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Abstract

Phenol and its derivatives react with the excited state of Cr(phen)3
3+ by electron transfer reaction. The reaction mechanism involves

different steps in presence or in absence of O2. In absence of O2 and under continuous irradiation of the complex in presence of phenol
(Ph) at 366 nm, no products of the oxidation were found. Results in presence of 2,6-dimethylphenol (2,6Me2Ph) indicated that direct
oxidation of 2,6Me2Ph by∗Cr(phen)3

3+ takes place. In presence of O2 the corresponding benzoquinone was obtained for both phenols.
Experiences in deuterated water confirm the intermediacy of O2 (11g). Also, an estimation ofφso = 0.035 (efficiency of1O2 formation)
for ∗Cr(phen)3

3+ is given. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phenol and its derivatives are among the major pollutants
in the aquatic environment, and there is an increasing interest
to understand the mechanistic aspects and environmental
pathways for their photodegradation, mainly of those used in
the production of phenolic pesticides and found in industrial
waste water [1,25].

There are a few works where Cr(bpy)3
3+ (bpy =

2, 2′-bipyridine) has been used as photosensitizer in the
photo-oxidation of phenol in aqueous solution. Kachanova
and Koslov [2] studied this reaction without giving in-
formation about the photoproducts. Recently, Pizzocaro
et al. [3,4] studied the oxidation of phenol photoinduced
by Cr(bpy)3

3+ in aqueous solutions. In absence of O2, no
products of the reaction have been found though in pres-
ence of O2 the only product was benzoquinone (BQ) where
a Type II photo-oxidation mechanism (singlet molecular
oxygen (O2 (11g)) mediated) takes place [5].

In our laboratory there is a continuous interest in the
study of electron transfer reactions involving excited states
of transition metal complexes with phenolic derivatives and
their characterization in aqueous medium. We have dealt
in previous papers [6,7] with photophysics and mechanis-
tic aspects of polypyridine complexes of transition metals

∗ Corresponding author. Tel.:+54-351-4334169; fax:+54-351-4334188.
E-mail address:geradoa@fisquim.fcq.unc.edu.ar (G.A. Argüello).

in presence of phenols. We report here a study on the direct
oxidation of 2,6-dimethylphenol by∗Cr(phen)3

3+ (phen=
1,10-phenanthroline) and on the role of O2 in the oxidation
of phenols.

2. Experimental

Phenol (Ph), 2,6-dimethylphenol (2,6Me2Ph), benzo-
quinone (BQ) and 2,6-dimethylbenzoquinone (Me2BQ)
were purchased from Sigma (USA). The last was used as
received and the others were purified under vacuum subli-
mation. The Cr(phen)3(ClO4)3 was available from previous
studies [6,8]. Deionized water used for the preparation of
the solutions was obtained with a Milli-Q System Millipore.
Fluorescence lifetime measurements were performed with
a N2 Laser system and flash photolysis experiments were
carried out with a Nd:YAG (355 nm) pulsed laser system
and have been described elsewhere [9,10]. Data were taken
using fresh solutions as an average of eight consecutive
decays in each case. For continuous photolysis experi-
ments, 366 nm radiation was selected from a 150 W high
pressure mercury lamp (OSRAM). The light intensity (∼
2.0× 1015 photons cm−2 s−1) was measured by ferrioxalate
actinometry. HPLC was performed in a KONIC 500G chro-
matograph using a reverse phase ODS2 column (250 mm×
4 mm and 5mm). The eluent was MeOH:H2O 50:50 with
0.5 and 1.0 ml/min flow rates for the experiences performed
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with Ph and 2,6Me2Ph, respectively. A Shimadzu UV-1601
spectrophotometer was used to measure the absorption
spectra. Flash and continuous photolysis experiments were
carried out at room temperature under high purity N2 bub-
bling or in air saturated solution that contained 2× 10−3 M
Ac−/HAc buffer (pH = 5) and 1 M NaCl, and were kept
constant throughout the experiments.1 The concentration
of Cr(phen)3

3+ was in the range of 1.0–2.5×10−4 M while
it was 1.0–5.0 × 10−4 M for the phenolic compounds.

3. Results and discussion

3.1. Flash photolysis

In order to carry out the flash photolysis experiments,
the ∗Cr(phen)3

3+ and Cr(phen)3
2+ (from the reaction of

∗Cr(phen)3
3+ with Fe(II)) spectra were taken. Both spectra

are in agreement with those previously published [11,12].
These experiments were carried out in presence and in ab-
sence of O2 with Ph and 2,6Me2Ph at two different wave-
lengths, 500 and 690 nm, corresponding to the absorption
maximum of∗Cr(phen)3

3+ and Cr(phen)3
2+ in each case.

The quenching rate constantskq for Ph and 2,6Me2Ph
measured by flash photolysis are fully in accordance with
those obtained from flash luminescent experiments [13]. The
phenols concentrations were chosen to have a quenching
greater than 95%. Since the lifetime of the excited state of
Cr(phen)3

3+ in these conditions is close to 12ms, the ab-
sorption observed at 500 nm and at 50ms after the excitation
pulse should correspond to Cr(phen)3

2+.
In the experiences with Ph and in absence of O2, absorp-

tion at 500 nm was not observed nor at 690 nm, though a
slight absorption at 500 and 690 nm was observed at times
greater than 50ms after the flash when 2,6Me2Ph was used.
This small but observable absorption indicates the appear-
ance of Cr(phen)3

2+ (Fig. 1). In aerated solution, absorp-
tion was not observed neither for Ph nor for 2,6Me2Ph at
the same wavelengths.

3.2. Continuous photolysis

Continuous irradiation of deaereated solution of 2.5 ×
10−4 M Cr(phen)3

3+ yields only the photoaquation prod-
uct ([Cr(phen)2(H2O)2]3+), observed with the appearance
of the characteristic absorption band at 500 nm [8]. When
2.0×10−4 M Ph was added in absence of O2 the photoaqua-
tion absorption band decreased. Furthermore, the chromato-
graphic analysis showed only the peak corresponding to
the Ph at retention timetR = 9.5 min. In presence of O2
the chromatograph showed a new peak that grows attR =

1 Although the formation of ion-pairing at high Cl− concentration affects
the species lifetime, the quenching rate constant of∗Cr(phen)3

3+ by
phenols was not affected as shown previously [14].

6.5 min identified as BQ by comparison with authentic sam-
ples. At the same irradiation time and in experiments with
1.7×10−4 M of 2,6Me2Ph in absence of O2, the absorption
band of Cr(phen)2(H2O)2

3+ vanished. From HPLC exper-
iments, two chromatographic peaks were obtained, one of
them attR = 9.7 min belonging to the reactant (2,6Me2Ph)
and the other as the only product attR = 4.7 min area of
which increases linearly with photolysis time, after induction
time. In presence of O2, only one product is observed but at
tR = 6.15 min whose area increases linearly with the irradi-
ation time indicating the formation of a photoproduct differ-
ent from that obtained in absence of O2 (Fig. 2). This peak
was attributed to the Me2BQ by comparison of pure samples
and the peaks attR = 4.7 min belonging to a more polar
product than Me2BQ, which could not be identified by mass
spectroscopy because of its low concentration. Nevertheless,
there is no doubt that it comes from the electron transfer
reaction followed by successive oxidative steps [14,15].

The experiments carried out in D2O and in the presence
of O2 with 2,6Me2Ph showed an increase of the quantum
yield of Me2BQ (ΦBQ) by a factor of∼6.5 (Fig. 2, inset).

3.3. Reaction mechanism

In view of the experimental results, the following mech-
anism can be proposed:

Cr(phen)3
3+ + hν → ∗Cr(phen)3

3+ Ia (1)

∗Cr(phen)3
3+ → Cr(phen)3

3+ + hν′ ko (2)

∗Cr(phen)3
3+ + H2O → Cr(phen)2(H2O)2

3+ kpa (3)

∗Cr(phen)3
3+ + Q → [Cr(phen)3

2+ · · · Q+•] kq (4)

[Cr(phen)3
2+ · · · Q+•] → Cr(phen)3

2+ + Q+• kce (5)

[Cr(phen)3
2+ · · · Q+•] → Cr(phen)3

3+ + Q kbet (6)

∗Cr(phen)3
3+ + O2 → Cr(phen)3

3+ + 1O2 kO2
q (7)

Q+• + Q+• → I kI (8)

I + ∗Cr(phen)3
3+ → Products kP (9)

1O2 + Q → BQ kBQ (10)

1O2 → O2 kO2
o (11)

Q+• + O2 → BQ k
O2
BQ (12)

In absence of O2 and after excitation of the ground
state (Eq. (1)), the luminescent Cr(phen)3

3+ excited state
decays via a radiative process (Eq. (2)), or via a reac-
tive process which renders the photoaquation product
[Cr(phen)2(H2O)2]3+ (Eq. (3)). The quenching process
(Eq. (4)) competes with the photoaquation. Table 1 shows
the known rate constant values that are involved in the
proposed mechanism. The ratio of the rates for competi-
tive processes isvQ

q /vpa ∼= 3 andv
Q
q /vpa ∼= 50 for Ph and
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Fig. 1. Data from pulsed flash photolysis experiments for 1.17× 10−4 M of Cr(phen)3
3+ with 8.2× 10−5 M of 2,6Me2Ph: (a) absence of O2 and (b) air

saturated solution.

Fig. 2. Plot of product area vs. photolysis time at 1.5 × 10−4 M of Cr(phen)3
3+ with 1.7 × 10−4 M of 2,6Me2Ph of (d) air free and (j) air saturated

solution. The inset shows a plot of relative quantum yield (Φ(Me2BQ)) vs. photolysis time for the irradiation of 2.5 × 10−4 M of Cr(phen)3
3+ with

1.7 × 10−4 M of 2,6Me2Ph aerated solutions in H2O (4) and D2O (m).
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Table 1
Standard and half-wave reduction potential (vs. NHE) and rate constants
for the steps involved in the proposed mechanism

Cr(phen)3
3+ Ph 2,6Me2Ph O2

E0 (V vs. NHE) 1.42a 0.910b, 1.2b 0.704b

ko (s−1) 5.0 × 103c

kpa (s−1 M−1) 0.8 × 102a

kq (s−1 M−1) 5.1 × 107d 9.5×108d 5.0 × 107e

kBQ (s−1 M−1) 0.26× 107f ∼2×107f

a Standard reduction potential of the Cr(phen)3
3+ excited state, M.A.

Jamieson, et al. Coord. Chem. Rev. 39 (1981) 121.
b Reduction potential for the deprotonated phenoxyl radical estimated

from J.C. Suatoni, R.E. Snyder, R.O. Clark, Anal. Chem. 33 (1961) 1894;
K. Miedlar, P.K. Das, J. Am. Chem. Soc. 104 (1982) 7462, and correlate
with that of J. Lind; X. Shen, T.E. Eriksen, G. Merënyi, J. Am. Chem.
Soc. 112 (1990) 479. 1.2 V is a more recently taken value from J. Phys.
Chem. B 103 (1999) 6653.

c In N2 purged solution, 1 M NaCl and∼ 1.25× 10−4 M of complex.
d D. Pagliero, G.A. Argüello, E.H. Staricco, J. Photochem. Photobiol.

A 115 (1998) 199.
e Taken from B. Brunschwig, N. Sutin, J. Am. Chem. Soc. 100 (1978)

7568.
f Approximation of the value for 2,6Me2Ph in basic medium taken

from N.A. Garćıa, J. Photochem. Photobiol. B 22 (1994) 185.

2,6Me2Ph, respectively. This fact is in accordance with
changes observed in the UV–Vis spectra at 500 nm. After
quenching, the germinate redox pair inside the solvent cage
can escape to yield the redox product into the bulk solution
(Eq. (5)) in competition with back electron transfer (Eq. (6)).
The quantum yieldφet = ηqηce

2 (ηq andηce are the effi-
ciencies of quenching and cage escape, respectively) could
not be evaluated and consequentlyηce. Flash photolysis ex-
periments in presence of Ph show that no redox product is
present, indicating that back electron transfer should prevail
over the cage escape; then,ηce should be∼0 (kbet�kce).

On the other hand, when 2,6Me2Ph was used as quencher,
the small change in the optical density (1OD) observed at
500 nm and 50ms after the pulse would indicate thatηce 6= 0
so it should lead to the direct oxidation of the quencher to
yield theortho–ortho-dimethyl phenoxyl radical (Q•+), al-
thoughkbet still predominates overkce. Furthermore, the for-
mation of the Q•+ radicals via electron transfer quenching
of ∗Cr(phen)3

3+ in absence of oxygen is expected to lead
to the generation of dimer species via bimolecular combina-
tion reaction. Experiments by pulse radiolysis have demon-
strated that Ph radicals react in a second order manner (2k ∼
109 M−1 s−1) to yield dimers as main products [16,17].
Since theortho positions are blocked, the only recombina-
tion possible should be thepara–parato render an intermedi-
ate (I) (Eq. (8)) prior to the formation of the dimer Q2. HPLC
experiments with pure dimer confirmed its absence as prod-
uct indicating that a more complex mechanism is involved.
The excited state of the Cr(phen)3

3+ has a reduction poten-

2 The efficiency of quenching is given byηq = kq[Q]/(ko + kq[Q] +
k

O2
q [O2]) and the efficiency of cage escape (ηce) is ηce = kce/(kbet+kce),

where the rate constants are those defined in the mechanism.

tial ∗E0 = 1.42 V vs. NHE, which could be large enough to
oxidize I to give another stable product. Then, the observed
induction time in the generation of product (Fig. 2) would in-
dicate that it was not formed in a primary process but through
successive stages that would involve that intermediate.

In presence of O2, ∗Cr(phen)3
3+ is quenched by phe-

nols and by O2 via an energy transfer process to form1O2
(Eq. (7)) (see Table 1) [18]. The fact that, under continuous
irradiation, the only products found were the corresponding
benzoquinones suggests the participation of O2 (11g) as in-
termediate of the reaction. The singlet oxygen mediated pho-
todegradation of phenols indicated that the main degradation
products of phenols in presence of1O2 is the corresponding
benzoquinone (Eq. (10)) [3,4,19,20]. Furthermore, the phe-
nolic radical could be formed from Eqs. (4) and (5), leading
to the formation of benzoquinone as the main product in
presence of O2, Eq. (12) [21], indicating a competitive pro-
cess between Eqs. (4) and (5) with Eq. (7) to yield Me2BQ.
The fact thatηq of 2,6Me2Ph and quenching efficiency by

O2, η′
q (η′

q = kq[O2]/(ko + kq[Q] + k
O2
q [O2])) are 0.07 and

0.93, respectively, using [2,6Me2Ph] = 1.7 × 10−4 M, and
that no absorption was observed in flash photolysis experi-
ments, would indicate once again anηce value too low for
the ∗Cr(phen)3

3+–2, 6Me2Ph couple.
Our experiments carried out in D2O confirm the interme-

diacy of O2 (11g) via Type II mechanism. The deactivation

rate constant of the singlet oxygen (k
O2
o ) in H2O and D2O

can be expressed as a function of the molar fraction of D2O
(χD2O) ask

O2
o (ms−1) = 0.248− 0.23χD2O [22]. In net wa-

ter the lifetime of1O2 (τ1 = 1/k
O2
o ) is τ1 = 4ms and in

95% of D2O (used in these experiments) isτ1 = 33ms.
These values show that1O2 lives 8.2 times in D2O than in
H2O in agreement with the 6.5 factor in theΦBQ obtained
experimentally in D2O.

3.4. Quantum yields analysis

The quantum yields (Φ) of reactants disappearance and
theΦ of products formation in presence of O2 are shown in
Table 2. It can be seen in the table that theΦ of products
formation for Ph and 2,6Me2Ph are almost the same. On
account of the mechanism proposed, one can write

ΦBQ = η′
qφsoηsoηrx (13)

Table 2
Quantum yields of the reaction in absence and presence of O2 (Φ × 104)

∗Cr(phen)3
3+ Ph 2,6Me2Ph

Φ(O2)
a <7 <7

Φ(N2)
a 0 <20

ΦBQ(O2)
b 0.35 0.44

Φ(pa) 5 – –

a Quantum yield of reactant disappearance.
b Quantum yield of product appearance.
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whereη′
q is the quenching efficiency by O2, φso the yield of

1O2 formation from the complex in Eq. (7),ηso the reaction
efficiency of Ph with1O2 (ηso = kBQ[Q]/kBQ[Q] + k

O2
o )

andηrx the formation efficiency of BQ (ηrx includes several
steps to reach the final product).

Knowing the value ofkBQ (Table 2) and the concentration
of O2 for air saturated solutions ([O2] = 2.5 × 10−4 M)
in presence of 3.5 × 10−4 M of Ph and 1.7 × 10−4 M of
2,6Me2Ph, we found that the efficiency values for Ph are
η′

q = 0.5, ηso = 0.0018 and for 2,6Me2Phη′
q = 0.07,ηso ≈

0.004;3 for Ph isη′
qηso = 9 × 10−4 and for 2,6Me2Ph is

∼= 3×10−4. In as much asφso andηrx remain equal for both
phenols, theΦBQ for the two phenols should be close to each
other (see Eq. (1)) as we found experimentally (see Table 2).
These results also confirm the proposed mechanism.

The φso for polypyridine Cr(III) complexes is still un-
known in the literature. It can be estimatedφso from our
experimental results of Cr(phen)3

3+ with Ph, since the BQ
is formed only via Eq. (10) (ηce = 0). Usingηrx = 1 [4],
a value ofφso = 0.035 can be estimated. This value is
lower than that for polypyridine Ru(II) complexes (0.5–1)
[23] and for Cr(III)-triazacyclononane thiocyanato complex
(≈0.5) [24].
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