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bstract

The photophysics of 2-methyl-1-[4-(methylthio) phenyl]-2-(4-morpholinyl)-1-propanone TPMK, compared to that of two reference compounds
2-methyl-1-phenyl-2-(4-morpholinyl)-1-propanone and 1-[4-(methylthio)phenyl]-ethanone), was studied by means of absorption spectroscopy,

hosphorescence and time-resolved absorption spectroscopy. A four-level kinetic scheme has been proposed for TPMK as an explanation for the
bserved excited state processes. A strong solvent effect has been noticed upon the excited state lifetimes. Modeling calculations help to describe
he excited state properties.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The excited state processes of efficient photoinitiators
f radical polymerization have been explored in a lot of
tudies concerned e.g. with benzoin ethers, hydroxy alkyl
henyl acetophenones, dialkoxy acetophenones, phosphine
xide derivatives, amino ketones, benzophenones, benzils,
hioxanthenes . . . (see e.g. [1–12]). The effects of the skele-
ons, substituents, environment as well as the influence of
ypical modifications to induce enhanced properties have been
argely studied through (i) the investigation of what happens
n the transient states formed upon light excitation of pho-
oinitiators (PI) and (ii) the evaluation of the photoinitiators
erformance in polymerization experiments. Few studies, how-
ver, have been conducted so far on the three following points:
i) the detection of the very short-lived excited states (present

n highly efficient cleavable photoinitiators) [7,11,12] in their
wn time scale of evolution, (ii) the theoretical analysis of
he cleavage reaction (except the earlier works carried out on
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odel ketones [13] or the recent attempts on phosphine oxides
14a]) and cleavable acetophenone derivatives [14b,c] and (iii)
he experimental and theoretical investigation concerned with
he introduction of suitable substituents on a given structure
14d].

In the present paper, we will select three compounds
Scheme 1) in order to outline the role of a methylthio
ubstitution at the para position of a benzoyl chromophore: (i) 2-
ethyl-1-[4-(methylthio)phenyl]-2-(4-morpholinyl)-1-propa-

one TPMK (which is a widely used photoinitiator) and (ii) two
eference molecules: 2-methyl-1-phenyl-2-(4-morpholinyl)-
-propanone PMK and 1-[4-(methylthio)phenyl]-ethanone
PK.

Previous estimates provided triplet state lifetimes lower than
ns for PMK [1] and in the range of 10 ns for TPMK [15].
hese values support a fast Norrish I cleavage taking place from
n�* excited triplet state (Scheme 2 where PI stands for TPMK
r PMK). This process yields a (substituted) benzoyl radical
nd a 2-(4-morpholinyl)-1-propanonyl radical (Scheme 3) which

bsorb in the UV/near visible wavelength range. TPK should not
leave.

Our study has been conducted through a steady-state inves-
igation, a direct detection of the excited states by pump-probe

mailto:fabrice.morlet-savary@uha.fr
dx.doi.org/10.1016/j.jphotochem.2008.01.013
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Scheme 1. Formula and abbreviations.

Scheme 2. Reaction mechanism. ISC stands for the intersystem crossing process.
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Scheme 3. Cleavage re

icosecond laser spectroscopy and a theoretical description of
he processes involved through molecular modeling.

. Experimental

.1. Materials

TPMK corresponds to Irgacure 907 from Ciba, Basel. PMK
as received as a gift from Dr. Dietliker from Ciba, Basel. TPK

from Aldrich Chemicals) was used without further purification.

.2. Techniques

The nanosecond laser flash photolysis set-up [10a] is based
n a pulsed solid-state tunable laser and a classical transient
bsorption analysis system (time resolution ∼10 ns). Intersys-
em crossing quantum yields φISC were calculated by comparing
he amount of the 1-methylnaphthalene MeN triplet state formed
n the BP (benzophenone)/MeN and PI/MeN interactions and
onsidering that the φISC of BP is equal to 1.

The picosecond set-up is based on the classical pump-probe
rrangement [16]. The experiment consists in generating a tran-
ient species upon a short laser pulse exposure (pump pulse)
nd to pass a white light pulse (probe pulse) through the
xcited sample so that an absorption spectrum can be recorded.
he fundamental (1064 nm) and the third harmonic (355 nm)
missions of a passively–actively mode locked Nd:YAG laser
ere, respectively, used to generate the white light continuum
robe and to excite the sample (the solution is flowed through

wo cells, having a 2 mm optical path length). The transmit-
ed white light is focused by appropriate lenses and injected
nto fiber optics directly connected to the dispersive element
f a double diode arrays multichannel analyzer which will

t
a
c
0

upon light excitation.

llow to get the transient optical density as a function of wave-
ength. A delay of up to 6 ns could be achieved between the
ump and probe pulses using a computer controlled microm-
ter translation stage. The response function of the apparatus
s ∼10 ps.

Phosphorescence spectra of the compounds were recorded on
luminescence spectrometer (Fluoromax-2, Horiba Jobin Yvon)

n a glassy matrix of either 2-methyl tetrahydrofuran or isopen-
ane (Aldrich) at 77 K. Triplet energy levels were determined
rom the onset of the phosphorescence spectra. A FluoroMax-4
pectrofluorometer was used for the time gated phosphores-
ence measurements performed in the same matrices (2-methyl
etrahydrofuran or isopentane) at 77 K. The samples are placed
n a 5-mm diameter quartz tube inside a Dewar filled with liq-
id nitrogen. Phosphorescence anisotropy measurements were
arried out using two Glan–Thompson polarizers placed in the
xcitation and emission beams. The anisotropy r is determined
s:

= IVV − gIVH

IVV + 2gIVH
with g = IHV

IHH

here I is the fluorescence intensity; the subscripts denote the
rientation (horizontal H or vertical V) of the excitation and
mission polarizers, respectively; g is an instrumental correction
actor.

Structural and energetic factors were determined by quan-
um mechanical calculations using density functional theory
DFT). The hybrid functional B3LYP was used for all calcula-

ions using the 6-31G* basis set for the geometries optimization
nd 6-311++G** for the time-dependent calculations. All the
alculations were carried out using the Gaussian 98 or Gaussian
3 suite of programs [17].
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Table 1
Experimental absorption wavelengths (λabs) and extinction coefficients (ε) in acetonitrile

Compound λabs (nm) ε (M−1 cm−1) Attribution λcalc (nm) f Attribution

TPK 332 0.0001 n�*
300 22,000 ��* 304 0.39 ��*

PMK 383 0.0025 n�*
∼340 ∼100–200 n�* 339 0.0024 n�*

276 3700 ��*

TMPK 418 0.001 n�*
302 21,500 ��* 311 0.20 ��*
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alculated absorption wavelengths (λcalc) and oscillator strengths (f) in gas pha

. Results and discussion

.1. Singlet state properties

Ground state absorption spectra are reported in Fig. 1. The
V spectra of TPK and TPMK are very similar and exhibit

ntense and broad absorption bands centered at 300 nm and
02 nm, respectively (Table 1), with high extinction coefficients
ε = 22,000 and 21,500 M−1 cm−1, respectively). No signifi-
ant solvent effect was observed in these cases, rendering the
ttribution quite difficult from the experimental UV spectra.
n the case of PMK, an important absorption band is cen-
ered at 276 nm (ε = 3700 M−1 cm−1) with a tail around 340 nm
ε = 100–200 M−1 cm−1) decreasing slowly up to 380 nm. On
he basis of the extinction coefficients, the former absorption
and is attributed to a ��* transition and the latter tail to a
�* one. The lowest energy transition of PMK was found to
e blue-shifted in polar solvents, confirming the band attribu-
ion.

More details on the absorption properties (Table 1) can
e obtained from time-dependent density functional theory
TDDFT) calculations at the B3LYP/6-311++G** level. For
PK, the S0–S1 transition is predicted to exhibit a n�* nature

ith a very low oscillator strength (f = 0.0001). It corresponds
ainly to a HOMO−1–LUMO transition centered at 332 nm.

strong S0–S2 absorption band corresponding to a pure
�* HOMO–LUMO transition with a high oscillator strength

ig. 1. Absorption spectra of (a) TPK, (b) TMPK and (c) PMK in acetonitrile.
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he B3LYP/6-311++G** level.

f = 0.39) is predicted at 304 nm. This result perfectly matches
he observed absorption band. The typically ��* S0–S3 and
0–S4 absorption bands are predicted to be centered at 274
nd 255 nm, respectively, but with lower oscillator strengths
f = 0.0038 and 0.0001, respectively). The involved orbitals are
hown in Fig. 2.

The situation is by far more complicated for PMK. In that
ase, a S0–S1 absorption band centered at 383 nm is predicted
o be a pure HOMO–LUMO transition with a moderate oscilla-
or strength (f = 0.0025). The LUMO orbital is typically a �* MO
elocalized on the whole phenyl ring. By contrast, the HOMO
Fig. 2) is a n MO mainly centered on the nitrogen atom of the
orpholino moiety; a significant contribution of the morpholino
H sigma bonds occurs through hyperconjugation. The sym-

etry of the n orbital on the nitrogen atom being similar to that
f the LUMO �*, this explains the relatively higher oscillator
trength (usually n�* transitions have f < 0.001). Moreover, a
ignificant charge transfer is expected for this transition from the
orpholino part to the phenyl group. The S0–S2 transition, pre-

icted at 339 nm with a similar oscillator strength (f = 0.0024),
s mainly HOMO−1–LUMO n�* involving the oxygen of the
arbonyl group. The S0–S3 and S0–S4 absorption bands are also
�* transitions, the former involving the morpholino nitrogen
281 nm, f < 0.0001) and the latter the oxygen of the carbonyl
roup (270 nm, f = 0.0009). The experimental absorption band
ith the high extinction coefficient at 276 nm corresponds to a
igher electronic transition not calculated in the frame of this
aper.

For TMPK, the S0–S1 transition is predicted at 418 nm and
as a low oscillator strength (f = 0.001). This HOMO–LUMO
ransition is n�*, the LUMO being very similar to that of TPK
nd the HOMO corresponding to that of PMK (Fig. 2). The
0–S2 transition is predicted at 311 nm with a high oscillator
trength (f = 0.20). It corresponds to a mixed n�*–��* tran-
ition. Similarly, the S0–S3 transition, located at 304 nm, has
lso a mixed n�*–��* character involving the same orbitals
ith slightly different contributions and therefore also exhibits
high oscillator strength (f = 0.25). The S0–S4 transition is a
OMO–LUMO+1 n�* expected at 293 nm with a low oscillator
trength (f = 0.0019).
As can be seen, the predicted absorption bands are in line

ith the experimental results. It appears (Scheme 4) that the
ost intense band corresponds to a S0–S2 transition for TPK.
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Fig. 2. Molecular orbitals involved in the S0–S

or TPMK, the band is a combination of the S0–S2 and S0–S3
ransitions. Keeping in mind that these transitions are broadened
n solution, both these singlet states are excited when using a
aser excitation at 355 nm. In the case of PMK, the absorption tail
orresponds to a n�* S0–S2 transition. For all the molecules, the

0–S1 transition probability is low. Therefore, the first excited
inglet state S1 is hardly produced by direct excitation but rather
ormed through internal conversion from the S2 or S3 excited
tate.
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cheme 4. Calculated singlet and triplet energy levels. The ground state absorptions
y doted arrows.
S0–S2 absorption of PMK, TPK and TPMK.

.2. Triplet state properties

The three studied compounds exhibit a detectable phospho-
escence emission in 2-methyl tetrahydrofuran at 77K (Fig. 3).
DDFT calculations at the B3LYP/6-311++G** level are used
o evaluate the S0–Tn absorption transitions, thereby giving
ome valuable information concerning the nature of the different
riplet states. All the calculations allow to build the energy level
iagram of the triplet states of the three molecules as shown in

at 355 nm are indicated by arrows, the allowed intersystem crossing pathways



346 F. Morlet-Savary et al. / Journal of Photochemistry and

Fig. 3. Top: normalized phosphorescence spectra: (A) PMK: (a) delay:
1 ms, (b) delay: 10 ms; (B) TPK; (C) TPMK. λexc = 330 nm, solvent:
2-methyltetrahydrofuran. Middle: superimposition of the normalized phospho-
rescence spectrum of TPK (full line) and its corresponding emission anisotropy
(open circles). λexc = 330 nm, solvent: 2-methyltetrahydrofuran. Bottom: phos-
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horescence spectra of TPK in glassy matrix of isopentane at two excitation
avelengths: λexc = 320 nm (open squares), λexc = 330 nm (open circles). Spec-

rum obtained (open triangles) by substracting these two spectra.

cheme 4 where the allowed intersystem crossing pathways are

lso indicated.

PMK is weakly phosphorescent; the spectrum exhibits a
road and structureless emission band (in the 425–600 nm
egion, with a maximum located around 500 nm and an onset

B
4
c
a
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bout 280 kJ/mol) and a structured emission band (in the
75–475 region, with an onset locating the emitting state around
05 kJ/mol). The existence of two emitting species is evidenced
s the relative intensity contribution of each band is dependent
f the phosphorescence time delay. Moreover, the phosphores-
ence lifetimes τpho of the blue and the red emitting species are
.12 ms and 560 �s, respectively, which suggests a n�* char-
cter for these two triplet states [13f]. The luminescence of
he second triplet state is comparable to the emission of the
1 state of acetophenone which also displays a typical “five-
ngered” pattern and has an emission lifetime of 5.9 ms in glassy
atrix of 2-methyl tetrahydrofuran. Therefore, the blue emitting

pecies of PMK can be confidently attributed to a triplet state
hose excitation is mainly localized in the acetophenone moi-

ty. The calculations predict that the S0–T1 electronic excitation
s n�* with an energy of 298 kJ/mol, in very good agreement
ith the phosphorescence results (difference ∼6%). The fact

hat the transition does not significantly involve the carbonyl
roup explains the lack of structure for the corresponding emis-
ion band. The S0–T2 (312 kJ/mol, difference ∼2%) is also
�* (mainly HOMO–LUMO) with a significant contribution
f charge transfer. Both the S0–T3 and S0–T4 transitions are
redicted to be ��* (332 and 391 kJ/mol, respectively).

TPK has a phosphorescence intensity higher than that of
MK; the spectrum exhibits a structured band with an onset

hat, respectively, places the triplet state at 276 kJ/mol (exci-
ation at 325 nm). The spectrum, however, is invariant upon
he phosphorescence time delay. The τpho is 89.0 ms for TPK
uggesting a n�* nature for the observed triplet state. The
hosphorescence anisotropy of TPK strongly fluctuates in the
20–490 nm region with a significant drop at 436 nm (with a
alue of −0.076) and a plateau above 500 nm (with a value
f 0.058). Such anisotropy variations clearly indicate an emis-
ion from two triplet states; the fact that only one lifetime
an be measured indicates a fast equilibrium between the two
tates which should be very close. In addition, the excitation
pectrum recorded at 516 nm broadens to the red by ∼4 nm
ompared to that recorded at the 434 nm emission wavelength
n isopentane. This latter experiment gives a chance to specifi-
ally record the long wavelength emission spectrum by exciting
t 330 nm. Substracting this component to the whole phos-
horescence spectrum recorded by exciting at 320 nm allows
o visualize these two emitting triplet states. It turns out that
he lowest triplet state exhibits a broad and structureless band
ith a maximum at 485 nm. The calculation of the onset is not

traightforward. However, a value of about 265–275 kJ/mol can
e estimated. The upper triplet state exhibits a vibrationnal struc-
ure indicating a n�* T2 state with a maximum at 447 nm and an
nset leading to an energy of 279 kJ/mol. Calculations on TPK
hows that the nature of the S0–T1 electronic transition is typi-
ally ��* and the corresponding energy is 281 kJ/mol which
lso matches quite well the experimental result. The S0–T2
ransition is typically n�* with an energy about 314 kJ/mol.

oth upper transitions (S0–T3 and S0–T4) are ��* (406 and
12 kJ/mol, respectively). The discrepancy for the spectroscopic
haracter of the lowest lying triplet state is attributed to the relax-
tion which renders the 3n�* level lower than the ��* triplet
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tate (this is confirmed by the calculations of the MOs which
how an inversion of the n and � orbitals in the relaxed triplet
tate).

The same behavior is observed for TPMK which exhibits a
tructured phosphorescence spectrum with an onset that places
he triplet state at 273 kJ/mol (excitation at 325 nm). The exis-
ence of the two emitting triplet states is also highlighted by
mission anisotropy measurements. In this case, the anisotropy
isplays a minimum at 437 nm (−0.072) and gets invariant above
90 nm with a value of 0.058. As in TPK, only one value is found
or τpho (97.4 ms, supporting a 3n�* state) which suggests the
resence of two close lying triplet states. The computations show
hat the S0–T1 is mainly n�* with an energy of 265 kJ/mol, quite
lose to the phosphorescence results (difference ∼4%) and in
greement with the assignment of Ref. [18]. The S0–T2 transi-
ion (280 kJ/mol) is ��*, S0–T3 is n�* (359 kJ/mol) and S0–T4
s ��* (391 kJ/mol).

.3. Laser flash photolysis (LFP)

.3.1. Nanosecond LFP
The transient absorption spectra of TPK and TPMK were

ecorded in benzene in the nanosecond time scale. Both tran-
ient absorption spectra exhibit a similar broad band centered
round 450 nm (Fig. 4). A small residual for TPMK is observed
n the 360–420 nm range; it might be attributed to the methylth-
obenzoyl radical. The lifetimes of the transient species are
.3 �s and 10 ± 2 ns (after deconvolution) for TPK and TPMK,
espectively. On the basis of energy transfer experiments using
amphorquinone for TPK and 1-methylnaphthalene for TPMK,
hese transient species were attributed to the triplet states of the

olecules.
The PMK transient species exhibits low molar extinction

oefficients and second order kinetics attributed to the recombi-
ation of the radicals formed after photodissociation. An energy

ransfer experiment with 1-methylnaphthalene MeN was car-
ied out: following the growth of the optical density of the MeN
riplet state confirms an estimate of the PMK triplet state lifetime
ower than 1 ns.

ig. 4. Transient absorption spectrum for TPK in benzene recorded 300 ns after
xcitation at 355 nm. OD355nm = 0.2.
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elay times after excitation. Inset: experimental (©) and calculated (—) transient
inetics monitored at (a) 430 nm, (b) 475 nm and (c) 525 nm. The following set
f values has been used: τb = 700 ps, and τc = 10 ns. See text.

.3.2. Picosecond LFP

.3.2.1. Transient spectra and kinetics of TMPK. Fig. 5 dis-
lays the transient absorption spectra of TPMK in benzene
athered at different time delays between the pump and the probe
ulses. After 210 ps, the spectrum is characterized by an absorp-
ion (with a maximum around 500 nm) that spreads over a wide
pectral range (400–800 nm). As the delay increases (up to 3 ns),
he absorption at 525 nm decreases and a rather sharp band is
learly detected at 460 nm. For longer time delays (from 3 to
ns), the spectrum remains unchanged. The band at 460 nm is
scribed to the absorption of the TPMK excited triplet state (as
xpected from Fig. 4); a possible contribution of the methylth-
obenzoyl radical can be expected (see above) but it should be
ery low in the present time scale. The strong change around
25 nm, noted between time 210 and 630 ps is likely due to
he presence of a singlet-singlet absorption originating from a
hort-lived singlet state (<1 ns). As a consequence, three types of
bsorption are assumed to be present. The time evolution of the
ransients (Fig. 5) was monitored at several wavelengths (430,
75, and 525 nm). The kinetics are rather similar at 430 and
75 nm with a fast rise, a slow rise and a slow decay of the tran-
ient absorption. At 525 nm, the absorption is only characterized
y a fast rise and a slow one-component decay.

Energy transfer confirms the above assignments. The absorp-
ion spectra in the presence of naphthalene (ET = 253 kcal mol−1

19]), taken between 150 ps and 2100 ps every 150 ps, are dis-
layed in Fig. 6: a decrease of the original absorption above
50 nm as well as the appearance of a sharp absorption band
ue to the naphthalene triplet state (known to absorb around
20 nm [18]) are clearly observed. The corresponding kinetic
races at the wavelengths selected before are reported in the
nset of Fig. 6.

Based on Scheme 4, a four state kinetic model satisfying to
he El-Sayed selection rules for the intersystem crossing was
sed to describe the primary processes in TPMK (Scheme 5).
In this model, the S0 ground state absorption leads to the
econd excited singlet ��*state S2. A non-radiative relaxation
rocess deactivates this state down to the first excited singlet n�*
tate S1. Then, the ��* T2 and n�* T1 triplet states are popu-
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Fig. 6. Evolution of the transient absorption of TPMK/naphthalene (0.5 M) in
benzene. The experiment started at 150 ps and ended at 2100 ps after the pump
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Fig. 7. (A) Transient absorption spectrum for TPK in benzene recorded with a
time delay of 1 ns after the excitation at 355 nm. Inset: experimental (©) and
calculated (—) kinetics at 450 nm. (B) Evolution of the overall absorption of
T
p
(

d
r
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T
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f

ulse. The spectra are taken every 150 ps. Inset: transient kinetics followed at
a) 430 nm, (b) 475 nm and (c) 525 nm. The following set of values has been
sed: τb = 700 ps, and τc = 300 ps. See text.

ated through intersystem crossing from S1 and S2, respectively.
ymbols kic1 and kic2 are the internal conversion rate constants,
isc1 and kisc2 the intersystem crossing rate constants, kd1 and
d2 the deactivation rate constants of the 1��* and 1n�* singlet
tates, k′ the rate constant of the T1 relaxation, kdiss the rate con-
tant of the �-cleavage from the 3n�* excited triplet state. The
ifetimes of the S1 (τb), S2 (τa), T1 (τc) and T2 (τd) states are
xpressed by the following expression where τa and τd should
e lower than 10 ps:

a = 1

kic1 + kisc1 + kd1
; τb = 1

kd2 + kisc2
; τc

= 1

kdiss + k′ ; τd = 1

kic2

he overall transient optical density is calculated as the sum of
he terms corresponding to the absorptions of S1, T1, the radicals
to a lesser extent) and the naphthalene triplet state when present.

he transient kinetics displayed in the insets of Figs. 5 and 6
re quite well fitted according to this model. It appears that the
2 state is populated within 700 ps and leads to the T1 state

hrough a very fast internal conversion. The T1 state is also

3
t
s
o

Scheme 5. Kinetic mode
PK/naphthalene (0.5 M) in benzene at different time delays after the excitation
ulse. Inset: experimental (©) and calculated (—) transient decay monitored at
a) 420 nm and (b) 450 nm.

irectly populated from S2 within the time response of the appa-
atus (10 ps). The lowest spectroscopic T1 state has a lifetime of
0 ns which yields a value of 108 s−1 as the lower limit for the
leavage rate constant. When naphthalene 0.5 M is added, the
1 lifetime drops to 300 ps and the calculated quenching rate
onstant (6.4 × 109 M−1 s−1) is close to another reported value
or naphtalene [3].
.3.2.2. Transient spectra and kinetics of TPK. The observed
ransient spectrum for TPK in benzene reported in Fig. 7A
preads from 400 to 800 nm and exhibits two bands: an intense
ne at 450 nm and a broader one (with a lower intensity) centered

l used for TPMK.
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Table 2
Singlet (1n�*) and triplet (3n�*) state lifetimes of TPMK in various solvents
(classified according to their polarity)

Solvents S1 lifetime (ps) T1 lifetime (ns)

Benzene 700 10
Tetrahydrofuran 500 6.5
Ethylacetate 700 4.2
1,2-Dichloroethane 750 4.8
Dimethylformamide 370 5.2
Acetonitrile 500 6.3
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round 610 nm. The inset shows the shape of the typical tran-
ient kinetics observed whatever the wavelength and consisting
n a fast rise followed by a plateau. As depicted in Fig. 7B, this
ransient is quenched by naphthalene as revealed by a fast dis-
ppearance of the original absorption (e.g. at 450 nm) together
ith the appearance of the naphthalene triplet state at 420 nm.
The laser excitation forms the S2 state. According to the above

iscussion, the model involves four states: S2 (��*), S1 (n�*),

2 (��*) and T1 (n�*) similar to those of TPMK (Scheme 5)
ut the available experimental data rule out the possibility for the
inetic treatment to settle once and for all this scheme. A fit of
he decay trace is reported in the inset of Fig. 7 where the decay
t 450 nm yields a bimolecular TPK/naphthalene quenching rate
onstant (5 × 109 M−1 s−1) almost similar to the value used in
3] for naphtalene. The ISC rate constant is estimated to be higher
han 1011 s−1 (within the time response of the apparatus). The
ighly efficient naphthalene quenching is in line with the 3n�*
haracter of T1.

.3.2.3. Transient spectra and kinetics of PMK. The picosec-
nd laser excitation of PMK in benzene leads to a short-lived
ransient absorption around 485 nm (Fig. 8) which is not
uenched by naphthalene. This absorption is therefore ascribed
o that of the first excited singlet state S1. The energy trans-

er experiment leads to a slight modification of the absorption
round 420 nm supporting the presence of a triplet state (as
lready demonstrated above by LFP quenching experiments).
he overall process can be depicted by the sequence shown in

ig. 8. Evolution of the overall absorption of PMK in benzene at different pump-
robe delays after the excitation pulse. A: in the absence of naphthalene; (a)
20 ps, (b) 540 ps, (c) 870 ps, (d) 1190 ps, (e) 2700 ps. B: in the presence of naph-
halene 0.5 M; (a) 180 ps, (b) 420 ps, (c) 960 ps, (d) 1500 ps. Inset: experimental
©) and calculated (—) transient absorption decay monitored at 475 nm.
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cheme 4: very fast population of S1 from S2, then of T3 from S1
and T1 from T3); the intersystem crossing S2–T3 might occur if
t can compete with the S2–S1 internal conversion. In the absence
f a significant detectable effect of the naphthalene quenching
n the kinetic traces (due to the strong absorption of the S1 state),
o model can be obviously tested for PMK. The S1 lifetime is
00 ps: the intersystem crossing should occur within 700 ps.

.3.2.4. Transient spectra and kinetics of TMPK in different
olvents. The behavior of TPMK has been also considered in
everal solvents. The same trends are observed. The S1 and T1
ifetimes, shown in Table 2, tend to decrease as the polarity of the

edium increases. Possible explanations for this behavior can be
he following. First, in polar hydroxylic solvents, the 1��* states
re stabilized whereas the 1n�* states are destabilized because
f the solute–solvent interactions (polarity/polarizability and
ydrogen bonding); thus the energy gap between S1 (1n�*)
nd S2 (1��*) decreases, enforcing the ��* character of the
1 state and shortening its lifetime. Second, the polarity of the
olvent stabilizes the polar transition state exhibiting a partial
ositive charge at the � carbon (expected in cleavable ketones):
his would lower the barrier for the �-cleavage, increase the rate
onstant and, as a consequence, decrease the 3n� state lifetime.
hird, the occurrence of a strong intermolecular hydrogen bond
ould increase the reactivity by locking the ketone in a favor-
ble conformation as observed in benzoin [14c] and hydroxyl
cetophenone derivatives [14b].

. Conclusion

In this paper, the role of the para thioether substitution on a
enzoyl group as well as the hyperconjugation with a substituent
morpholino one) introduced at the � carbon position is out-
ined. The derived kinetic models for the excited state processes
erfectly fit the experimental results. From a general point of
iew, our work clearly shows that a combined approach based
n steady-state experiments, time-resolved laser spectroscopy
nd molecular modeling calculations allows to characterize the
nvolved molecular orbitals, to explain the observed transitions

nd to propose a diagram of singlet and triplet energy levels.
his kind of work opens up a new insight into the ground state
bsorption properties and the excited state reactivity of photoini-
iators.
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