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bstract

The photo-oxidation of 1-butyl-4-(1H-inden-1-ylidene)-1,4-dihydropyridine (BIDP) and its 2-methyl derivative (BIMDP) by molecular oxygen
s reported. The quantum yields are small, ranging from 10−3 to 10−5, depending on solvent and irradiation wavelength. Oxidation is assigned to
he reaction of the ground state molecules with singlet oxygen (O2(1�g)) labeled hereafter as 1O2 which is produced in turn by energy transfer
rom the indenylidene–dihydropyridine derivatives triplet state. In the absence of competing processes, the chemical yield of the oxidation can be
ery high for elongated irradiation. The reaction quantum yield depends on solvent polarity, being significantly larger in polar solvents than in
on-polar ones. Photo-sensitization experiments using benzophenone to produce 1O2 show that the rate constant for singlet oxygen reaction with
IDP is also solvent dependent, increasing with polarity. A tentative mechanism accounting for the small quantum yield of the photo-oxidation

s proposed. The major deactivation process of the initially excited singlet after optical excitation is internal conversion, whose rate constant is

everal orders of magnitude larger than the rate constants of intersystem crossing and of fluorescence. The larger oxidation yield in polar solvents
ompared to non-polar ones is mainly due, according to the proposed mechanism, to the more efficient oxidation of the substrates by 1O2 in polar
olvents.

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

BIDP and BIMDP belong to a family of molecules that may
e considered as nitrogen analogs of sesquifulvalenes. They
re characterized by very intense absorption band in the visible
ange, and upon irradiation at this band neither fluorescence nor
hotochemical activity were reported. The photochemical sta-
ility and negligible fluorescence intensity indicate very rapid
nd efficient internal conversion (IC) to the ground state. We
ecame interested in these compounds as a conical intersec-
ion is predicted to mediate this fast process. A simple model
alculation on CPHDP, which may be considered as the par-
nt compound of BIDP and BIMDP (see Fig. 1), indicates that

he curve crossing responsible for the conical intersection may
e removed in a polar environment [1,2]. We therefore ini-
iated an experimental study of the photochemistry of these
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ompounds. Preliminary experiments indicated that although
he molecules are photo-stable in an inert atmosphere, in air-
quilibrated solutions irradiation at the visible absorption band
eads to de-coloration of the solution. The rate and yield of this
leaching, tentatively assigned to photo-oxidation, were found
o depend on the solvent and also on the irradiation wavelength.
n this paper we report our mechanistic studies of this photo-
eaction and propose a model that accounts for the solvent effect.

The indenylidene–dihydropyridines are molecules in which a
ihydropyridine moiety is linked to an indene group via a formal
ouble bond (Fig. 1). The molecules have a relatively high dipole
oment in the ground state, rationalized by a large contribution

f a polar VB structure shown in Fig. 1b. These strongly colored
olecules were first synthesized and characterized over 40 years

go [3,4].
Solutions of both BIDP and BIMDP in organic solvents are
ndefinitely stable in an oxygen atmosphere in the dark, and
lso photo-stable when irradiated in the absence of O2; in con-
rast, it was found early on that although the quantum yield of
he reaction is quite small, complete oxidation can be induced

mailto:yehuda@chem.ch.huji.ac.il
dx.doi.org/10.1016/j.jphotochem.2007.06.003
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by the emission of the forbidden 1�g − 3�g

− transition using
a germanium photo-diode (New Focus Model 2033, 30 �s time
constant). A narrowband interference filter centered on 1270 nm
was used to reduce scattered light.
ig. 1. (a) The molecular structure of CPDHP (left) and the title compounds (ri
hat contribute to the electronic wave-function of the compound.

y extended irradiation. The oxidation process which is thus
ue to a minor deactivation channel of the initially excited sin-
let state, might serve as a probe for the main deactivation
rocess—internal conversion which is mediated by a conical
ntersection [1].

As in all ethylene derivatives, photo-excitation is likely to
e followed by E–Z isomerization. BIMPD was chosen for this
tudy as it has an asymmetric structure, allowing in principle
eparating the E and Z isomers from each other. It was hoped
hat electronic excitation might lead to two spectroscopic distin-
uishable isomers allowing the study of the photo-isomerization
ynamics. However it turned out that the two isomers have very
imilar absorption spectra making it impractical to track the reac-
ion using the visible absorption spectrum. In addition, the two
somers have similar enthalpies of formation and a rather low
arrier along of the thermal reaction exchanging them (from the
MR data of Ref. [4], a barrier for interconversion of the two

somers can be estimated to be about 25 kcal/mol). In this paper
e therefore assume that the two isomers are in rapid thermal

quilibrium at room temperature, existing as a 1:1 mixture.

. Experimental details

The molecules were prepared and purified following litera-
ure procedures [3]. They were characterized by their visible,
R and NMR spectra as well as by elemental analysis. Irradia-
ion was performed either by a cw 450 W xenon high pressure
amp (Oriel Model 6261, whose irradiance between 350 and
00 nm is almost constant) or by the third harmonic (355 nm)
f a pulsed Nd:YAG laser (10 ns, up to 30 mJ/pulse). In the
amp experiments, light was passed through a water cell (act-
ng as a heat shield) and then through an appropriate colored

lter, irradiation time was typically 30–60 min. The transmis-
ion spectra of the filter combinations used are shown in Fig. 2
long with the absorption spectrum of BIPD. Actinometry was
one using a ferric(III) oxalate actinometer [5]. Since broad-

F
s

II is BIDP and III is BIMDP; (b) the covalent and zwitterion VB structures of I

and filters were used, the variation of the filter transmittance
nd the absorbance of the solution were corrected for. The reac-
ion progress was followed by monitoring the visible absorption
and of the reactant; attempts to isolate and characterize the
xidation products by means of chromatography (HPLC, TLC,
C–MS) failed. Unless otherwise stated, all photochemical runs
ere made using air-saturated solutions. The solvents used
ere hexanes, cyclohexane (CH), methylcyclohexane (MCH,
igma–Aldrich, spectroscopic grade), 2-methyl-pentane (2 MP,
luka AG, purum), methyl-cyclopentane (MCP, Fluka AG,
urum) ethylacetate (EA, Sigma–Aldrich, spectroscopic grade),
cetonitrile (MeCN, J.T. Baker, HPLC grade).

In the photo-sensitization experiments, singlet oxygen was
enerated using benzophenone as a sensitizer and the third har-
onic of the Nd:YAG laser for excitation; 1O2 was monitored
ig. 2. The spectrum of BIDP in MeCN and in MCH and the transmission
pectra of Filter combinations A, B and C used in the experiments.
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Table 1
Photo-oxidation quantum yields of BIDP (4 × 10−5 M)a

Solvent Φ(OX) (Filter A) Φ(OX) (Filter B)

MCH 1.8 × 10−5 2.1 × 10−5

THF 7.1 × 10−5 3.8 × 10−5

EA 2.7 × 10−4 7.3 × 10−5

MeCN 3.9 × 10−4 8.7 × 10−5

a Estimated error 15%.

Table 2
Photo-oxidation quantum yields of BIMDP (4 × 10−5 M)a

Solvent Φ(OX) (Filter A) Φ(OX) (Filter C)

2MP 9.0 × 10−5 7.1 × 10−5

MCP 7.0 × 10−5 7.0 × 10−5

MCH 1.1 × 10−4 6.5 × 10−5

THF 2.2 × 10−4 1.1 × 10−4
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A 3.8 × 10 1.8 × 10
eCN 8.6 × 10−4 2.0 × 10−4

a Estimated error 15%.

. Experimental results

.1. Direct photo-oxidation

The UV–vis spectra of BIDP and BIMDP are almost indis-
inguishable, that of BIDP was shown in Fig. 2. Irradiation by a
ltered xenon lamp (Filter A) of the compound in the presence
f oxygen (air-saturated solution) leads to gradual discoloration
n polar solvents; in non-polar solvents the bleaching is much
lower. As seen from Tables 1 and 2, the quantum yields for
hoto-oxidation, Φ(OX), are higher in the more polar solvents,
specially when irradiating in the high frequency part of the
bsorption spectrum. The absolute values of the quantum yields
re rather small (all < 10−3) indicating competition with a much
ore efficient deactivation process.
Attempts (using the nanosecond laser) to observe a tran-

ient absorption, which might be due to a triplet state, were
nsuccessful in all solvents.

.2. Quenching experiments
In an attempt to elucidate the mechanism of the oxidation
eaction, several possible quenchers were used. Piperylene (PP),
liphatic amines (TEA, TMA) and sodium azide (NaN3) are well
nown quenchers of triplet states [6] and of 1O2 [7]. The data

B

t
e

able 3
roduct quenching results

olecule Quencher Solvent

IDP NaN3 MeCN
IDP NMe3 MeCN
IMDP NaN3 MeCN
IMDP PP EA
IMDP PP n-Hexane

a Estimated error 20%.
b Assuming that the quenched species is 1O2 and the following lifetimes: 80 �s in
c Assuming diffusion controlled quenching rate constants.
hotobiology A: Chemistry 193 (2008) 25–32 27

ere analyzed using the Stern–Volmer equation (Eq. (1)) that
ielded a straight line when the photochemical yield was plotted
gainst the concentration of the quencher:

φ(0)

φ(Q)
= 1 + KSV[Q] (1)

ere KSV is the Stern–Volmer constant given by

SV = kQτ0 (2)

ith kQ being the bimolecular quenching rate constant and τ0
s the lifetime of the excited state involved in the reaction in the
bsence of the quencher.

The results of the quenching experiments are reported in
able 3; the data refer to the change in overall reaction yield as
easured from the decrease in the absorbance of the substrate.
he fifth column reports values of kQ assuming that the quenched
pecies is 1O2 using literature data for its decay time in differ-
nt solvents. The sixth column lists calculated τ0’s assuming
iffusion controlled quenching rate constants.

.3. Sensitized oxidation

In order to estimate the potency of singlet oxygen as
n oxidizer of BIDP and BIMDP, benzophenone (BP) was
sed as a sensitizer. The reaction rate constant for the BIDP
xidation by singlet oxygen in MeCN was determined by mea-
uring the decay times of the singlet oxygen emission signal
t 1270 nm in solutions containing different BIDP concen-
rations. In typical experiment the air-saturated solutions of
P (10−3 M) and BIDP (0–2 × 10−5 M) were irradiated by
pulsed Nd–YAG laser at 355 nm in a quartz flow cell and

he averaged (104 shots) singlet oxygen emission signals were
etected by the IR detector and recorded by an oscilloscope
Fig. 3). The solutions were flown at a rate ensuring minimal
eaction so that the BIDP concentration was constant dur-
ng the experiment. The singlet oxygen emission decay time
ecomes shorter at larger BIDP concentrations. The analysis
f the results was accomplished using Stern–Volmer equa-
ion (2) where the quenching constant kQ is assumed to be
dentified with the rate constant of BIDP oxidation by singlet
xygen, and τ0 is the singlet oxygen lifetime at the absence of

IDP.

Substitution of the literature value for the singlet oxygen life-
ime in MeCN (80 �s8) and the Stern–Volmer constant from our
xperiments (88 ± 5) × 103 in Eq. (2) yields the rate constant

KSV (M−1)a kQ(M−1 s−1)b τ0 (s)c

2.7 × 104 3.4 × 108 1.4 × 10−6

1.3 × 105 1.6 × 109 6.8 × 10−6

1.8 × 104 2.3 × 108 1.0 × 10−6

1.7 3.8 × 104 1.1 × 10−10

0.5 1.6 × 104 2.4 × 10−11

MeCN [8], 45 in EA [9], 31 �s in hexane [10], 23 �s in cyclohexane [11].
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ig. 3. Quenching singlet oxygen with BIDP in air-saturated MeCN. Left pan
tern–Volmer plot of the data.

or BIDP oxidation by singlet oxygen in MeCN (kCN
OX) to be

1.10 ± 0.06) × 109 M−1 s−1. Unfortunately the slow response

f the detector and the shorter lifetime the singlet oxygen in
exane solution (∼31 �s10) did not allow the direct evaluation
f the reaction constant in hexanes. In order to estimate the rate
onstant in hexane, comparative steady state photo-oxidation

a
b
t
F

ig. 4. Steady state sensitized photo-oxidation of BIDP in MeCN and hexane O2-satu
olution (spectra recorded at 10 s intervals); Upper right panel: Sensitized photo-blea
anel: The BIDP photochemical conversion vs. time in MeCN (A0 = 1.04) and hexan
glet oxygen emission signals at different BIDP concentrations. Right panel: a

xperiments were carried out in which benzophenone (10−3 M)
as added to 4 × 10−5 M BIDP O2-saturated solutions in MeCN
nd in hexane. The solutions were irradiated at 355 nm and the
leaching rate of the BIDP visible band was followed as a func-
ion of time. The results of these experiments are presented in
ig. 4. From the slopes of the initial absorption change it was

rated solutions. Upper left panel: Sensitized photo-bleach of the BIDP in MeCN
ch of the BIDP in hexane solution (spectra recorded at 30 s intervals); Bottom
e (A0 = 0.79). At is the optical density after irradiation for t (s).
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ound that the quantum yield in MeCN was 12.5 times larger
han in hexane.

In control experiments, the same solutions were irradiated
n the absence of molecular oxygen using nitrogen-saturated
olutions. Some bleaching was observed in hexane and none in

eCN; the rate of bleaching in hexane was much smaller than in
he presence of molecular oxygen. In other control experiments
he solutions were irradiated at 355 nm in the absence of ben-
ophenone. In these cases the bleaching rate was also negligible
ompared to the rate in the presence of benzophenone.

The above results can be interpreted on the base of the fol-
owing kinetic scheme for the sensitized BIDP photo-oxidation:

P(S0) + hν → BP(S∗) (3)

P(S∗) → BP(T1)
(
kS

ISC,S

)
(4)

P(T1) → BP(S0)
(
kS

ISC,S + kP

)
(5)

P(T1) + 3O2 → BP(S0) + 1O2 (kET) (6)

O2 → 3O2 (kD) (7)

+ 1O2 → oxidation products (kOX) (8)

The quantum yield of the singlet oxygen sensitization by BP
Eqs. (3)–(6)) is equal to 0.3 independent of the solvent [12].
q. (7) describes the uni-molecular and solvent-induced deac-

ivation processes (kD) and Eq. (8) BIDP oxidation by singlet
xygen. The rate constant for the oxidation of BIDP by 1O2
kOX) may be estimated from these experiments by considering
he deactivation channels of 1O2, Eqs. (7) and (8).

The quantum yield of oxidation in MeCN is given by

CN
OX = kCN

OX[P]CN
0

kCN
OX[P]CN

0 + kCN
D

(9)

nd a corresponding equation holds for hexane. The ratio of the
uantum yields is then given by:

ϕCN
OX

ϕH
OX

= 12.5 = kCN
OX[P]CN

0

kH
OX[P]H

0

{
kH

OX[P]H
0 + kH

D

kCN
OX[P]CN

0 + kCN
D

}
(10)

The only unknown quantity in this equation is kH
OX, the

ate constant for oxidation of BIDP by 1O2 in hexane. Using
he experimental value for the ratio (12.5) and kCN

OX = 1 ×
09 M−1 s−1 and [P]0 concentrations in MeCN and hexane
4 ×10−5 M and 3 × 10−5 M, respectively) we derive kH

OX =
× 107 M−1 s−1, namely 14 times smaller than in MeCN.
The major assumption of the above kinetic scheme is that

he sensitized photo-oxidation is the only reactive channel, and
here are no additional reactions between BIDP and BP. In a con-
rol experiment, the same reaction was carried out in nitrogen
aturated solutions. A weak new band appearing at 325 nm indi-
ated some photochemistry between BIDP and benzophenone

n nitrogen saturated hexane solution whereas in MeCN nitrogen
aturated solutions a similar reaction was not observed. However
he photo-reaction between benzophenone and BIDP in nitrogen
aturated hexane solution is not important under the conditions

S

P

hotobiology A: Chemistry 193 (2008) 25–32 29

f the photo-sensitized oxidation experiments as the addition
f molecular oxygen appears to block this reaction channel: no
dditional bands are observed around 325 nm during sensitized
hoto-oxidation. This can be rationalized by considering that the
oncentration ratio of oxygen to BIDP in these experiments is
bout 100. Assuming that the second order rate constants for the
eaction of triplet benzophenone with both compounds (oxygen
nd BIDP) are similar, the pseudo-first order rate constant of the
eaction with oxygen must be two orders of magnitude higher
han that of BIDP.

. Discussion

The main experimental results of this work are summarized
n Tables 1–3. It was found that the oxidation quantum yield
s higher in polar solvents than in non-polar ones; moreover,
he quantum yields in the different alkanes are the same within
xperimental error. Therefore, in the following discussion data
btained in experiments with MCH and hexane are considered to
e equivalent. The solvent effect was larger using Filter A, which
llowed irradiation down to 320 nm than in the red-transmitting
ilter B and C. In view of the photo-sensitization experiments,

he increased quantum yield may be due to the production of car-
onyl compounds in the photo-oxidation. They absorb in the UV
within the transmission window of Filter A) and may sensitize
he formation of 1O2 in a mechanism similar to benzophenone,
eading to a fictitious increase in the apparent quantum yield.
t this time the nature of the products has not been elucidated
et, therefore a discussion of this apparent violation of Kasha’s
ule [13] is deferred to the future. The following analysis will
e based of data obtained with Filters B or C, for which no such
omplications are anticipated as the products do not absorb in
heir transmission range.

.1. A proposed mechanism

The following heuristic mechanism may account for the self-
ensitized photo-oxidation experimental data (P stands for the
ihydropyridine derivative):

(S0) + hν → P(S∗) (11)

(S∗) → P(S0) + hν′
(
k0

F

)
(12)

(S∗) → P(S0) (kIC) (13)

(S∗) → P(T∗) (kISC) (14)

(T∗) → P(S0) (kISC + kP) (15)

(T∗) + Q → P(S0) + Q∗ (kQ,T) (16)

(T∗) + O2 → P(S0) + 1O2 (kET) (17)

O → 3O
(
k ′′ + k

)
(18)
2 2 ISC P,O

+ 1O2 → products
(
kOX,S

)
(19)

+ 1O2 → oxidation products (kOX) (20)
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Step (11) is excitation to the first excited singlet state, a pro-
ess that may involve initial excitation of higher excited states.
reliminary ultrafast experiments [1,14] show that the molecule
tays on the excited singlet manifold less than a picosecond, so
hat for all practical purposes initial excitation may be assumed
o populate S1 on a time scale shorter than all subsequent pro-
esses. Processes (12)–(14) depopulate S1; the main deactivation
rocess for the S1 singlet state (denoted as P(S*)) is internal
onversion with a rate constant kIC of the order of 1012 s−1 (the
stimate is based on the lack of fluorescence (or very small quan-
um yield) [15] and the preliminary ultrafast experiments [14]).
he experimental oscillator strength of the S0–S1 transition is
.38 in MeCN; this translates to a radiative rate constant k0 of
.3 × 108 s−1 in MeCN. The intersystem crossing rate constant
ISC is expected to be of the same order of magnitude, as for other
ubstituted olefins [16] (see below for more exact estimates for
ISC in MeCN and MCH solutions). Processes 16 thru 18 depop-
late T1; kISC′′ + kp represents the sum of the intersystem rate
onstant leading from T1 to S0 and the phosphorescence rate
onstants, kQ,T is a quenching rate constant of the triplet by the
olvent (and possibly impurities) and kET is the rate constant
f energy transfer to form singlet oxygen. Processes (18)–(20)
epresent the decay of 1O2, by intersystem crossing or radiation
18), by interaction with the solvent or impurities (19) and by
eaction with the ground state P (20). The latter process is used
o follow the rate of the overall reaction, which leads to oxidation
f P and bleaching of the color.

According to this mechanism, the yields for triplet formation,
inglet O2 formation and substrate oxidation are given by Eqs.
21)–(23), respectively.

(T) = kISC

kISC + k0
f + kIC

(21)

(1O2) = kET[O2]

kET[O2] + kISC′′ + kP + kQ,T[Q]
(22)

(OX) = kOX[P]

kOX[P] + kOX,S[S] + kIISC′′ + kP,O
(23)

The overall oxidation yield ΦTOT(OX), for which experimen-
al results were reported in Tables 1 and 2 is given by

TOT(OX) = φ(T)φ(1O2)φ(OX) (24)

From the available experimental data, kIC � kISC + k0
f ;

herefore, φ(T) can be approximated by kISC/kIC. The ultrafast
xperiments [14] that show a sub-picosecond decay of stim-
lated emission lend support to this approximation. kET is of
he order [17,18] of 5 × 109 M−1 s−1, and the concentration of
olecular oxygen in the air-saturated experiments was about
× 10−3 M [19]; therefore kET [O2] equals about 107 s−1. The

ifetime of the lowest triplet state of olefins in the absence of
olecular oxygen is determined by the other three terms in the

enominator of Eq. (22). In olefins and polyenes it is of the

rder of 50 �s [20], i.e. the other terms together are 2 × 104 s−1.
herefore, φ(1O2) is about 1.0, independent of the solvent,
s found in similar systems [17,18]. kOX is 109 M−1 s−1 and
× 107 M−1 s−1 in MeCN and hexane, respectively (Section

g
b

e

hotobiology A: Chemistry 193 (2008) 25–32

.3). It may be assumed that kOX in MCH is similar to that in
exane as the lifetime of 1O2 in MCH is essentially identical to
hat in hexane [21].

Experimentally ΦTOT(OX) in MeCN is four times larger than
n MCH (Table 1 Filter B).

Eq. (24) can be used to derive the relative efficiencies for
ntersystem crossing in MeCN and MCH.

From the benzophenone sensitized experiments:

{φ(OX)}MeCN

{φ(OX)}HEX
= 12.5

Assuming that φ(1O2) is equal in the two solvents [12,22], it
ollows that.

{φ(T)}MeCN

{φ(T)MCH} = 0.32

Thus, the yield of the triplet is about three times larger in
CH than in MeCN.
Using Eqs. (7) and (8) and the numerical data, φ(OX), the

uantum yield for oxidation of BIDP by 1O2 can be estimated,
ssuming that kD is given by τ−1

0 , where τ0 is the lifetime of 1O2

n the solvent. With [BIDP] = 4 × 10−5 M, one gets that φ(OX)
quals 0.76 and 0.061 in MeCN and hexane, respectively.

These figures, together with the overall photo-oxidation
uantum yields Φ(OX) from Table 1 can be used to derive the
uantum yields for triplet formation in BIDP, φ(T) using Eq.
23) and φ(1O2) = 1.0 for both MeCN and MCH. The derived
alues are,Φ(T)MeCN + 1.1 × 10−4 and Φ(T)MCN = 3.4 × 10−4.

It follows that intersystem crossing is a minor channel in the
ecay of BIDP singlet in both solvents considering that all elec-
ronically excited molecules end up in the ground state. Since
IC � kISC and also kIC � k0

f , the quantum yields of triplet for-
ation φ(T) and of fluorescence, φf, can be approximated by
qs. (25) and (26), respectively:

(T) = kISC

kIC
(25)

= k0
f

kIC
(26)

From Eq. (25), kISC may be estimated if kIC, the domi-
ant decay rate constant of the S1 state of BIDP, is known.
rom the measured oscillator strength and fluorescence quan-

um yield we estimate 3 × 1011 s−1 and 2 × 1012 s−1 for kIC
n MeCN and MCH, respectively [15]. These values lead to
ISC = 3.3 × 107 s−1 and 3.4 × 108 s−1 for MeCN and MCH,
espectively. The magnitude for MeCN is in agreement with
he expected value for an olefin, whereas for MCH a rather high
ate constant is found. It has been recently suggested that the
ntersystem crossing probability is enhanced near a conical inter-
ection [23]. It was shown that at a S1/S0 conical intersection, in
any molecules the T1 state is degenerate with the two singlet

tates. Moreover, the spin–orbit coupling matrix element at this

eometry is necessarily large, so that intersystem crossing can
e quite efficient.

The faster rate obtained in a non-polar is in accord with the
xistence of a conical intersection in non-polar solvents. Table 4
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Table 4
Parameters derived for the photo-oxidation of BIDP

MeCN Non-polar

kIC 3 × 1011 s−1 2 × 1012 s−1

kISC 3.3 × 107 s−1 3.4 × 108 s−1

kOX 109 M−1 s−1 7 × 107 M−1 s−1

φOX
a 0.76 0.061

φT
b 1.1 × 10−4 3.4 × 10−4

Non-polar solvents are hexane and MCH, the rate constants and quantum yields
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re assumed to be equal for these two solvents.
a At [BIDP] = 5 × 10−5 M.
b At room temperature.

ummarizes the numerical parameters derived from the proposed
echanism.

.2. Justification of the mechanism

The quenching experiments are consistent with the assump-
ion that the quenched species is 1O2. Table 3 summarizes the
xperimental results. The quenching rate constants calculated
sing 1O2 lifetime data in the various solvents are of the order
f 109 and 3 × 108 for TMA and NaN3 in MeCN, respectively
nd 2 × 104 M−1 s−1 for PP, in hexane and ethylacetate. These
alues agree reasonably well with known rate constants for
uenching of 1O2: 3 × 108, 4.8 × 109 and 2 × 104 M−1 s−1 for
EA (triethylamine) in MeCN [24,25], NaN3 in MeCN [26]
nd dimethylbutadiene in CHCl3 [27], respectively (we are not
ware of a measurement for a diene in hexane or ethylacetate).
specially notable is the much smaller value for PP compared

o the other two quenchers. The higher literature value reported
or NaN3 quenching in MeCN (Ref. [26]) is somewhat out of
ine with data measured for this quencher in water [28], methanol
29] and ethanol [11]—the rate constants for all three are smaller
y a factor of 10. We therefore tend to believe that our measured
Q is reasonable. The observed Stern–Volmer rate constants are
ot compatible with quenching of either the triplet or singlet
xcited states of the compounds (see last column of Table 3).

.3. Other possible mechanisms

The proposed mechanism appears to be consistent with the
xperimental data, but its validity must be checked by further
ndependent experiments. An obvious one would be the direct
bservation of the triplet by triplet–triplet absorption or by phos-
horescence. Attempts to detect the triplet at room temperature
ed to negative results; experiments at lower temperatures may
e more fruitful and are being planned.

The ultra-short lifetime of the singlet might appear at first
ight to preclude a reaction of the molecule in its excited singlet
tate with molecular oxygen. However if a diffusion controlled
ate constant is assumed (about 1010 M−1 s−1), the concentration
f O2 in air-saturated solutions of about 2 × 10−3 M in organic

olvents [19] would yield a pseudo-first-order rate constant of
× 107 s−1, and a quantum yield of the order of 10−5 to 10−6.
hese yields are somewhat smaller than the measured ones, so

hat the mechanism of the reaction is expected to involve longer-

[
[

[

hotobiology A: Chemistry 193 (2008) 25–32 31

ived reactive specie, such as the triplet. Nonetheless, this option
ust also be considered in more detail.

. Concluding remarks

The room temperature self-sensitized photo-oxidation of
IDP and BIMDP proceeds cleanly and irreversibly, though
ith a rather small quantum efficiency (10−5 to 10−3). The

mall efficiency is consistent with the very short lifetime of the
owest singlet state (∼10−12 s) deduced from the absence of flu-
rescence at room temperature. The quantum yields are solvent
ependent, the reaction being more efficient in polar solvents
han in non-polar ones. Quenching experiments suggest that the
xidation is due to singlet oxygen, formed in turn by triplet sen-
itization. The solvent effect is mainly due to the faster reaction
f singlet oxygen with the substrates in polar solvents. Ultra-
ast experiments [14] (to be reported separately) confirm the
roposed picosecond decay of the initially excited singlet state,
hich is assigned to rapid internal conversion (IC). According

o a mechanism proposed to explain the observed data the for-
ation of a triplet state by intersystem crossing (ISC) whose

ate constant is ∼10−3–10−4 smaller than that of IC accounts
or the small observed overall quantum yield.
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