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68093 Mulhouse, France

Received 7 March 2007; received in revised form 27 April 2007; accepted 1 May 2007
Available online 5 May 2007

bstract

The photophysics and photochemistry of five aromatic �-diketones exhibiting different geometries are reported. The ground state geometry is
orrelated to the absorption spectra and electron reduction properties. The emissive singlet states of transoidal �-diketones have a n,�* character
nd are weakly polar. The triplet states of all �-diketones exhibit a strong n,�* character which is consistent with the vibronic structure of the
hosphorescence spectrum observed both in glassy matrix at 77 K and in oxygen-free solution at room temperature. The triplet state energies
re influenced by the trans/cis conformation and by the degree of conjugation of the carbonyl groups with their adjacent phenyl moities. These
wo factors have important consequences on the �-diketone photoreactivities. The reaction constants ρ of the Hammett’s plot for the triplet state
uenching by several phenol derivatives indicate that the electrophilic character of the transient state is tunable by rotation of the intercarbonyl

ihedral angle. After hydrogen abstraction, the intramolecular hydrogen exchange between the two vicinal carbonyl groups plays a major role in
he stabilization of the produced ketyl radical. Consequently, the rate constants of hydrogen abstraction in the presence of 2-propanol vary by three
rders of magnitude.

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

Spectroscopic and electronic properties of �-diketones have
een the subject of an important number of theoretical and
xperimental studies [1–9]. Such compounds have demonstrated
heir versatile use in many applications such as in the photoe-
oxidation of olefins in the presence of oxygen [10–12] or as
hotoinitiators of free radical polymerization when associated
ith an hydrogen donor [13–15]. For instance, camphorquinone

n connection with a tertiary amine is widely used as a free
xygen two-component photocuring system for acrylate-based
ental restorative resins [16,17]. In that case, the photoinitiating
rocess generally occurred via a triplet excited state T1 [18].
bviously, the photoreduction of the �-diketone triplet state
ainly influences the efficiency of the primary process. This
hotoreduction is subsequently governed by several intrinsic
actors such as: (i) the triplet energy level ET which explains for
nstance that benzophenone (ET = 69 kcal mol−1) is 1000 times

∗ Corresponding author. Tel.: +33 389 33 50 11; fax: +33 389 33 50 14.
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ore photoreducible than biacetyl (ET = 56 kcal mol−1) in the
resence of isopropanol; (ii) the �,�* or n,�* character of the T1
tate which directs the electron density localization at the excited
tate and then the symmetry of the transition state; (iii) the reac-
ivity of the T1 state toward the hydrogen abstraction reaction
hat can be “switched-off” due to an electron donating contri-
ution of the heteroatom placed at the � position of a carbonyl
unction [19,20] (this was recently exemplified through the mea-
urement of the relative photoreduction rates of N-methylisatin
nd 3,3 dimethyl-1,2-indanedione and explained on the basis of
n excited charge transfer process which decreases the elec-
rophilicity of the carbonyl oxygen [21]); (iv) the geometry
onformation which is expected to be a key factor to modulate
he photoreactivity of the excited states.

Among the large number of sterical parameters that influ-
nce the electronic properties of the �-diketone chromophores,
ome of them are mainly decisive to describe the photophysical
roperties: for example, several working groups have clearly

emonstrated that the n,�* nature of the lowest singlet and
riplet states is strongly dependent on the intercarbonyl dihedral
ngle [3,7,8,22–24]. However, this photorotamerism approach
n the T1 state has been poorly correlated to the photoreactivity.

mailto:xavier.allonas@uha.fr
dx.doi.org/10.1016/j.jphotochem.2007.05.005
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Scheme 1. Formulas of the studied �-diketones.

he present article is devoted to a study of a carefully selected
romatic �-diketone family (Scheme 1). The main goal of this
aper is to correlate the photophysical and photochemical prop-
rties of these compounds to the geometry conformations of
he ground and excited states. Relevant parameters that strongly
nfluence the photoreactivity of such a �-diketone family will
e highlighted.

. Experimental and methodology

All the solvents employed were Aldrich or Fluka spectro-
copic grade. Dibenzo[a,d]cyclohepta[1,4]-diene-10,11-dione
SUB) was a gift from Dr D. Lougnot. 1-Phenyl-1,2-
ropanedione (PPD), benzil (BZ), 9,10-phenanthrenequinone
PHEN), acenaphtenequinone (AQ) as well as the phenol
erivatives, triethylamine and 2-propanol were purchased from
ldrich. Except for AQ (which was recrystallized from acetic

cid and kept in the dark to prevent photooxidation to 1,8-
aphtalic anhydride), all compounds were used without any
urther purification.

The cyclic voltammetry experiments (using a computer-
ontrolled Princeton 263A potentiostat with a three-electrode
ingle-compartment cell; a saturated calomel electrode in
ethanol used as a reference was placed in a separate com-

artment) were performed at 300 K, in Ar-degassed acetonitrile
ith a constant concentration (0.1 M) of n-Bu4BF4. Ferrocene
as used as an internal reference.
The UV–vis spectra were recorded in a Beckman DU-640.

he oscillator strengths f of the S0–S1 electronic transition
ere calculated using the following relationship [18]: f = 4.10−9

ε�ν1/2)/2, where ε (M−1 cm−1) and �ν1/2 (cm−1) correspond
o the extinction coefficient of the transition and its correspond-
ng half band width, respectively. For PHEN, a set of Gaussian
unctions were necessary to deconvolve the absorption band.

A FluroMax 2 Luminescence Spectrometer was used for the
uorescence and phosphorescence measurements. All the flu-
rescence spectra were spectrally corrected; the fluorescence
uantum yields (which took into account the correction due
o the solvent refractive index) were determined relatively to
uinine bisulfate in 0.1N sulfuric acid (φ = 0.52) [25]. The

uorescence lifetimes were measured using, as an excitation
ource, a pulsed diode laser emitting at 372 nm operated by
iode controller (PDL-800-B, Picoquant) operating at 40 MHz.
he detection was based on a fast photomultiplier (H5783P-

H
b
I
a
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4, Hamamatsu) and a single photon counting setup (Fluotime
00 and Timeharp 200, Picoquant). The response function was
ower than 0.1 ns and a classical procedure of iterative deconvo-
ution was applied. Steady-state anisotropy measurements were
erformed in 2-methyltetrahydrofuran at 77 K. The samples are
laced in a 5-mm diameter quartz tube inside a Dewar filled with
iquid nitrogen. Two Glan–Thompson polarizers are placed in
he excitation and emission beams. The anisotropy r is deter-

ined as follows:

= 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. The phosphorescence spectra were collected at room tem-
erature in deaerated acetonitrile by bubbling oxygen-free argon
or 20 min. Each spectrum is discriminated from fluorescence by
ubtracting the spectra collected after and before degassing.

Laser flash photolysis (LFP) experiments were carried out
ith a Edinburgh Analytical Instruments LP900 equipped with
450-W pulsed Xe arc lamp, a Czerny-Turner monochromator

nd a fast photomultiplier. Samples previously deaerated were
rradiated with the third harmonic (λ = 355 nm, pulse duration
bout 10 ns, 5 mJ pulse−1) of a Nd/YAG (Powerlite 9010, Con-
inuum). Sample concentration was adjusted to get an absorption
f 0.3 at the excitation wavelength.

Molecular modelling was performed with Gaussian 03 run-
ing on the 16 processor cluster (16 Itanium 1.8 GHz, Altix,
ilicon Graphics) of the laboratory. Optimization of the ground
tate structures was performed with both HF/6-31+G* and
3LYP/6-31+G* methods. Electronic transitions were com-
uted on the optimized geometries using a time-dependent
ethod B3LYP/6-311++G** [26].

. Results and discussion

.1. Ground state properties

The absorption spectra of the studied �-diketones in acetoni-
rile are depicted in Fig. 1. The experimental and theoretical
ata are listed in Table 1. PPD and BZ exhibit absorption spec-
ra similar in shape between 220 and 350 nm. They are intense
nd correspond to allowed ��* transitions. They consist into a
ain band localized at 255 nm and a shoulder at 285 nm which

orrespond to the S0–1La and S0–1Lb transitions (according to
he Platt notations for the La and 1Lb states [27]) centred on the
cetophenyl moities. Interestingly, these two bands which are
nvariant to the solvent polarity exhibit extinction coefficients
wice higher for BZ than for PPD. The benzoyl fragments of ben-
il thus appear as electronically decoupled in the ground state.
his decoupling is consistent with the high intercarbonyl dihe-
ral angles φCO–CO derived from optimized geometries at the

F/6-31+G* and B3LYP/6-31+G* levels of theory. Although
oth methods give different values, the same trends are observed.
ndeed, the φCO–CO values exceed 90◦, indicating that both PPD
nd BZ exhibit a transoidal conformation. As a consequence of
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Table 1
UV absorption spectral data, calculated intercarbonyl dihedral angles and reduction potentials of �-diketones

λabs (nm) εa (M−1 cm−1) �ν1/2
a (cm−1) f (×100) φCO–CO (◦)b φCO–CO (◦)c Ered

a (mV/Fc)

PPD 391a; 444d 34 6000 0.082a; 0.05c 116 135 −1400e

BZ 378a; 428d 80 4250 0.13a; 0.06c 136 116 −1250
SUB 434a; 478d 67 1875 0.050a; 0.01d 41.2 25.9 −985
PHEN 495a; 554d 40 1150 0.018a; 0.00d 11.3 0.02 −720
AQ 478a; 535d 27 2200 0.024a; 0.00c 0.00 0.00 −1000

a In acetonitrile.
b Optimized at the HF/6-31+G* level.
c Optimized at the B3LYP/6-31+G* level.
d Computed at the TD B3LYP/6-311++G** level on the optimized B3LYP/6-31+G
e Irreversible.
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ig. 1. Absorption spectra of the �-diketones in acetonitrile: (�) PPD, (©) BZ,
�) SUB, (�) PHEN, (♦) AQ.

he carbonyl group decoupling, the reduction potentials of these
ompounds (Table 1) are comparable to that of benzaldehyde
−1400 versus Fc+/Fc) [28]. The non reversible voltammograms
btained for PPD show that the radical anion is destabilized by
he methyl group (+I effect), confirming indirectly the role of the
wo ketone moities in the delocalization of the negative charge.

In contrast, the lowest energy electronic transitions have
xtinction coefficients which do not exceed 100 M−1 cm−1 with
scillator strengths lower than 0.01: they are strongly forbid-
en. An hypsochromy is noted with a shift that is about 10 nm
or BZ when going from cyclohexane to acetonitrile and 17 nm
or PPD. Both the extinction coefficients and the solvatochromy
re in line with n�* transitions. The extinction coefficient of
he lowest energy absorption band is twice higher for BZ than
or PPD. This underlines that the enhancement of the steric hin-
rance around the intercarbonyl bond for BZ compared to PPD
eads to a lower conformer dispersion and consequently explains
he noticeable increase of the oscillator strength and a substantial
arrowing of the last absorption band.
The absorption spectrum of SUB consists in a large band
entred at 275 which lies up to 380 nm. The S0–S1 absorption
and around 430 nm exhibits a blue shift in different solvents
f increasing polarity. The maximum absorption wavelength

c
�
d
E

* geometry.

ncreases by 10 nm from cyclohexane to acetonitrile. While
CO–CO strongly decreases from BZ to SUB, a similar blue
hift is observed when going to higher polarity solvents. As usu-
lly stated for rotation effects around a chemical bond [29], this
learly indicates that the difference between the dipole moments
f the ground state and the Franck–Condon excited state is main-
ained constant upon the rotation of the intercarbonyl bond.

Comparison of the absorption spectrum of PHEN with
henanthrene used as model shows an important change.
henanthrene exhibits an intense S0–1Ba transition and two
eak S0–1La and S0–1Lb transitions at 290 nm and 330 nm

27]. In PHEN, the S0–1Ba transition is red shifted to 265 nm.
he S0–1La and S0–1Lb transitions are not discernable any
ore as two new large bands are observed at 320 and 415 nm.
hese bands are sensitive to the solvent polarity as they are red
hifted by 7 and 17 nm, respectively, when changing cyclohex-
ne for acetonitrile. Time-dependent density functional theory
omputations (at the TD-B3LYP/6-311++G** level) on the full
eometrical optimized structure of PHEN clearly show that these
wo bands exhibit a charge transfer CT character going from the
henanthrene (donor) to the biacetyl fragment (acceptor). This
s consistent with the fact that the progressive addition of tri-
uoroacetic acid to an acetonitrile solution of PHEN induces a
ed shift of these two bands. This red shift is attributable to the
act that the oxygen protonation of the carbonyl groups leads to
positive charge formation on the dicarbonyl subsystem which

ncreases its electron acceptor character and therefore favours
he CT process.

Similar results are found with AQ when compared with naph-
halene. The intense band at 300 nm corresponding to the 1La
ransition [30] keeps its vibronic structure but is red shifted by
5 nm. Moreover, a large shoulder appears at the red tail, it
as assigned to a � → �∗ transition which involves an elec-

ron redistribution between the naphthalene and the dicarbonyl
oiety and also exhibits a CT character [31].
The progressive decrease of φCO–CO from PPD to AQ leads

o a cisoidal geometry for SUB, PHEN and AQ. As a conse-
uence, the aromatic conjugation between the phenyl moities
s favoured and leads to a red shift of the S0–S1 band. This

onformational change has also a strong consequence on the
-diketone reduction potential which is very sensitive to the
ecoupling of the two benzene rings. From PPD to PHEN, the
red
1/2 values increase with decreasing φCO–CO, showing that the



J.-P. Malval et al. / Journal of Photochemistry and Photobiology A: Chemistry 192 (2007) 66–73 69

F
c

c
a
t
s
t
p
a
a

3
t
m
e
f
T
t
t

3

3

a
P
s
B

Table 2
Fluorescence spectroscopic data of PPD and BZ

λfluo (nm) φfluo × 103 τfluo (ns) kr (s−1) kcal
r (s−1) knr (s−1)

PPD 482 1.3 2.6 5 × 105 5.4 × 105 3.8 × 108

B 6 5 8
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ig. 2. Normalized absorption and fluorescence spectra of PPD and BZ in
yclohexane (full lines) and in acetonitrile (dashed lines).

oplanarity of the two carbonyl groups enhances the electron
cceptor character. The reduction potentials not only measure
he relative electron acceptor ability of this aromatic �-diketone
eries but also give a qualitative test for the degree of conjuga-
ion of the carbonyl fragments of each molecule. In our case, a
re-organisation of the �-diketones into a cisoidal conformation
ppears as a favourable factor for an amplification of the electron
cceptor capability in the ground state.

Time-dependent computations at the TD-B3LYP/6-
11++G** level and in the gas phase predict first electronic
ransitions to be 53 nm red-shifted compared to the experimental

aximum absorption bands. This corresponds to about 10%
rror in energy. This electronic transition is strongly forbidden
or all the structures with oscillator strengths lower than 0.01.
he predicted oscillator strengths are in good agreement with

he experimental ones, with values lower than 0.01, and a good
rend over the whole series of molecules.

.2. Excited state properties

.2.1. Fluorescence emission
The fluorescence is collected upon exciting at the maximum
bsorption wavelength of the S0–S1 absorption band. SUB,
HEN and AQ do not exhibit any fluorescence whatever the
olvent used. Fig. 2 displays the emission spectra of PPD and
Z in cyclohexane and in acetonitrile. Even in a polar solvent

n
t
n
p

able 3
hosphorescence spectroscopic data of �-diketones in acetonitrile

2MeTHF (T = 77 K) ACN (T = 300 K, O2 free)

ET (kcal mol−1) ν (cm−1) ET (kcal mol−1) ν (c

PD 53.9 1540 52.9 145
Z 53.8 1470 50.9 164
UB 56.5 1580 –
HEN 51.5 1570 49.7 148
Q 51.9 1620 50.4 164

ee text. Triplet state lifetimes τT.
Z 502 2.5 2.2 1.1 × 10 9.5 × 10 4.5 × 10

xcitation at the maximum absorption wavelength of the S0–S1 absorption band.

uch as acetonitrile, the fluorescence bands of PPD and BZ
how vibrational structures which are associated to a symmet-
ical intercarbonyl bond stretching mode. The respective wave
umbers (950 and 1150 cm−1) are consistent with the values
easured from the I.R. spectra [22]. The large distribution of

otamers observed in the ground state of PPD [3] does not appear
ny more in the first excited state: indeed, the fluorescence half-
and widths of PPD and BZ are of the same order whatever the
olvent. The very large Stokes-shift between the absorption and
he fluorescence and the absence of a mirror image relationship
enote a significant geometry relaxation between the ground
tate and excited state conformations. The fluorescence spectra
o not change upon increasing the solvent polarity: compared
o the blue shift of the S0–S1 absorption band, this indicates
hat the radiative deactivation of the S1 state occurs only from

well defined and weakly polar geometrical structure. Planar
ransoidal (for example in PPD and BZ) and cisoidal conforma-
ions were proposed as possible geometric skewed structures of
xcited species [23]. The transoidal hypothesis is clearly con-
istent with the present observations since it requires a large
wisting of the intercarbonyl bond and leads to a decrease of the
xcited state dipole moment due to the C2h symmetry of this
onformation.

The fluorescence lifetimes in acetonitrile are given in Table 2.
ll compounds exhibit a mono-exponential decay. From the flu-
rescence lifetimes (τfluo) and the quantum yields (φf), both
he radiative kr and non-radiative knr (intersystem crossing plus
nternal conversion processes) rate constants can be derived.
alculated kr values can also be derived from the relationship:
cal
f = ν2

0f where ν0 (in cm−1) and f are the wavelength number
nd the oscillator strength of the S0–S1 transition, respectively.
able 2 shows that the calculated and experimental values are in
ood agreement. The radiative rate constants are very low and do
ot exceed 106 s−1. Large knr values (more than 400 times higher

han kr) are noted. This is in agreement with the contention that
�* S1 states are very weakly emissive excited states and usually
resent a high intersystem crossing rate constant.

m−1) ΔES1−T1 (kcal mol−1) λabs (T1–Tn) nm) τT (ns)

0 6.5 450 4900
0 6.0 480 450
– – 420 110
0 4.4 460 2700
0 3.8 600 4200
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.2.2. Phosphorescence emission
Fig. 3A shows the phosphorescence spectra recorded in a

lassy matrix of 2-methyltetrahydrofuran at 77 K. Each spec-
rum unambiguously reveals a strong vibronic structure that can
e associated with symmetrical carbonyl stretching modes (wave
umbers ranging from 1450 to 1650 cm−1). The phosphores-
ence band shapes are typical of emissive triplet states having a
trong n,�* character.

Table 3 gathered the triplet energies calculated from the
hosphorescence maximum wavelength for each diketone: these
nergies values are close to those previously measured for BZ,
PD by phosphorescence and PHEN, AQ by laser spectroscopy
21,23,32–34]. The triplet states of PPD and BZ on one hand,
HEN and AQ on the other hand exhibit similar energies around
3.8 and 51.7 kcal mol−1, respectively. This is explained by the
ery close geometry of each respective triplet state: for the two
atter cyclic diketones, the rigid and planar cisoidal conformation
an be obviously invoked. Moreover, the electronic delocal-
zation of the oxygen unpaired electrons is also a stabilizing
actor that well explains the low value of the triplet energy. The
ore flexible transoidal conformations for PPD and BZ lead to
slightly higher energy. SUB is characterised by a triplet energy
f 56.5 kcal mol−1. The geometry of SUB is cisoidal but con-
rary to PHEN or AQ, the oxygen atoms do not participate to
he conjugation any more. A flexibility increase around a car-
onyl group leads to a more pronounced aliphatic character and
n increase of ET [36]: this holds true for SUB where the seven
ember ring imparts more flexibility.
In the case of BZ only, the phosphorescence spectrum is

ependent on the excitation wavelength, as shown in Fig. 4.
hen the excitation moves from 430 to 380 nm, the phos-
horescence emission is blue shifted by 20 nm corresponding
o a significant triplet energy increase of 2.1 kcal mol−1. The
xcitation spectra recorded at the blue and red edge of the phos-
horescence spectrum, respectively, reveal the existence of two

ig. 3. (A) Phosphorescence spectra of the �-diketones in a glassy matrix of
-methyltetrahydrofuran at 77 K/(�) PPD, (�) BZ, (�) SUB, (�) PHEN, (�)
Q. (B) Phosphorescence spectra of the �-diketones in oxygen-free acetonitrile
t 300 K/(�) PPD, (�) BZ, (�) PHEN, (�) AQ.
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exc

80 nm and λem: 470 nm)/(�) anisotropy of the excitation spectrum collected at
70 nm; (ii) dashed lines (λexc: 430 nm and λem: 580 nm); (iii)/(�) anisotropy
f the excitation spectrum collected at 580 nm.

xcited species populations (Fig. 4): the decay time is 4.70 ms
hen exciting at 390 and 5.34 ms when exciting at 430 nm. This
ehaviour was already shown for BZ, the blue emitting species
resenting a geometrical structure similar to that of the SUB
riplet state [34,35].

While their excitation spectra are very similar, the red emit-
ing species exhibit a noticeable red absorption band tail. Steady
tate anisotropy measurements also enable to discriminate these
wo species: the blue and red emitting species have an aver-
ge anisotropy of 0.038 and 0.003, respectively. The former
nisotropy is equivalent to that measured for SUB (0.032),
esides the triplet energies are also similar: this confirms that
he blue emitting species BZ and SUB triplet states present a
imilar geometrical structure.

At room temperature (except for SUB which is non phospho-
escent in that case), all diketones still exhibit vibronic structured
mission spectra (Fig. 3B). The excitation wavelength effect is
ot observed any more for BZ. Moreover, a shoulder in the blue
egion of the phosphorescence spectra is noted: in the case of
Z, this emission was attributed to the delayed fluorescence

hat is usually generated by a thermally activated reverse inter-
rossing system between the lowest singlet and triplet states
32,33,37]. The energy gaps between S1 and T1 are listed in
able 3: they do not exceed 10 kcal/mol which is a characteristic
f S1(n,�*)–T1(n,�*) splitting [21,23,32–34].

.2.3. Triplet states reactivity
The transient absorption spectra of �-diketones were

ecorded after laser excitation in deaerated acetonitrile. Fig. 5
hows the spectrum obtained for SUB. Under our experimental
onditions and at low light energy excitation (∼4 mJ pulse−1),
riplet–triplet annihilation can be avoided so that each triplet-
tate absorption decay can be fitted with a first-order kinetics

the triplet lifetimes are collected in Table 3). Except for AQ, all
romatic �-diketones exhibit a strong absorption band between
00 and 550 nm. The T1–Tn absorption spectra of PPD and
Z present a maximum at 450 nm and 480 nm, respectively
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ig. 5. Experimental triplet–triplet absorption spectrum of SUB taken 300 ns
fter the laser pulse in oxygen-free acetonitrile. Excitation: 355 nm. Insert: decay
f the transient at 410 nm. Calculated triplet–triplet absorption spectrum.

38]. The cyclic aromatic �-diketones have a T1–Tn maximum
avelength that shifts to the red region and a triplet lifetime

hat increases when the aromaticity is increased (e.g. SUB and
Q). Time-dependent computation at the B3LYP/6-311++G**

evel on the relaxed triplet state allows to predict many T1–Tn

ransitions, the lowest having absorption in the near IR. This
nderlines that upper triplet states are very close to T1. Beyond
his fact, the prediction is in good agreement with the exper-
ments, as shown in Fig. 5 in the case of SUB triplet state
bsorption spectrum.

The interaction of the �-diketone triplet states with quenchers
aving hydrogen and electron donor character such as 2-
ropanol, triethylamine TEA and some phenol derivatives was
nvestigated. This leads to the formation of a ketyl radical as

hown for SUB in Fig. 6. The latter spectrum exhibits a maxi-
um absorption located at 380 nm with a broad shoulder in the

50 nm wavelength range, in perfect agreement with the calcu-
ated spectrum at the B3LYP/6-311++G** level. This underlines

ig. 6. Experimental and calculated transient absorption spectra of the ketyl
adical of SUB in oxygen-free acetonitrile (1 �s after laser pulse). Excitation:
55 nm. Insert: decay of the transient monitored at 380 nm. Calculated ketyl
adical absorption spectrum.
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ig. 7. Quenching plots for the SUB triplet state/phenol derivatives interaction
n oxygen-free acetonitrile (λexc: 355 nm, λana: 460 nm).

gain how well TDDFT methods can be used for the prediction
f radical spectra.

Interaction rate constants kq are usually obtained by follow-
ng the triplet state decay kexp according to the Stern–Volmer
quation: kexp = k0 + kq[Q], where k0 is the decay rate constant
f the triplet state in absence of quencher and [Q] is the quencher
oncentration. The ketyl absorption sometimes prevented such
measurement and therefore the following treatment was used.
s the triplet state disappears with the same kinetics as the ketyl

adical is formed, the kexp rate constant can be obtained from
he following relationship [39]:

n
�OD − �OD∞
�OD0 − �OD∞

= −kexpt

here �OD is the transient absorption at time t, �OD0 the
bsorption just after the pulse and �OD∞ is the final absorption.
ig. 7 shows typical representative plots for the quenching of
UB by several phenols.

Rate constants kq are gathered in Table 4. The triplet states
f PPD and BZ are quite insensitive to 2-propanol even in pure

-propanol solution, the upper limit value (<1.7 × 104 M−1 s−1)
eing similar to that of biacetyl [40]. In the opposite way,
UB exhibits the highest rate constant of the cisoid diketones

able 4
ate constants of the interaction between the �-diketones and various hydrogen
onors in acetonitrile

uenchers kq (M−1 s−1)

PPD BZ SUB PHEN AQ

-Aminophenol 7.1 × 109 6.8 × 109 1.1 × 1010 1.0 × 1010 1.1 × 1010

-Hydroxyphenol 8.4 × 108 1.3 × 109 7.7 × 109 5.2 × 109 4.1 × 109

-Methoxyphenol 2.9 × 108 1.1 × 109 5.7 × 109 8.3 × 109 3.8 × 109

henol 2.5 × 106 3.5 × 106 1.2 × 109 9.1 × 108 7.1 × 107

-Chlorophenol 5.1 × 106 7.4 × 106 8.8 × 108 1.2 × 109 5.6 × 107

-Chlorophenol 5.7 × 105 1.0 × 106 9.4 × 108 5.6 × 108 4.5 × 107

-Cyanophenol 4.6 × 105 1.3 × 106 8.5 × 108 3.9 × 108 8.6 × 106

riethylamine 2.3 × 108 6.3 × 108 8.7 × 109 3.1 × 109 4.0 × 109

-Propanol <1.7 × 104 <1.7 × 104 2.7 × 107 4.7 × 106 1.2 × 105
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Table 5
The ρ values in the Hammett’s plots for the hydrogen abstraction of the �-diketone triplet states by phenol derivatives

PPD BZ SUB PHEN AQ

− 0.07

(
A

c
(
r
t
t
t

a
d
b
t
t
o
i
r
v
F
l
i
a
t
l
v
a
f
c
c
S

F
b

t
r
c
t
k
b
e
1
m
c
g
d
r

4

o
s
t
t
�
s
T
a
e
c

2.23 ± 0.15 (0.98)a −2.14 ± 0.19 (0.98)a −0.65 ±
a Linear regression coefficient.

2.7 × 107 M−1 s−1). However, the rate constant for PHEN and
Q is about 6 and 200 times lower, respectively.

Quenching rate constants of PPD and BZ by TEA roughly
orrespond to that of biacetyl [40]. The poor linear correlation
r = 0.80) obtained when plotting log kq versus the diketones
eduction potentials Ered might indicate that the primary charge
ransfer process is not the driving one and indirectly confirms
hat excited states exhibiting a n,�* character are less sensitive
o open shell charge acceptor ability.

Phenolic hydrogen abstraction reactions produce a phenoxyl
nd a ketyl radical. The quenching rate constants are strongly
ependent on the �-diketone (for example, for PPD, kq increases
y a factor of 10000 from 4-cyanophenol to 4-aminophenol;
his factor is about 15 for SUB). The linear Hammett plots of
he interaction rate constants of the �-diketones as a function
f the various para- and meta-substituted phenols are depicted
n Fig. 8. A better correlation is obtained when using σ+ values
ather than σ values as usually done [41]. The reaction constant
alues ρ (slopes of the Hammett plots) are listed in Table 5.
or AQ, a good agreement is obtained with the previously pub-

ished value (i.e.: −1.5 ± 0.17) [42]. The negative value of ρ

ndicates that the transition state presents an electrophilic char-
cter at the phenol reaction partner which is tuneable from PPD
o AQ; it reaches a minimum with SUB this could be put in
ine with the evolution of the rate constants. The ρ values are
ery negative for the transoidal �-diketones PPD (−2.23 ± 0.15)
nd BZ (−2.23 ± 0.15) and should be compared with ρ = −1.15

or biacetyl [43]: a noticeable charge density appears and is
orrelated to the more pronounced aliphatic character of the
arbonyl groups of biacetyl. In the flexible cisoidal diketone
UB, two factors promote a dramatic decrease of the transi-

ig. 8. Hammett plot for the hydrogen abstraction reaction of the �-diketones
y the phenol derivatives in acetonitrile.

b
a
a
o

R

[

[
[
[

(0.97)a −0.77 ± 0.07 (0.98)a −1.63 ± 0.11 (0.99)a

ion state electrophilic character: (i) the absence of a strong
ing constraint which still allows conjugation decoupling of the
arbonyl groups from the phenyl rings, (ii) a cisoidal conforma-
ion that leads to a considerable stabilization of the resulting
etyl radical thanks to an intramolecular hydrogen bonding
etween the hydroxyl group and its vicinal carbonyl group (this
ffect has been also mentioned for camphorquinone [44] or for
,2 aceanthrylenedione [45]). Rigid, planar and cisoid confor-
ation is progressively enforced and accentuates the aromatic

onjugation which leads to a strong delocalization of the oxy-
en unpaired electrons. Steric ring constraint also increases the
istance between the oxygen atoms which destabilizes the cor-
esponding ketyl radical.

. Conclusion

Photorotamerism related to the dihedral intercarbonyl bond
f aromatic �-diketones has a strong influence on the ground
tate and excited state properties. The progressive decrease of
he dihedral angle φCO–CO induces a red shift of the absorp-
ion spectrum and favours the electron acceptor ability of the
-diketones. The emitting singlet states of PPD and BZ are tran-
oid, planar and weakly polar with a prominent n,�* character.
he triplet state of all �-diketones still conserves this n,�* char-
cter. In the hydrogen abstraction reaction, the transient state
xhibits an electrophilic character that markedly decreases when
onsidering a flexible cisoid �-diketone. The triplet energy is
oth influenced by the trans/cis conformation geometry and the
liphatic character of carbonyl groups: these two parameters
ppear as relevant factors for the tuning of the photoreactivity
f �-diketones.
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