
Journal of Photochemistry and Photobiology A: Chemistry 180 (2006) 165–174
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Abstract

The photophysics and photochemical reactivity of dibenzodioxocins (DBDO) was evaluated, considering experimental and theoretical data
related to two model compounds, a phenolic and a non-phenolic and two theoretical analogues. Both compounds exhibit similar photophysical
properties, influenced by solvent polarity.
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Expressive quantum yields of intersystem crossing were observed for both compounds, in aprotic and non-polar medium and in protic and
onsiderably polar medium, being sensitive to solvent polarity—presenting a small decrease as solvent polarity increases, whereas ΦF presents
nverse trend. A competition between fluorescence and intersystem crossing governs the deactivation of the excited state, being favourable for the
ast.

The photooxidation of these compounds must occur by a complex mechanism, involving the free radicals formed in the S1 state, due to � O 4
nd � O 4 bond cleavage, rearranged products and molecular oxygen in parallel and secondary reactions.

Evidences are presented about the participation of singlet oxygen sensitized from the triplet state of these compounds. The non-phenolic
ompound is the most reactive, with ΦR = 0.37.

Theoretical data suggest that the lowest reactivity of the phenolic DBDO (ΦR = 0.16) is due to the presence of the hydroxyl group in the 4
osition of the phenyl group. The strong electron donor character strengthens the � O 4 bond, inducing some reversibility of the � O 4 bond
leavage, confirming a proposal previously made by Castellan and co-workers, based on the analysis of experimental data.

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

Dibenzodioxocins (DBDO) are a class of wood components,
ainly softwood, which exert an important role in the degrada-

ion of lignocellulosics [1]. The presence of both photoreactive
O 4 and � O 4 linkages brings a high photosensitivity to

ts framework. The importance of DBDO in lignin degradation
s related to the relatively high abundance of biphenyl groups in
ts structure [2–4].

In previous works, some of us have verified, based on exper-
mental evidences, that under oxygenation non-phenolic DBDO
uffers efficient UV-A induced decomposition, resulting in stil-

∗ Corresponding author. Fax: +55 34 3239 4208.
E-mail address: aeduardo@ufu.br (A.E.H. Machado).

benoid and biphenilic compounds as intermediates and a series
of colored photoactive products, whereas its phenolic analogue
showed to be less reactive [1,5]. Based on products analysis,
a free radical mechanism was proposed for the primary steps
of the DBDO photooxidation, involving an � O 4, followed
by � O 4 bond cleavage [1]. Secondary reactions, involving
molecular oxygen or rearrangements, were proposed as being
responsible by the formation of oligomeric and oxidized frag-
ments [1]. Despite this, the difference of reactivity between
phenolic and non-phenolic DBDO was not still well clarified.
Besides, photophysical data about this class of compounds is
practically non-existent.

In the present work, evidences are presented, founded
in data from quantum mechanical calculations and in the
analysis of photophysical, photochemical and spectroscopic
data obtained for two DBDO model compounds and opti-

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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mized analogues, which add new facts to the proposed
mechanism.

2. Experimental

The compounds 6-(4-ethoxy-3-methoxyphenyl)-4,9-dimet-
hoxy-2,11-di-n-propyl-6,7-dihydro-5,8-dioxa-dibenzo [a,c] cy-
clooctene (DBDO 1) and 6-(4-hydroxy-3-methoxyphenyl)-4,9-
dimethoxy-2,11-di-n-propyl-6,7-dihydro-5,8 dioxa-dibenzo
[a,c] cyclooctene (DBDO 2), respectively, non-phenolic and
a phenolic DBDO models (Fig. 1), were synthesized in the
Laboratoire de Chimie des Substances Végétales, UB1 [1].
In this work, their spectroscopic and photophysical behaviour
were investigated in ethanol, 1-octanol, 1,4-dioxane and
methyl-cyclohexane (MCH).

The compounds 3 and 4 are simplified DBDO structures, rep-
resenting, respectively, the phenolic and non-phenolic forms,
idealized to be used as models for quantum mechanical calcu-
lations, aiming to reduce the computational effort.

UV–vis absorption, excitation and emission spectra were
recorded using, respectively, a Shimadzu UV-2501 PC spec-
trophotometer and a HITACHI F-4500 spectrofluorimeter
equipped with accessories for low-temperature measurements,
being the fluorescence spectra obtained using right angle con-
figuration.
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solutions prepared in methylcyclohexane and ethanol. Argon
was used to deoxygenate these solutions. For these measure-
ments, the solutions were prepared with absorbance lower than
0.100 at the excitation wavelength to avoid light reabsorption
effects. The emission and excitation slits were of 2.5 mm. The
xenon lamp was operated at 950 V and the scanning rate adjusted
to 240 nm min−1.

The fluorescence quantum yields were estimated from the
corrected fluorescence spectra, using the secondary standard
methodology, proposed by Eaton [6]. Naphthalene, in cyclo-
hexane (ΦF = 0.23 at 298 K) was selected as standard for these
measurements.

Time-resolved fluorescence measurements were performed
for solutions prepared in ethanol using a CD 900 fluorescence
lifetime spectrometer, from Edinburgh Analytical Instruments.
The time profile of the exciting pulse (a hydrogen-filled flash
lamp operating at 40 kHz) was recorded under the same condi-
tions by replacing the sample with a scattering solution (colloidal
silica). It was compared to the experimental fluorescence decay
profile, furnishing the time profile of the sample [7,8]. These
measurements were done without the use of lifetime standards.
For data analysis, the software of the equipment was used. These
experiments were done using a time base of 100 ns and 5000
counts in the maximum channel.

3. Kinetic measurements
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Fluorescence measurements at 298 K were done for the solu-
ions containing the DBDO models in all studied solvents.

easurements at 77 K were done for previously deoxygenated

ig. 1. Representation of the compounds involved in the study: (1) 6-
4-ethoxy-3-methoxyphenyl) -4,9-dimethoxy-2,11-di-n-propyl-6,7-dihydro-5,
-dioxa-dibenzo [a,c] cyclooctene; (2) 6-(4-hydroxy-3-methoxyphenyl)-4,9-
imethoxy-2,11-di-n-propyl-6,7-dihydro-5,8-dioxa-dibenzo [a,c] cyclooctene;

3) 6-(4-ethoxy-3-methoxyphenyl)-4,9-dimethyl-6,7-dihydro-5,8-dioxa-diben-
o [a,c] cyclooctene; (4) 6-(4-hydroxy-3-methoxyphenyl)-4,9-dimethyl-6,7-
ihydro-5,8-dioxa-dibenzo [a,c] cyclooctene. The numbering over part of the
tructure is related to discussion of Table 3.

b
l

DBDO solutions (≈10−4 mol dm−3) were prepared in
ydrated ethanol (approximately 20% water) and photolysed
n quartz cuvettes, at room temperature, under aeration and
onstant stirring, using monochromatic radiation (λ = 280 nm),
urnished by a 400 W high-pressure mercury lamp. The inci-
ent radiation was selected by the use of a monochromator
ISS, with 100 mm focal distance). To confirm whether the
eactions involves the participation of singlet oxygen, the pho-
olysis were done in the absence and presence of sodium azide
between 0.4 × 10−5 and 1.5 × 10−5 mol dm−3), a known phys-
cal quencher of singlet oxygen [9]. The absorption spectra of the
hotolysed solutions were recorded at different times of photoly-
is, in a range between 200 and 320 nm. These experiments were
omplemented by HPLC measurements (Shimadzu LC10AD
nd SPD-10A, UV detection at 280 nm), using methanol/water
0:30 as eluent, with a flow rate of 1 mL min−1. By the ratio
f areas at different times of irradiation, the percentage of
onversion and the reaction quantum yield, ΦR, for the degra-
ation in the presence or not of sodium azide, could be esti-
ated. The photonic flux at 280 nm furnished by the lamp
as measured using the setup mounted for the kinetic experi-
ents and a previously calibrated radiometer built using optical

tems furnished by Ocean Optics. The value found is equal to
.62 × 1013 photons s−1 (1.60 × 10−10 einstein s−1).

. Quantum mechanical calculations

The reaction paths for the cleavage of the � O 4 and � O 4
onds were calculated for ground and excited state for both ana-
ogues (compounds 3 and 4), using the Semi-Ab Initio Method,
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Version 1 (SAM1) method [10]. For reaction paths in the excited
state, the first singlet excited state was optimized using com-
plete active space–configuration interaction (CAS–CI) method-
ology, in a quadratically convergent SCF calculation. The opti-
mizations were done following the energy, using the keyword
TRUST. The active space was generated using a subset of two
CI active molecular orbitals (CI = 2) from 44 states available.
From this procedure, four microstates were kept. The CI active
MOs were based on Bracket Fermi Level. The reaction path cal-
culations were performed also using CAS–CI, under the same
conditions used in the optimization. These calculations were
implemented using AMPAC 8.16.1 program suite [10].

The activation barriers for the studied processes were approx-
imately estimated considering Ea ≈ �#H◦ [11].

The S0 state structure optimization was done using density
functional theory, taking as start point the SAM1 ground state
structure. The B3LYP hybrid functional [12] and the 6-31G*

basis set were used for these optimizations. The structure of S1
and T1 were optimized using the CIS approach and were used to
calculate the excitation energies and oscillator strengths using
the time-dependent extension of the density functional theory
[13].

The excitation energies and corresponding oscillator
strengths were calculated using TD-DFT with the same hybrid
functional [14] and the 6-31G** basis set, for singlet–singlet and
compact effective potentials (CEP)-4G* for singlet–triplet tran-
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sition of aromatic groups. A shoulder at 254 nm, is probably
the result of the overlap between conjugate and benzenoid �,�*

transitions. Finally, the low-intensity band, in the range between
270 and 300 nm, with peak centred at about 284.5 nm (4.36 eV),
attributed to the S0 → S1 transition, involves a benzenoid �,�*

transition, based on biphenyl group, confirmed by the analysis
of molecular orbitals. For both compounds, the estimated log
ε for this peak is between 3.6 and 3.8 in all studied solvents
(Table 1), being usually slightly higher for phenolic DBDO.
Considering the value of log ε and the small value of the oscil-
lator strength (0.0597) estimated from theoretical calculation,
this transition can be considered as being at the inferior limit of
the range of molar absorptivities attributed to “fully allowed”
transitions [16,17]. This is probably due to the steric disposition
between the aromatic rings of the S0 state (the dihedral angle is
equal to 48.98◦, Fig. 3), which must compromise partially the
overlap between the orbitals involved in the transition [16,18]
and the small energy difference between S1 and S2 states (as
verified by TD-DFT calculations, in a range between 0.7 and
1.0 eV), resulting in a mixed state with a partial n,�* charac-
ter due to the participation of the S2 state (Φ = φ(S1) + λφ(S1),
where 0 < λ < 1).

Both states present the same symmetry (C1). Only a small dif-
ference is expected in the dihedral angle between the aromatic
rings of the biphenyl group, based on the theoretical data (48.98◦
for S and 53.82◦ for S ). For biphenyl, the dihedral angle mea-
s
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itions. These calculations were implemented using the Gaus-
ian 03W program suite [13]. All theoretical data were obtained
nly for isolated structures.

. Results and discussion

.1. Spectroscopic analysis

Fig. 2 presents UV–vis absorption spectra of DBDO 1 and 2
n ethanol.

These spectra are very similar for both compounds. The non-
tructured shape remembers a lignin-like absorption spectrum
15]. The peak at 220 nm is characteristic of the conjugate tran-

ig. 2. Absorption spectra of compounds 1 (5.7 × 10−6 mol dm−3) and 2
5.7 × 10−6 mol dm−3), in ethanol solution.
0 1
ured by X-ray diffraction is equal to 44.4 ± 1.2◦ [19,20].

The excitation energy for this transition calculated using
TD-DFT methodology (4.72 eV; 263.05 nm), shows a good

greement with the experimental data, being 0.35 eV (8%)
igher than the energy of the peak centred at 284.0 nm. This
ood agreement is in accordance with the reported about TD-
FT data for excitation energies of low lying excited states. The

xpected results, mainly using the B3LYP hybrid functional,
re accurate, being usually some tenths of eV high [12,21–24].
esides, B3LYP hybrid functional typically gives the correct
rdering of states [12].

.2. Photophysics

Table 1 brings the available photophysical data for DBDO 1
nd 2.

Using the ET(30) empirical solvatochromic scale [25,26] to
xpress polarity, it was observed a very small change in the
bsorption λmax corresponding to the S0 → S1 transition as sol-
ent polarity varies. On the other hand, the excited state is very
ensitive to these changes, confirming that S0 → S1 corresponds
o a �,�* transition. The values of Stokes’ shift are very expres-
ive, varying between 5271 and 6146 cm−1 for both compounds,
ncreasing as solvent polarity increases. The very small energy
ifference between S1 and S2 explains the effect on the absorp-
ion λmax.

For the emission spectra, as solvent polarity increases, the
nergy difference between these states tends to increase since,
nder this condition, S1 due to its �,�* character is better sol-
ated. As consequence, the n,�* character of the mixed state
ill decrease and an increasing bathofluoric shift and ΦF will
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be observed. Although sounds premature due to the number of
solvents in the set, the collected data suggest that these shifts
tend to present an expressive increase in aprotic solvents, as sol-
vent polarity increases, whereas between protic solvents a small
but positive variation must be observed. This small variation
in the Stokes’ shift in the group of protic solvents is probably
due to the small changes in the intensity of the strong and spe-
cific polar interactions, as solvent polarity varies. However, very
expressive changes must be observed for this class of solvents
when compared to non-polar solvents.

Despite its capability to form hydrogen bonding, 1-octanol
was considered in both groups, since it has some characteristics
of non-polar solvent due to its long carbonic chain. We have
observed a similar behaviour in a study on the photophysics of
zinc phthalocyanine [27].

About 1,4-dioxane, despite it presents a trend to suf-
fer anomalous behaviour, being sometimes a non-polar or a
‘pseudo-polar’ solvent [26], its behaviour is, in this case, char-
acteristic of a polar one.

Considering that at 298 K, ΦF + ΦIC + ΦISC = 1 and that at
77 K, ΦF + ΦISC = 1, the quantum yields of intersystem cross-
ing (ΦISC) and internal conversion (ΦIC) could be estimated
(Table 1). The ΦF in MCH is the lowest for both DBDO in the
set of solvents. This occurs due to the non-polar character of this
solvent, in which the energy difference between S1 and S2 must
assume the lowest value in the set.
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The quantum yields of intersystem crossing assumes expres-
ive values, much higher than ΦF and ΦIC, insinuating a pre-
ominance of intersystem crossing as deactivation route of the
xcited state. Thus, we can consider ΦF

ΦISC
≡ kF

kISC
� 1.The value

f ΦISC is affected by the solvent polarity. A numeric exercise
hows that kISC is approximately nine times faster than kF for
BDO 1 in MCH and almost five times faster, in ethanol. In
ther words, as �E(S1,S2) increases, favouring ΦF, the quan-
um yield of intersystem crossing decreases. Similar behaviour
s observed for DBDO 2.

The ΦIC is considerably small for all solvents, most probably
ue to the large value of �E(S1,S0) [17] and the relative rigidity
f these molecules.

The natural lifetime was estimated from,

0
F = τexp

ΦF
(1)

here τexp is the measured lifetime estimated from TCSPC mea-
urements.

These data could be compared to the natural lifetime calcu-
ated from the absorption spectra [17],

0
F = 3.417 × 108

(ν̃)2
maxn

2A
(2)

here A = ∫
ε(ν̃)dν̃; n is the solvent refractive index; (ν̃)2

max is
he wavenumber of the transition in the absorption maximum.

The natural lifetimes based on the absorption spectra (Eq. (2))
or the solutions prepared in methyl-cyclohexane, respectively,
.7 ns (k0

F = 1.03 × 108 s−1) and 8.4 ns (k0
F = 1.19 × 108 s−1)

or DBDO 1 and 2, show good agreement with the estimated
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Fig. 3. Representation of the optimized structure for S0, S1 and T1 states, for a non-phenolic DBDO analogue (compound 3). All species have C1 symmetry. The
calculated torsion angle between rings in the biphenyl group is equal to 48.98◦ for S0, 53.82◦ for S1 and 44.76◦ for T1.

for the solutions in methyl-cyclohexane using the measured
lifetimes and assuming that the τexp measured in ethanol is
also equivalent in this solvent. The values for τ0

F are, respec-
tively, 11.3 ns (k0

F = 8.85 × 107 s−1) and 8.6 ns (k0
F = 1.16 ×

108 s−1).
In ethanol, the τ0

F calculated from Eq. (2) (17.8 ns for DBDO 1
and 15.1 ns for DBDO 2) does not show agreement with the ones
estimated from the measured lifetimes, 6.38 ns (k0

F = 1.57 ×
108 s−1) and 6.79 ns (k0

F = 1.47 × 108 s−1), respectively, for
DBDO 1 and 2. This shortening is certainly the result of the
better relaxation of the S1 state in protic solvents, which Eq. (2)
is incapable to depict. From the measured lifetimes in ethanol,
the fluorescence rate constants were estimated as being, respec-
tively, kF = 9.80 × 108 s−1 for DBDO 1 and 1.05 × 109 s−1 for
DBDO 2. These rate constants are, respectively, six and seven
times faster than the natural decay calculated from Eq. (2).

The data of fluorescence lifetime suggest monoexponential
decay for both compounds, with a fluorescence lifetime around
1 ns, probably related to the biphenyl structures. In a previous
work involving the characterization of lignins in solution, using
fluorescent probes [29], we observed a bimodal profile for the

lifetime distribution of lignin fragments obtained from E. Gran-
dis wood. The analysis of the histogram indicated the presence
of at least two important groups of fluorophores in this kind of
lignin, being the first peak with a lifetime between 1.33 ± 0.21
and 1.36 ± 0.17 ns, with a relative weight above 80%, most prob-
ably related to different biphenyl structures. Castellan et al. has
reported a lifetime of 1.6 ns for a phenolic biphenyl lignin model
in methanol solution [30].

As 1-octanol is a relatively viscous solvent (10.6 cp at 288 K),
possessing a long carbon chain and a hydroxyl group, it could
be considered as an approximate model to anticipate the photo-
physical behaviour of a DBDO physically associated (adsorbed)
to cellulose fibres. Concerning to the behaviour of DBDO in
lignocellulosics, this subject needs to be carefully treated con-
sidering, in this case, the large number of variables involved,
like as different microenvironments, changes of conformation,
specific interactions involving lignin fragments, etc. [29,30].
For example, the rigidity of the medium is capable to induce
shortening in the τexp of the fluorophore. Castellan et al. have
observed this for a set of lignin models adsorbed in cellulose
[30].
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Fig. 4. Superposition between the emission spectra of DBDO 2, in methyl-
cyclohexane, at 77 and 298 K and the absorption spectrum at 298 K. The band
attributed to phosphorescence (λexc = 277 nm, λem = 446 nm) can be observed in
the emission spectrum at 77 K. Inset: emission spectrum in ethanol, at 77 K (the
phosphorescence λem occurs at 451 nm).

5.2.1. State energies
Fig. 4 presents the superposition between absorption and flu-

orescence spectra obtained for DBDO 2, in methylcyclohexane
at 77 and 298 K.

The singlet energies for DBDO 1 and 2 were estimated
from the crossing of the normalized absorption spectra. In
the studied solvents, since emission spectra at 77 K do not
show vibrational structure. The values show a minimal differ-
ence between both compounds, respectively, 4.40 eV (282 nm)
and 4.34 eV (285 nm) and a small difference when compared
to the value estimated for the biphenyl, 4.33 eV (286.5 nm)
[28].

An expressive phosphorescence band can be seen for these
compounds, as in MCH as in ethanol, for the deoxygenated solu-
tions at 77 K. Due to the shape of the phosphorescence spectra
(Fig. 4), the triplet energy could not be self-confidently esti-
mated from experimental data. Although, a theoretical estimate
of this energy furnishes a value equal to 3.17 eV (391.5 nm) for
E(T1-0), acceptable considering the profile of the phosphores-
cence band. The prediction of the ordering and energies of the
triplet states were done using the CEP-4G* basis set, which gave
the most acceptable results in this case, since time-dependent
calculations for singlet–triplet excitation energies using compact
effective potentials basis set furnished a more consistent value
for T1 energy, taking as reference the profile of phosphorescence
spectrum. The TD-DFT calculations also reveal a considerable
d
t

g
s
t
(
F
t

Fig. 5. Normalized absorbance at 281 nm vs. time of photolysis for the photoox-
idation of DBDO 1 and 2, in the presence or not of sodium azide: (a) DBDO
1; (b) DBDO 2; (c) DBDO 1/N3

−; (d) DBDO 2/N3
−. The reactions were done

with monochromatic radiation (281 nm), for aerated ethanol solutions.

On the other hand, the expressive values of ΦISC and the
energy magnitude of T1, despite τT is still unknown, suggest the
possibility of singlet oxygen sensitization and consequently its
participation in the photooxidation of these compounds.

5.3. On the participation of singlet oxygen during DBDO
photooxidation

As the participation of singlet oxygen is a possibility, as evi-
denced previously, kinetic evaluations of the photooxidation of
DBDO 1 and 2 were done in aerated solutions, in the presence or
not of sodium azide, a known singlet oxygen quencher [9]. By
the magnitude of the quenching constant (in ethanol, between
2.0 × 108 and 3.9 × 108 dm3 mol s−1), this process is based on
a charge transfer reaction between 1O2 and N3

− [9,31].
Fig. 5 presents the observed changes in the absorbance of both

DBDO at 281 nm, during the photolysis, using monochromatic
light (281 nm).

As can be observed, the non-phenolic compound (DBDO
1) is the most reactive and susceptible to the action of 1O2.
However, the incorporation of NaN3 to the solutions was not
capable to suppress completely the reaction (Table 2), suggesting
that singlet oxygen is not the main agent in the degradation
of these compounds. The maximum suppression implied in a
reduction of less than 30% in ΦR for DBDO 1. For DBDO 2,

T
P
c
r

C

1
2

h

t

ensity of triplet states, with nine triplet states with energy lower
han E(S1) for these compounds.

The large values of ΦISC can be attributed to the low energy
ap between S1 and T9 and to the high density of triplet
tates between S1 and T1, as suggested by TD-DFT calcula-
ions. The estimated energy gap between S1 and T9, 0.13 eV
12.5 kJ mol−1), is sufficiently small to justify a favourable
ranck–Condon factor [17], allowing an efficient population of

he triplet state for both compounds.
able 2
ercentage of conversion and quantum yield (ΦR) for the degradation of the
ompounds 1 and 2 in ethanol, with and without sodium azide, after 60 min of
eaction, estimated by HPLC measurements

ompound % Conversion (±10%) ΦR
b

Without NaN3 With NaN3 Without NaN3 With NaN3

27a 35 0.37 0.26
35 36 0.16 0.15

a The data for DBDO 1 were estimated after 30 min of reaction, due to its
ighest rate of conversion.
b The ΦR is based on the photonic flux of the incident light, during the pho-

olysis.
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Table 3
Mulliken’s net atomic charges before and after � O 4 bond cleavage in the S1

state and for the non-cleaved compounds in the ground state

Atom Number Phenolic Non-phenolic

Before After Before After

S0 S1 S1 S0 S1 S1

O 1 −0.295 −0.212 −0.481 −0.294 −0.209 −0.464
C 2 0.077 0.076 −0.116 0.085 0.082 −0.145
C 3 −0.064 −0.054 −0.082 −0.066 −0.055 −0.064
O 4 −0.298 −0.229 −0.269 −0.299 −0.229 −0.267
C 5 0.104 0.165 0.062 0.105 0.164 0.062
C 6 – −0.002 0.054 – −0.001 0.057
C 7 – −0.015 −0.097 – −0.017 −0.093
C 8 0.104 0.137 0.288 0.104 0.137 0.291
C 1a −0.043 −0.036 −0.102 −0.048 −0.041 −0.098
C 2a 0.171 −0.175 −0.181 −0.172 −0.176 −0.169
C 3a 0.095 0.103 0.102 0.087 0.093 0.074
C 4a 0.063 0.076 0.105 0.070 0.084 0.131
O 4b −0.351 −0.352 −0.315 −0.284 −0.282 −0.234
H 4c – 0.227 0.248 – – –
C 4d – – – −0.067 −0.067 −0.074
C 4e – – – −0.357 −0.357 −0.362
C 5a −0.203 −0.206 −0.243 −0.202 −0.203 −0.235
C 6a −0.160 −0.154 −0.107 −0.161 −0.154 −0.152

The used numbering to describe the atoms is presented in Fig. 1.

most probably due to its inertia to suffer oxidation, the presented
information is not conclusive about the participation of singlet
oxygen on these reactions. Castellan and co-workers justified
the low reactivity of the phenolic DBDO to the presence of the
phenolic group in the 4 position of phenyl ring, based on data
from mass spectrometry, which suggest the reversible formation
of an intermediate quinone-methide after � O 4 bond cleavage
[5].

In Table 2, the percentage of conversion and ΦR for the pho-
tooxidation of both compounds, are presented. For DBDO 1
without sodium azide, the percentage of conversion was cal-
culated considering 30 min of reaction, since this compound
presents the higher degradation rate. The other data are all related
to 60 min of reaction.

By steric reasons and analysing the charge distribution over
these molecules in the ground state (Table 3), the chances to
occur a direct attack of 1O2 over the bond between the � carbon
and the phenyl ring, the most feasible region for an attack like
this, are minimal. On the other hand, if this attack occurs after
the homolytic cleavage of � O 4 bond, it is completely viable
(Table 3).

The ΦR found for DBDO 1 in the absence of sodium azide is
identical to the value reported by Castellan and co-workers [1],
whereas the data for DBDO 2 is more than ten times high the
value proposed for the reaction occurring in methanol [5].

5
d

(
i

Table 4
Activation energies (kJ mol−1) for the two step photodegradation of DBDO,
calculated using SAM1

DBDO � Cleavage � Cleavage

Non-phenolic 70.8 89.7
Phenolic 71.5 98.7

secondary influence of 1O2 on the degradation of these com-
pounds, suggest that the photochemical degradation of DBDO
must begin with the homolytic cleavage of � O 4 and � O 4
bonds in the S1 state, as previously suggested [1,5], since these
bonds are admittedly very photoactive [32,33].

The analysis of the activation barriers from the reaction paths
for � O 4 and � O 4 bond cleavages confirms that these bond
ruptures will occur efficiently in the S1 state (Table 4), being the
� O 4 bond cleavage the former, since it requires less energy
to occur (Fig. 6).

The theoretical data suggest that the phenolic model is less
able to suffer photooxidation, as proposed by Castellan and co-
workers [5]. As show the results, the hydroxyl group in the 4-
position of the phenyl ring (Fig. 1) increases the electron density
in the region of � O 4 bond, inducing its strengthen, implying
in a higher activation barrier for the cleavage of the � O 4
bond (Table 4), which induces the reversibility of the � O 4
bond cleavage. This agrees with the experimentally observed,
based on the analysis of mass spectra [5].

The � O 4 bond strengthening can be observed by the anal-
ysis of the molecular potential energy surface superimposed onto
total electron density, after the � O 4 bond cleavage of the phe-
nolic model (figure not shown). For the non-phenolic DBDO,
being the ethoxyl group a moderately activating group, its action
is not capable to strength the � O 4 bond, which favours its
p

F
t
(
(

.4. Theoretical simulation of the first steps of the DBDO
egradation

The asymmetry between absorption and emission spectra
Figs. 2 and 4), evidencing the occurrence of chemical reaction
n the excited state [7], previous experimental data [1,5] and the
hotodegradation.

ig. 6. Representation of the reaction coordinate containing the first stages of
he oxidative photodegradation mechanism for non-phenolic dibenzodioxocins:
1) � O 4 bond cleavage; (2) relaxed biradical; (3) � O 4 bond cleavage;
4) excited stilbenoid and biphenylic compounds.
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Fig. 7. Spin density isosurface for 6-(4-ethoxy-3-methoxyphenyl)-4,9-dimethyl-6,7-dihydro-5,8-dioxa-dibenzo [a,c] cyclooctene (compound 3) after � O 4 bond
cleavage.

The analysis of Mulliken’s net atomic charges shows for the
phenolic DBDO, after � O 4 bond cleavage, a considerable
increase in the electronic density between the � O 4 bond and
the phenyl ring (Table 3 and Fig. 1), due to the strong electron
donor character of hydroxyl group. After � O 4 bond cleav-
age, the residual negative charge over the carbon atom (C1a) in
opposition to the functional group in the 4 position of the phenyl
ring increases more than 83% for phenolic DBDO, resulting in a
bond with the � carbon (C2, Fig. 1) with an almost double bond
character, as suggested by the formation of a quinone-methide
intermediate, in previous work [5]. For the non-phenolic one the
residual negative charge increases around 39%.

An increase of 52 and 18% in the electronic charge is also
observed, respectively, over � carbon (C3) and the adjacent oxy-
gen (O4). For non-phenolic DBDO, these changes are lower,
respectively, 16 and 17% (Table 3).

The spin density isosurfaces, calculated for the biradical
formed after � O 4 bond cleavage, confirms that these cleav-
ages follow a free radical mechanism. Fig. 7 presents the spin
density isosurface for the non-phenolic model (compound 3).

F
t

The non-zero spin density (clouds over the atoms) occurs on oxy-
gen (O1, Fig. 1) and the adjacent aromatic ring from biphenyl
structure, for HOMO and on � carbon (C2) and phenyl ring,
for LUMO, due to the electron delocalization, which stabi-
lizes the biradical. This agrees with the expected for open-shell
molecules, where non-zero spin density is an indication of occur-
rence of unpaired electrons [34].

Fig. 8 shows a representation of the potential energy surfaces
(PES) for the non-phenolic model (compound 3), related to S0,
S1, T1 and T9. The surfaces for triplet states were built con-
sidering their relative positions due to the energy gap between
them and S1. As can be seen, T9 crosses S1 PES in two points,
whereas T1 crosses the surface at a point in the surface related
to the biradical. These cross points confirm the efficient inter-
system crossing observed for these compounds.

6. Conclusions

The combination of theoretical and experimental data fur-
nished relevant information on the behaviour of DBDO who
confirm a proposition made in previous works on the photooxi-
dation mechanism and reactivity of this class of compounds and
introduced a new insight about this process. The results sug-
gest that the photooxidation of these compounds is based in a
complex mechanism, which involves a two-step homolytic bond
c
l
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r
(

b
l
c
t
c
w
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ig. 8. Representation of the potential energy curves for S0, S1, T1 and T9 for

he non-phenolic model.
leavage (� O 4 and � O 4 bonds) in the S1 state and paral-
el and secondary reactions involving molecular oxygen (3O2
nd 1O2), the radicals from � O 4 or from both cleavages and
earranged products, like as stilbenoid and biphenyl oxidized
quinone type) structures.

The experimental data suggest similar photophysical
ehaviour for both models, with considerably low fluorescence
ifetime and a competition between fluorescence and intersystem
rossing, favourable for this last process, as routes for deac-
ivation of the excited state. The ΦIC is usually low for both
ompounds. The value of ΦF seems to be solvent-dependent,
ith a trend to increase as solvent polarity increases, whereas
ISC does not change significantly as solvent polarity varies.
The S1 state is related to a benzenoid transition involving the

iphenyl group.
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The population of the triplet state is a very efficient process,
justified by the small energy gap between S1 and the adjacent
triplet state (12.5 kJ mol−1) and the high density of triplet states
between S1 and T1. Theoretical data show that the potential
energy curve corresponding to S1 state must be crossed in sev-
eral points by the curves of T9, adjacent to S1 and T1, which
shows by another perspective the efficient population of the T1
state.

The efficient population of the triplet state and its state energy,
suggest that it is able to generate singlet oxygen by photosensi-
tization.

The analysis of DBDO photooxidation confirms the partic-
ipation of singlet oxygen in the photooxidation of these com-
pounds. However, singlet oxygen exerts a secondary role on
these reactions.

A re-evaluation of ΦR for both compounds confirms the better
reactivity of the non-phenolic DBDO and the value previously
estimated in aerated benzene. However, although the low reactiv-
ity of the phenolic DBDO has been confirmed, the ΦR estimated
for its degradation is about ten times higher than the previous
value.

The analysis of Mulliken’s net atomic charges show that the
minor reactivity presented by the phenolic DBDO is due to
the strong electron donor character of the hydroxyl group in
the 4 position of phenyl ring, which is capable to induce some
reversibility on � O 4 bond cleavage.
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The theoretical methods applied in this work furnished very
seful informations on the photophysics and aspects of DBDO
hemical reactivity. Particularly, SAM1 (CAS–CI) showed to be
ble to give useful and reliable data on the S1 state of these com-
ounds. The reliability of the semi-empirical data can be seen,
or example, by the value of �E (S1,S0) estimated at 298 K
or the non-phenolic DBDO analogue: an excitation energy of
.41 eV (282 nm) was obtained, in good agreement with the
aximum peak observed for the absorption spectra of both com-

ounds.
TD-DFT and CIS approaches gave more complete and quan-

itative information about the electronic structure of the excited
tates, in good agreement with the experimental data.
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