∼ 560 nm). The rate of decay of the T1
state of2 (τT1 > 1.2 ns) was observed to be at least four times
lower than that of1 (τT1 −0.32 ns) and3 (τT1 −0.33 ns).
Dissociation of the OO bond produces the aroylbenzoy-
loxyl and aroylphenyl radicals that are capable of inducing
the polymerization of NVP and LAC. The corresponding
aroylphenyl radical (4, λmax −550 nm) obtained from LFP
(pulse width∼ 7 ns) of3showed solvent dependant lifetimes,
in agreement with the behavior of the 4-benzoylphenyl and
the 3-(4′-methylbenzoyl)phenyl radicals obtained from LFP
o

by
1
N
t VP
t ed
w mal
p the
c used
a

A

up-
p d out
a p of
D wen
Y

.4.3. Effect of concentration of the photoinitiator1
Increasing the concentration of1 enhanced the percen

ge conversion during the photopolymerization of NVP
concentration of 1.27× 10−5 mol/g (0.38 wt%), the con

ersion was 16.6% after 22 min of irradiation (Table 5). At
igher concentration of1, for example 1.29× 10−4 mol/g
3.84 wt%), the conversion increased to 36.2% after the

able 4
ercentage conversions of NVP following thermal polymerization

AP Concentration (mol/g) % Conversion

20 mina 60 mina 100 mina

9.50× 10−5 2.96 11.47 21.83
9.06× 10−5 23.65 76.53 84.55
9.76× 10−5 14.83 25.40 30.26

a Time of heating.
f 1 and2, respectively.
The rates of the photopolymerization of NVP initiated

–3 were similar (7.09× 10−3 to 1.04× 10−2 mol l−1 s−1).
evertheless, polymer conversion data indicate that2 is a bet-

er thermal and photoinitiator for the polymerization of N
han either1or3. Rapid polymerization of LAC was observ
ith 1 and2 as photoinitiators. At the same time, the ther
olymerization of NVP and LAC was much slower than
orresponding photopolymerization when BAPs were
s initiators.
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found, in the online version, atdoi:10.1016/j.jphotochem.
2004.07.022.

References

[1] L. Thijs, S.N. Gupta, D.C. Neckers, J. Org. Chem. 44 (1979)
4123.

[2] B.K. Shah, D.C. Neckers, J. Org. Chem. 67 (2002) 6117.
[3] B.K. Shah, D.C. Neckers, J. Org. Chem. 68 (2003) 8368.
[4] B.K. Shah, D.C. Neckers, J. Am. Chem. Soc. 126 (2004)

1830.
[5] (a) S.N. Gupta, L. Thijs, D.C. Neckers, J. Polym. Sci., Polym. Chem.

Ed. 19 (1981) 855;
(b) I. Gupta, S.N. Gupta, D.C. Neckers, J. Polym. Sci., Polym. Chem.
Ed. I20 (1982) 147;
(c) I.I. Abu-Abdoun, L. Thijs, D.C. Neckers, J. Polym. Sci., Polym.
Chem. Ed. 21 (1983) 3129.

[6] N.S. Allen, S.J. Hardy, A.F. Jacobine, D.M. Glaser, B. Yang, D.
Wolf, F. Catalina, S. Navaratnam, B.J. Parsons, J. Appl. Polym. Sci.
42 (1991) 1169.

[7] L. Wang, X. Liu, Y. Li, Macromolecules 31 (1998) 3446.
[8] B.K. Shah, A. Gusev, M.A.J. Rodgers, D.C. Neckers, J. Phys. Chem.

A 108 (2004) 5926.
[9] E.A. Morlino, M.D. Bohorquez, D.C. Neckers, M.A.J. Rodgers, J.

Am. Chem. Soc. 113 (1991) 3599.
[
[ CRC

[ 2;
em.

[ lym.

da-
.W.
673,

[14] The reported value of the triplet energy of some of the BAPs
(∼77 kcal/mol, Ref.[2]) is incorrect.

[15] P.J. Wagner, E.J. Siebert, J. Am. Chem. Soc. 103 (1981) 7329.
[16] B.K. Shah, M.A.J. Rodgers, D.C. Neckers, J. Phys. Chem. A 108

(2004) 6087.
[17] Unlike the case of1 and 3, the absorption of the T1 state of 2

did not completely decay within the maximum delay of 1.6 ns. The
fitting of the partial decay monitored at theλmax of the T1 state of
2 yielded a lifetime of 1.2 ns.

[18] P.J. Wagner, C.I. Waite, J. Phys. Chem. 99 (1995) 7388.
[19] (a) S.G. Cohen, H.M. Chao, J. Am. Chem. Soc. 90 (1968) 165;

(b) S.G. Cohen, M. Nina, J. Am. Chem. Soc. 93 (1971) 6542;
(c) A. Demeter, T. Berces, J. Photochem. Photobiol. A: Chem. 46
(1989) 27.

[20] Oxygen-inhibition effects are common to free radicals. More so, the
triplet states of BAPs are readily quenched by oxygen. Neverthe-
less, the reported polymerization data represent the results obtained
without removing oxygen from the monomer.

[21] (a) F. Kao, G. Manivannan, S. Sawan, J. Biomed. Mater. Res. 38
(1997) 91;
(b) Y. Hong, T.V. Chirila, V. Traian, S. Vijayasekaran, W. Shen, X.
Lou, P.D. Dalton, J. Biomed. Mater. Res. 39 (1998) 650;
(c) X. Lou, K.L. Garrett, P.E. Rakoczy, E. Piroska, T.V. Chirila, J.
Biomater. Appl. 15 (2001) 307;
(d) L.A. White, C.E. Hoyle, S. Jonsson, L.J. Mathias, J. Polym. Sci.,
Part A: Polym. Chem. 40 (2002) 694;
(e) C.M.A. Lopes, M.I. Felisberti, I. Maria, Biomaterials 24 (2003)
1279.

[22] Either the aroylbenzoyloxyl radical or a combination of the aroyl-
benzoyloxyl and aroylphenyl radicals initially forms when the BAPs

yl-
e or

s been

[ J.

[ em.

[ hem.

[ rt A:
10] J.A. Mucha, D.W. Pratt, J. Chem. Phys. 66 (1974) 5339.
11] J.C. Scaiano, Handbook of Organic Photochemistry, vol. 1,

Press, 1989, p. 378.
12] (a) W.E. Ford, M.A.J. Rodgers, J. Phys. Chem. 98 (1994) 382

(b) W.E. Ford, M.A.J. Rodgers, J. Photochem. Photobiol. A: Ch
59 (1991) 73.

13] (a) T. Tanabe, A. Torres-Filho, D.C. Neckers, J. Polym, Sci. Po
Chem. Ed. 33 (1995) 1691;
(b) B. Chiou, R.J. English, S.A. Khan, Photopolymerization fun
mentals and applications, in: A.B. Scranton, C.N. Bowman, R
Peiffer (Eds.), Proceedings of the ACS Symposium Series, vol.
1997, p. 150.
dissociate by the cleavage of the OO bond. Nevertheless, the aro
benzoyloxyl radical could not be observed during our pump-prob
nano-second laser flash photolysis experiments. This issue ha
addressed in detail in Ref.[4].

23] M.V. Encinas, E.A. Lissi, A.M. Rufs, M. Altamirano, J. Cosa,
Photochem. Photobiol. 68 (1998) 497.

24] M. Ikeda, T. Yoshihiko, Y. Masatoshi, J. Polym. Sci., Polym. Ch
Ed. 16 (1978) 1175.

25] R. Sastre, M. Conde, J.L. Mateo, J. Photochem. Photobiol. A: C
44 (1988) 111.

26] J.L. Mateo, P. Bosch, F. Catalina, R. Sastre, J. Polym. Sci., Pa
Polym. Chem. 30 (1992) 829.

http://dx.doi.org/10.1016/j.jphotochem.2004.07.022
http://dx.doi.org/10.1016/j.jphotochem.2004.07.022

	Polymerization initiation and transient spectrometric studies of water-soluble and -insoluble tert-butyl aroylperbenzoates
	Introduction
	Experimental
	Materials
	Phosphorescence
	Transient spectrometry
	Polymerization

	Results and discussion
	Phosphorescence
	The S1 and T1 states
	Aroylphenyl radicals
	Polymerization [20]
	Photopolymerization
	Thermal polymerization
	Effect of concentration of the photoinitiator 1


	Conclusions
	Acknowledgements
	Supplementary data
	References


