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Abstract

Pyridine ketones have recently been found to be suitable �-cleavage photoinitiators for radical polymerization with excellent water solubil-
ity. Nanosecond time-resolved laser flash photolysis and steady-state photolysis were employed to study and compare the triplet photophysics
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nd the photochemistry of 2-hydroxy-2-methyl-1-pyridin-3-yl-propan-1-one (1b) and its commercial benzoyl analogue 2-hydroxy-2-methyl-1-
henylpropan-1-one (Darocur 1173®, 1a), and of some of their less photoreactive derivatives, in acetonitrile solution. The triplet state quantum
ield, measured by energy transfer to naphthalene, was smaller for 1b (ΦT = 0.10) than for 1a (ΦT = 0.25), but the photodegradation quantum yields
n the presence of the radical trap TEMPO were comparable (ΦD = 0.6). The discrepancy between the yields of triplet formation and photodegrada-
ion points to a possible role of higher excited triplet states in the process of photoinduced �-cleavage. The reactivities of the primary radicals with
series of reaction partners showed that the benzoyl and the nicotinoyl radical have comparable reactivities towards polymerizable double bonds,
ut that the nicotinoyl radicals reacts 17 times faster with TEMPO. The previously observed reduced oxygen sensitivity in photopolymerization
sing 1b compared to 1a could be traced to a smaller reactivity towards O2 of the nicotinoyl radical compared to the benzoyl radical. The pho-
odegradation kinetics of 1a and 1b under steady-state conditions were comparable, but significant differences were observed in a photoproduct
tudy.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Radiation curing is a well established and highly efficient
ethod for crosslinking of coatings, printing inks, etc. [1]. Pho-

oinitiators [2], the key component in such systems have a great
nfluence on storage life, curing rate and curing depth, but also
n double bond conversion (DBC) and surface cure. Among
he large group of known photoinitiator structures, hydrox-
alkylphenones, such as 2-hydroxy-2-methyl-1-phenylpropan-
-one (1a) (Darocur 1173) (Fig. 1) have gained much interest
ue to their high reactivity and universal applicability. A possible
trategy to further improve the efficiency of these photoinitia-
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tors is to modify them chemically in the position para to the
benzoyl chromophore. Substitution by thioethers and especially
by dialkylamino groups has been found to strongly influence
the performance of hydroxyalkylphenones by changing photo-
physical properties, such as UV absorption, triplet energy, and
triplet lifetime [3]. Modification of the hydroxy group by ethers
does not change the photochemistry and reactivity, but acetyl
derivatives in this position result in the loss of photoreactivity
[3].

In this line of research, the contribution of our group has
been focused during the last years on alternatives to the phenyl
moiety. Hydroxyalkylphenone-analogous structures based on
electron-rich heterocycles [4], such as furan, thiophene and pyr-
role exhibited only poor photoinitiating activities [5]. From other
heteroaromatic ketones like acetylthiophene and acetylfuran it
is known that their lowest triplet state has �–�* character [6],
and therefore cannot lead to �-cleavage. In contrast, electron-
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Fig. 1. Reference and pyridine based initiators.

poor heterocycles, such as pyridine were found to be highly
reactive [7]. Investigations of the influence of the position of
substituents on the pyridine ring showed highest activity for
the 3-substituted derivative 2-hydroxy-2-methyl-1-pyridin-3-yl-
propan-1-one (1b). Steady-state photolysis experiments and
product analysis have proven that the �-cleavage process is
the main photochemical pathway; this result, along with those
of photo-DSC measurements, indicated that the photoinitiat-
ing behavior of 1b is comparable to that of the commercially
available initiator 1a [7]. Characteristic differences in the pho-
tochemistry of both compounds were nevertheless suggested by
these investigations; in particular, photo-DSC measurements in
presence of air showed that 1b is less susceptible to oxygen
inhibition than 1a. Furthermore 1b has shown excellent water
solubility (4.9 g/100 g) [7] and the applicability in water borne
formulations is currently under investigation.

The photophysics and photochemistry of 3-pyridine ketones
has been occasionally studied in the past. The triplet state of 3-
acetylpyridine (2b) has been investigated by phosphorescence
spectroscopy [8]. The photoreduction of 2b in isopropanol was
studied by Traynard and Blanchi [9]. Wagner showed type
II photoelimination of 1-pyridin-3-yl-pentan-1-one in benzene
[10,11]. The candidate photoinitiator 1b and its derivatives 3b
and 4b have not been studied previously.

It was therefore of interest to investigate the triplet pho-
tophysics and mechanistic photochemistry of initiator 1b by
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2. Experimental

2.1. Materials

All reagents were purchased from Sigma–Aldrich and used
without further purification. The reference photoinitiator 1a
(Darocur 1173®) was received from Ciba SC as a gift and
distilled under vacuum before use (bp: 84 ◦C/4 mm Hg). All
reactions were carried out under inert atmosphere using solvents
dried and purified by standard laboratory methods. Thin-layer
chromatography was carried out with Alugram Sil-G/UV 254
sheets (Macherey Nagel). Column chromatography was per-
formed on Merck silica gel 60 (0.063–0.200 mm).

2.2. Characterization

13C NMR and 1H NMR spectra were recorded on a
Bruker AC-E-200 FT-NMR-spectrometer; deuterated chloro-
form (CDCl3) was used as solvent. GC/MS was performed
on a Hewlett Packard 5890/5970 B system (Quadrupole) with
a fused silica capillary column SPB-5 (60 m × 0.25 mm). UV
spectra were recorded on a Hitachi U-2001 spectrophotometer. A
reversed-phase HP-1100 HPLC system with DAD-detector was
used for quantitative analysis of photodecomposition products.
All separations were carried out on a XTerra MS C18 column,
particle size: 5 �m, 150 mm × 3.9 mm i.d. (Waters). A linear
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eans of laser flash photolysis experiments. Because the
nown fast photocleavage of 1a (triplet lifetime, τT < 1 ns) [3]
uggested a similar behavior of 1b, we decided to study and
ompare several analogous phenyl ketones and pyridine ketones
ith varying photochemical properties (Fig. 1). Similar photo-
hysics were expected for acetophenone 2a and acetylpyridine
b as the simplest ketones. Pivalophenone (3a) was known
o exhibit significantly longer lived triplet states [12] com-
ared to hydroxyalkylphenone 1a; the analogous compound
n our series is 2,2-dimethyl-1-pyridin-3-yl-propan-1-one
3b). Finally, the acetic acid 1,1-dimethyl-2-oxo-2-phenyl-
thyl ester (4a) is non-cleavable [3] and so should be the
cetic acid 1,1-dimethyl-2-oxo-2-pyridin-3-yl-ethyl ester
4b).

The photochemical efficiencies of 1a and 1b were addition-
lly compared under steady-state photolysis conditions, using
EMPO as an efficient radical quencher to determine the rates
nd quantum yields of decomposition. Finally, laser flash photol-
sis experiments were carried out to study the comparative reac-
ivities of the radicals produced upon photocleavage of 1a and
b with several reaction partners (molecular oxygen, TEMPO
nd methyl methacrylate).
radient, with flow 0.8 ml/min, was formed from 100% water to
00% acetonitrile over a period of 30 min.

.3. Syntheses

The following substances were prepared using published
rocedures: 3,3′-pyridil [13]; 1b [7] (without isolating the
HP-protected form; mp: 42–44 ◦C); pivaloyl ketone 3b

14]; benzoic acid 2-oxo-1,2-diphenyl-ethyl ester [15] and
-methyl-1-phenyl-1,2-propanediol [16].

.3.1. Acetic acid 1,1-dimethyl-2-oxo-2-pyridin-3-yl-ethyl
ster (4b)

4b was prepared by refluxing 0.79 g (4.8 mmol) of 1b with
.90 g (48 mmol) of acetic anhydride in 20 ml of dry acetonitrile
or 48 h under a nitrogen atmosphere. After removal of the sol-
ent under vacuum, the residue was dissolved in ether (20 ml),
xtracted with saturated aqueous NaHCO3 (3× 10 ml) and water
10 ml). The organic layer was dried with NaSO4 and the sol-
ent was removed under reduced pressure. The crude product
as purified by column chromatography (petroleum ether/ethyl

cetate, 1:2) to give 0.5 g (51%) of the title compound as pale
ellow solid. mp: 67–69 ◦C.
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1H NMR (CDCl3): δ (ppm) = 9.22 (s, 1H, ar-H); 8.70 (d, 1H,
ar-H); 8.26 (d, 1H, ar-H); 7.37 (dd, 1H, ar-H); 1.94 (s, 3H, CH3);
1.26 (s, 6H, CH3); 13C NMR (CDCl3): δ (ppm) = 197.84 (ar-
CO); 170.24 (COOCH3); 152.58 (ar-C6); 149.06 (ar-C2); 136.18
(ar-C4); 130.21 (ar-C3); 123.65 (ar-C5); 83.98 (Cq); 24.76 (2×
CH3-C); 21.19 (CH3-CO); GC–MS: (m/z) = 207 (M+), 179, 149,
121, 106, 79, 59, 51, 43; calc. for C11H13NO3: C 63.76, H 6.32,
N 6.76; found: C 63.88, H 6.41, N 6.59.

2.3.2. Benzoic acid 2,2,6,6-tetramethyl-piperidin-1-yl ester
(5a) and nicotinic acid 2,2,6,6-tetramethyl-piperidin-1-yl
ester (5b)

A solution of the initiators 1a (2.00 g; 12 mmol) or 1b (2.00 g;
12 mmol) and TEMPO (6.13 g; 36 mmol) in 400 ml dry acetoni-
trile was filled into a photoreactor, purged with argon for 10 min
and irradiated with a high-pressure mercury lamp for 2 h. After
full conversion of the initiator (monitored by TLC or GC–MS)
the solvent was removed under reduced pressure and TEMPO
was removed by kugelrohr distillation (65 ◦C/4 mm). The crude
product was recrystallized from ethanol/water, 1:1.

5a was obtained in 63% yield as white crystals. mp: 90–92 ◦C.
1H NMR (CDCl3): δ (ppm) = 8.08 (d, 2H, ar-H), 7.61–7.42

(m, 3H, ar-H), 1.79–1.44 (m, 6H, 3× CH2), 1.27 (s, 6H,
2× CH3), 1.12 (s, 6H, 2× CH3); 13C NMR (CDCl3): δ

(ppm) = 166.09 (Ar COO ), 132.60 (ar-C4), 129.29 (ar-C2,
a 6 1 3 5

(
(
1

a
6
N
(
N
(
f
H

2

t
t
1
a
l
R
s
T

2

a
1

Photolysis experiments for kinetic investigations were carried
out in a glass tube (l = 15 cm, i.d. = 1.5 cm) with ground joints
at both endings and two adaptors with teflon septa on the side-
walls. [18] A self-made quick-fit (cone/screw thread adaptor)
closed on one end with a quartz window was connected to one
ground joint. A light guide using a Efos Novacure (instrument
setting 1500 mW/cm2) as irradiation source was attached to the
window and the samples were magnetically stirred and irradiated
with filtered UV light (365 nm). The solution was purged with
argon before and during irradiation.

The o-nitrobenzaldehyde actinometer [19] was used to
determine the total absorbed light intensity to be 1.61 ×
10−5 Einstein l−1 s−1. Quantitative analysis was carried out by
HPLC with samples taken after 0, 1, 2, 5, 10, 20 and 30 min.

3. Results and discussion

3.1. Triplet photophysics

For direct measurement of the triplet–triplet absorption of the
hydroxyalkylphenones 1a the time resolution of our laser flash
photolysis setup was insufficient. Because similar fast photo-
chemistry was expected for 1b, the triplet spectra of the other
pyridine ketones were studied first.

Upon irradiation at 266 nm in acetonitrile (MeCN), the com-
pounds 2b, 3b and 4b afforded readily detectable triplet–triplet
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r-C ), 129.50 (ar-C ), 128.20 (ar-C , ar-C ), 60.13 (2× Cq-
CH3)2), 38.83 (2× Cq-CH2-CH2 ), 31.73 (2× CH3), 20.61
2× CH3), 16.77 ( CH2 ); GC–MS: (m/z) = 261 (M+), 246,
56, 122, 105, 83, 77, 69, 55.

5b was obtained in 75% yield as white crystals. mp: 87–90 ◦C.
1H NMR (CDCl3): δ (ppm) = 9.30 (d, 1H, ar-H2), 8.83 (d, 1H,

r-H6), 8.38 (m, 1H, ar-H4), 7.45 (m, 1H, ar-H5), 1.50–1.80 (m,
H, 3× CH2), 1.59 (s, 6H, 2× CH3), 1.33 (s, 6H, 2× CH3); 13C
MR (CDCl3); δ (ppm) = 165.1 (C O), 153.5 (ar-C6), 150.5

ar-C2), 137.3 (ar-C4), 125.6 (ar-C3), 123.6 (ar-C5), 60.5 (Cq-
), 39.8 (CH2), 31.9 (CH3), 20.8 (CH3), 16.9 (CH2); GC–MS:

m/z) = 262 (M+), 247, 156, 138, 123, 106, 78, 69, 55, 39; calc.
or C15H22N2O2: C, 68.67; H, 8.45; N, 10.68; found: C, 68.37;
, 8.68; N, 10.35.

.4. Time-resolved UV–vis spectroscopy

Triplet states and radicals were studied by transient absorp-
ion spectroscopy in a setup described earlier [17]. Sample solu-
ions with concentrations of 5 × 10−4 to 1 × 10−3 M (266 nm) or
× 10−2 to 2 × 10−2 M (355 nm) in spectrophotometric grade
cetonitrile were irradiated in rectangular quartz cells with 10 ns
ight flashes (λ = 355 or 266 nm) from a Nd:YAG-laser (Quanta-
ay DCR-1). Except for the measurements with oxygen the

amples were purged with argon before and during irradiation.
he pulse energy could be varied from 0.25 to 10 mJ/pulse.

.5. Steady-state photolysis

Preparative photolysis experiments were carried out in a Her-
eus UV reactor system UV-RS-1 (400 ml) equipped with a
50 W medium-pressure mercury lamp (TQ-150).
bsorption spectra; the assignment was based on quenching
y molecular oxygen and energy transfer to naphthalene or
nthracene. For all three ketones, the spectra exhibited broad
ands with maxima in the 410–430 nm region and the onset of
more intense band at λ < 360 nm, the latter being less pro-

ounced for 4b (Fig. 2). For comparison, 2a has been described
o give two maxima at 406 and 449 nm in cyclohexane [20]. 3a
n benzene has shown three bands at 335, 400 and 450 nm [12]
nd 4a exhibited a triplet–triplet absorption maximum at 335 nm
n MeCN [3].

The triplet lifetimes obtained in argon-purged solutions were
T2b = 3.0 �s, τT3b = 0.17 �s, and τT4b = 1.5 �s. Short τT in
bsence of a quencher like oxygen indicates a fast and efficient
ntramolecular photochemistry (�-cleavage, H-abstraction) of
hese compounds. Twice longer τT were previously determined
or 3a (0.4 �s) [12] in benzene and 4a (3.0 �s) [3] in MeCN.
or the triplet of 2a, a similar lifetime of 3.0 �s was found in
enzene [20].

The triplet lifetimes of the initiators 1a and 1b were esti-
ated by means of energy transfer to naphthalene, monitoring

he growing in of the acceptor triplet at λ = 412 nm [21] in MeCN
pon irradiation at 355 nm. Naphthalene has been shown to
uench the triplets of 1a efficiently; [3] the same should hold true
or the triplets of 1b. Linear Stern–Volmer plots were obtained
or both 1a and 1b, allowing the determination of the products
f quenching rate constant (kq) and triplet lifetime (τT) from the
lopes.

The value of τT for 1a was calculated to be τT = 0.58 ns using
q = 7.4 × 109 M−1 s−1 [3], in good agreement with the literature
alue (0.37 ns) [3]. Since the value of kq was not available for 1b,
e used the triplet decay of the structurally similar, but photo-
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Fig. 2. Triplet–triplet absorption spectra of 2b (panel a), 3b (panel b) and 4b
(panel c) in MeCN (λexc = 266 nm).

stable derivative 4b for its experimental estimation. Treatment of
the decay rate of the triplet–triplet absorption of 4b at 440 nm in
presence of naphthalene according to pseudo-first-order kinet-
ics yielded a quenching rate constant kq = 9.1 × 109 M−1 s−1.
Using this value gives a triplet lifetime τT = 1.0 ns for 1b, about
twice longer than that of the reference compound 1a.

The naphthalene energy transfer experiment further allowed
an estimation of the quantum yield of triplet formation (ΦT),
whose magnitude is one of the limiting steps as regards the
efficiency of photocuring. To this end, the extrapolated y-
axis intercepts of the Stern-Volmer plots were used to calcu-
late a limiting energy transfer efficiency based on an extinc-
tion coefficient for the triplet-triplet absorption of naphthalene,
ε412 = 14500 M−1 cm−1 in MeCN [21]. Using this method, a
smaller value was obtained for 1b (ΦT = 0.10) compared to 1a

Table 1
Photophysical properties of photoinitiators and their derivatives in acetonitrile

Compound λT−T
max (nm)a τT (ns)b ΦT

c

1a 320d 0.58 0.25
1b –e 1.00 0.10
2a 320 230 1.00
2b 410 3000 1.00
3a 335 370 0.80
3b 430 170 –e

4a 335 3000 –e

4b 420 1500 0.52

a λT−T
max , triplet–triplet absorption maximum in acetonitrile.

b τT, triplet lifetime in acetonitrile at 20 ◦C.
c ΦISC, quantum yield of triplet formation.
d From Ref. [3].
e Not determined.

(ΦT = 0.25), the latter being in good agreement with the litera-
ture value of 0.2–0.3 [22]. The ester 4b exhibited a ΦT of 0.52.
For acetylpyridine 2b ΦT was determined to be 1.0 using triplet
energy transfer to anthracene at λexc = 266 nm; the same value
had been reported for ΦT of 2a [23]. All obtained values and
literature data are summarized in Table 1.

3.2. Photochemistry of 1a and 1b

3.2.1. Steady-state photolysis
Steady-state photolysis (SSP) experiments (365 nm) of

1 × 10−4 M solutions of the initiators 1a and 1b suggested sim-
ilar photochemistry (Fig. 3).

The kinetics in MeCN (365 nm) at equal light absorption
for 1a (1 × 10−2 M) and 1b (5 × 10−3 M) were determined by
HPLC (Fig. 4a). The data were fitted to second-order polyno-
mials, from which initial rate constants (RD) were calculated,
yielding a twice higher value for 1a (RD = 9.39 × 10−6 M s−1)
compared to 1b (RD = 5.32 × 10−6 M s−1).

Using radical trapping with TEMPO and product analysis,
we had previously established the formation of nicotinic acid
2,2,6,6-tetramethyl-piperidin-1-yl ester (5b) upon steady-state
photolysis of both 1b and 3b, demonstrating the intermediate
production of a nicotinoyl radical [7].

Kinetic analysis was done by irradiation of 1 × 10−2 M solu-
tions of 1a and 1b in MeCN at 365 nm in the presence of two
e
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quivalents of TEMPO (2 × 10−2 M).
Similar rates for degradation (RD) and product formation

RPP) were found for 5a and 5b (Fig. 4b). Surprisingly 1b
egraded twice faster in the presence of TEMPO than in its
bsence. This might indicate suppression of a recombination
eaction between the nicotinoyl radical and the hydroxypropyl
adical.

The quantum yields of decomposition, ΦD and the quan-
um yields of photoproduct formation, ΦPP were determined by
ctinometry (see Section 2.5). Values around 0.6 were obtained
n all cases with the exception of the degradation of 1b in the
bsence of TEMPO which gave ΦD = 0.29 (Table 3). The pre-
iously published values of the �-cleavage quantum yield, Φ�

f 1a in non-hydrogen donating solvents scatter considerably.
uhlmann et al. reported a value of 0.29 [24], estimated by LFP



B. Seidl et al. / Journal of Photochemistry and Photobiology A: Chemistry 180 (2006) 109–117 113

Fig. 3. Steady-state photolysis of 1a (a) and 1b (b) in 1 × 10−4 M solution in MeCN.

experiments, while Jockusch et al. obtained Φ� = 0.38 by means
of ground state bleaching of an oxygen-saturated solution [3].
More recently, Allonas et al. reported a Φ� of 0.8 based on pho-
toacoustic calorimetry and molecular modeling [25].

It is notable that all quantum yield values determined in
steady-state photolysis experiments are higher than the quantum
yield of triplet formation obtained by energy transfer to naph-
thalene by means of laser flash photolysis (Table 1). The reason
for this discrepancy is not clear at present. Textbook knowl-
edge states that �-cleavage is generally about 102 times slower
from the singlet state than from the triplet state for usual ketones
[26]; this seems to preclude this possibility. The occurrence of
secondary degradation steps initiated by radical attack on the
substrate is unlikely, especially in solutions containing TEMPO.
The most plausible interpretation seems to be that �-cleavage is
possible from higher n–�* triplet states which are too short-lived
to transfer their energy to naphthalene; it might even be that all
photochemistry occurs in this way while the lowest triplet state
is not photoactive.

3.2.2. Radical spectra
The end-of-pulse transient spectra detected upon laser flash

photolysis of 1a and 1b in MeCN upon excitation of diluted
deaerated solutions (5 × 10−4 M to 2 × 10−3 M) at 266 nm
showed maxima at 360 and 370 nm, respectively (Fig. 5). These
t
s

an absorption maximum around 370 nm have previously been
reported upon pulse radiolysis of benzoyl chloride [27]. The
pivaloylketone 3b, which is �-cleavable as well, showed a long
lived transient with a maximum at 380 nm (Fig. 5); the tert-butyl
radicals formed in this case have been characterized by absorp-
tion maxima at 220 and 307 nm [28]. The 360–370 nm bands
obtained in our experiments are therefore plausibly assigned to
benzoyl, resp. nicotinoyl radicals. Under the conditions of this
experiment, both radicals decayed predominantly by second-
order kinetics, although first-order or pseudo-first order compo-
nents could not be excluded at higher substrate concentrations
(Fig. 6).

The dependences of the transient absorption on pulse energy
were found to be linear; the product of the extinction coefficient
and the quantum yield of radical formation (εΦ) were calcu-
lated from the slopes. Using the values of ΦD from steady-state
photolysis in the absence of TEMPO (Table 2), ε could be esti-
mated for both radicals, leading to ε370 for the benzoyl radical
of ∼200 M−1 cm−1 and ε370 ∼300 M−1 cm−1 for the nicotinoyl
radical. For the benzoyl radical, an ε370 of ∼150 M−1 cm−1 has
been found by Fischer et al. [29] and is in good agreement with
our results.

3.2.3. Radical kinetics
The reactivity of the radicals formed by photoinitiator �-

c
f

F ) and
( —©—
o

ransients cannot be ascribed to triplet states because of the
hort lifetime of the latter (see above). Benzoyl radicals with

ig. 4. (a) Time course of photoinduced degradation of 1a (—�—, 1 × 10−2 M
—�—) and 1b (—�—) and buildup of the photoproducts 5a (—�—) and 5b (
f 2 × 10−2 M TEMPO.
leavage is one of the keys to polymerization efficiency. In the
ollowing, we compare the reactivity of benzoyl radicals with

1b (—�—, 5 × 10−3 M) in MeCN (λexc = 365 nm). (b) Photodegradation of 1a
) upon irradiation (365 nm) of 1 × 10−2 M solutions in MeCN in the presence
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Fig. 5. Transient spectra of 1a (panel a) and 1b (panel b) at pulse end and 3b
(panel c) at 40 �s obtained upon laser flash photolysis in MeCN at 266 nm.

that of nicotinoyl radicals towards molecular oxygen, TEMPO,
and methyl methacrylate (MMA). The results are summarized
in Table 3.

3.2.3.1. Reaction with molecular oxygen. Oxygen inhibition is
known to be one of the major problems in light-induced free
radical polymerization. In this respect, it was encouraging that
photo-DSC experiments under air indicated a decreased oxygen
sensitivity of the pyridine initiator 1b compared to 1a in terms
of double bond conversion and rate of polymerization [7].

Three types of interaction can be made responsible for the
oxygen effect on photoinduced radical polymerization: quench-
ing of the photoinitiator triplet state, reaction with primary rad-
icals, and reaction with radicals in the propagating chain. Due
to the fast cleavage of the initiators 1a and 1b triplet quenching
by oxygen can be excluded under ambient oxygen concentra-
tions ([O2] < 2 mM). On the other hand, it is well known that
oxygen efficiently reacts with the radicals on the growing chain.
A specific influence of the pyridine moiety on the propagating
chain reaction could be excluded by photo-DSC experiments
with additional pyridine or 3-acetylpyridine in the formulation
[7]. Considering the primary radicals, both initiators formed the
dimethylketyl radical which therefore could not be responsible
for the different behavior under oxygen. It was therefore of inter-
est to study the reactions of the benzoyl and nicotinoyl radicals
w
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Fig. 6. Spectrum of the benzoylperoxyl radical (a) and nicotinoylperoxyl radical (b)
ith oxygen by means of laser flash photolysis.
The reaction of benzoyl radical with oxygen is known to be

ast (>109 M−1 s−1). The transient spectra at pulse end mea-
ured in oxygen-saturated acetonitrile (∼6.7 mM) of 1a should
herefore derive from the benzoylperoxyl radical. A maximum
t 400 nm was found (Fig. 6a) as described in the literature
30]. A similar absorption band was obtained from 1b in the
ame conditions (Fig. 6b). The assignment of this transient to
he nicotinoylperoxyl radical is further supported by the earlier
bservation that nicotinic acid is a product of the steady-state
hotolysis of 1b under air [7]; bimolecular decomposition of
hese radicals gives nicotinoyloxy radicals which after hydro-
en abstraction yield nicotinic acid.

The rate constants for reaction of benzoyl and nicotinoyl rad-
cals with O2 were determined by measurement of the build-up
inetics of the peroxyl radical at 400 nm as a function of O2
oncentration, varied by purging the solution with mixtures of

obtained upon laser flash photolysis of 1a and 1b in O2-saturated MeCN.
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Table 2
Kinetic data and quantum yields of 1a and 1b from steady-state photolysis in MeCN at 365 nm

PI cPI × 103 (mol l−1)a cT × 103 (mol l−1)b RD × 106 (mol l−1 s−1)c ΦD
d RPP × 106 (mol l−1 s−1)e ΦPP

f

1a 9.50 – 9.39 0.60 – –
1a/TEMPO 9.63 19.4 11.4 0.66 8.84 0.57
1b 9.86 – 4.71 0.29 – –
1b/TEMPO 10.1 19.3 10.2 0.63 8.87 0.55

a Concentration of the initiators.
b Concentration of TEMPO.
c Rate of decomposition.
d Quantum yield of decomposition.
e Rate of photoproduct formation.
f Quantum yield of photoproduct formation.

Table 3
Rate constants k (M−1 s−1) of benzoyl and nicotinoyl radicals with various
reactants

Reactant Benzoyl radical Nicotinoyl radical

Oxygen 4.4 × 109 2.6 × 109

TEMPO 9.6 × 106 1.8 × 108

MMA 8.3 × 105 7.6 × 105

oxygen/argon (Fig. 7). The O2 concentration was determined by
recording the decay kinetics of anthracene triplets in the same
purging conditions, using the equilibrium concentration of oxy-
gen in air-saturated acetonitrile (2.4 × 10−3 M) [29].

It is obvious that the benzoyl radical reacts almost twice faster
with oxygen (k = 4.4 × 109 M−1 s−1) than the nicotinoyl radical
(k = 2.6 × 109 M−1 s−1).

The smaller rate constant for reaction of the primary radical
with O2 is therefore a possible reason for the decreased oxygen
sensitivity of the pyridine initiator 1b compared to 1a.

3.2.3.2. Quenching experiments with TEMPO. The rate con-
stants for the reaction of the benzoyl and nicotinoyl radicals with
TEMPO were determined by pseudo-first order treatment of the
decays at 380 nm at various TEMPO concentrations (Fig. 8).

The results demonstrate that the rate constant for the reac-
tion of the nicotinoyl radical with TEMPO (kTEMPO = 1.6 ×
108 M−1 s−1) is about 17 times higher compared to the value
for the benzoyl radical (kTEMPO = 9.6 × 106 M−1 s−1).

F
r

Fig. 8. Radical reaction with TEMPO:benzoyl radicals (from 1a) (—�—),
nicotinoyl radicals (from 1b) (—©—). Inset: radical decay at 380 nm at
[TEMPO] = 1 × 10−3 M.

3.2.3.3. Quenching experiments with MMA. In view of the dif-
ferences in the reactions of the nicotinoyl radical with TEMPO
and oxygen compared to the benzoyl radical, it was of interest
to study the radical reaction with a polymerizable double bond.
To this end, solutions of the photoinitiators in MeCN (10−2 M)
were irradiated at 355 nm in the presence of methyl methacry-
late; radical decay was monitored at 380 nm (Fig. 9).

Despite the large scatter of data points it is obvious that
the reaction rate constants for both radicals with MMA are in
the same order of magnitude, yielding values of kMMA = 8.3 ×
105 M−1 s−1 for the benzoyl radical and kMMA = 7.6 ×

Fig. 9. Reaction of the radicals with MMA:benzoyl radicals (from 1a) (—�—),
n

ig. 7. Determination of the rate constants of radical reaction with O2:benzoyl
adicals (from 1a) (—�—), nicotinoyl radicals (from 1b) (—©—).
 icotinoyl radicals (from 1b) (—©—).
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Fig. 10. HPLC analysis of the photolysis of (a) 1a and (b) 1b in MeCN after 30 min irradiation; n.i., not identified.

105 M−1 s−1 for the nicotinoyl radical. On the other hand, the
y-axis intercept values are different; while that of the nicoti-
noyl radical data is negligibly small, that for the benzoyl radical
data is significant and comparable to that obtained with TEMPO
(Fig. 8). This shows that in the absence of quenchers the decay
of the benzoyl radical involves a component that limits its life-
time to about 50 �s at the specific radical concentration of
this experiment, whereas the nicotinoyl radical appears to be
much longer-lived. This result may be related to the impossi-
bility to detect photolysis end-products, described in the next
section.

3.2.4. Product studies
To identify the products of photochemical conversion, the

photoinitiators 1a and 1b were irradiated in a Heraeus photore-
actor for 5 h under oxygen-free conditions. High concentrations
(5 × 10−2 M) in MeCN (400 ml) were used to obtain a sufficient
amount of photoproducts for analysis.

As expected, steady-state photolysis of 1a yielded benzalde-
hyde, benzil and benzoin after column chromatography as the
known major photoproducts. Additionally, benzoic acid 2-oxo-
1,2-diphenyl-ethyl ester was isolated as a reaction product of
benzil with a benzoyl radical in ∼5% yield [31]. HPLC analysis
of the irradiated mixture shows that these compounds are the
major photoproducts (Fig. 10a). One additional photoproduct
w
r
c
a
b
l
i

(
b
p
c
t
o
b
m
w
t

This unexpected failure to detect the expected photoproducts
points to a fundamental difference in the reaction mechanism
of photodegradation between 1a and 1b. At present, we can
only speculate about the possible reasons. A major role seems
to be played by the concentration of 1b, since photolysis at low
concentration did lead to an appreciable change of the UV spec-
trum (Fig. 3). A possible degradation bottleneck might reside
in the reversible formation of radical-substrate adducts, which
might impede nicotinoyl radical-radical coupling at high sub-
strate concentrations. In addition, the balance of recombination
versus radical–radical coupling might be shifted towards the for-
mer step in 1b as compared to 1a, as suggested by the smaller
initial photodegradation quantum yield (Table 2). It must how-
ever be stressed that this specific behavior of 1b is only valid
in the absence of reaction partners, and therefore not significant
for the understanding of the photopolymerization process.

4. Conclusions

In the present work, we have studied and compared the pho-
tophysical and photochemical behavior of two polymerization
photoinitiators, 2-hydroxy-2-methyl-1-phenylpropan-1-one
(Darocur 1173®, 1a) and its pyridine analogue 2-hydroxy-2-
methyl-1-pyridin-3-yl-propan-1-one (1b), and some of their
derivatives. Besides giving the first account of the photophys-
i
d
t
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r
d
t
b
(
b
a
h
r
n
c
t
t

as detected which could not be isolated by column chromatog-
aphy. The reduction product of 1a with the hydroxypropyl radi-
al, 2-methyl-1-phenyl-1,2-propanediol as described by Allen et
l. [32] was not formed in detectable amounts; this was checked
y testing a reference standard prepared by reduction of 1a with
ithium aluminium hydride, which gave a peak after 10.44 min
n the HPLC analysis.

In sharp contrast, steady-state photolysis of the initiator 1b
5 × 10−2 M) in MeCN neither produced the expected recom-
ination product of the nicotinoyl radical, 3,3′-pyridil, nor 3-
yridinealdehyde. Only small amounts of nicotinic acid (4%)
ould be isolated by column chromatography after 5 h irradia-
ion, probably reflecting the presence of traces of oxygen. Most
f the initiator 1b was recovered. These results were confirmed
y HPLC analysis (Fig. 10b). The possibility that 3,3′-pyridil
ight escape detection because of its own photodecomposition
as disproved by testing the photostability of this compound in

he same irradiation conditions, which proved to be high.
cal and photochemical properties of the group of pyridine
erivatives, the results obtained by means of nanosecond
ransient absorption spectroscopy and steady-state photolysis
llowed a rationalization of an earlier study of polymerization
hotoinitiation using 1b [7]. Both initiators are quite similar
egarding most of the studied triplet state and radical reactivity
ata. The triplet yield, measured by energy transfer to naph-
halene, is smaller for 1b (ΦT = 0.10) than for 1a (ΦT = 0.25),
ut both substances had high photodegradation quantum yields
ΦD = 0.6) in the presence of TEMPO. This discrepancy
etween triplet and photodegradation yields was unexpected
nd points to the possibility of the occurrence of �-cleavage in
igher excited triplet states. The study of the reactivity of the
adicals produced upon �-cleavage, benzoyl radical from 1a and
icotinoyl radical from 1b, demonstrated that both species have
omparable reactivity towards polymerizable double bonds, but
hat the nicotinoyl radicals reacts 17 times faster with TEMPO
han the benzoyl radical. Most importantly, we were able to
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show that the previously observed reduced oxygen sensitivity
of 1b compared to 1a [7] can be traced to a smaller reactivity
towards O2 of the nicotinoyl radical compared to the benzoyl
radical.
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