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Oxidation of Phenol by Singlet Oxygen Photosensitized by the
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The photochemical excitation of aqueous solutions of Ru@pynd phenol (PhOH) in the presence of air
produces 1,4-benzoquinone (BQ) as the only organic product. In this study, we examined the *Rt{(bpy)
PhOH/Q system in terms of the dependence of the quantum yield of BQ formalgg) (@s a function of

[O], [PhOH], temperature, pH, and the composition of the solvent. The increabBggifrom its low value

in acidic solution to its maximum at pH 9.4 is attributed to the increasingly competitive quenching of
*Ru(bpy)?t by PhO and Q. A maximum in ®gq is also observed at45 °C, an effect caused by the
variation in the solubility of @in solution as well as the activation energies of the competing steps in the
mechanism. The proposed mechanism of the reaction, which could involve the formation of an endoperoxide
intermediate from the reaction &, by PhOH, is consistent with the observed decreaskgafas a function

of the mole fraction of HO in CH;CN—H,0O solvent mixtures.

Introduction In a previous publicatioP? we reported that the photochemi-
cal excitation of aqueous solutions of Ru(bgy)and PhOH in

The photooxidation of phenols is an important degradation - )
mode of these pollutants in contaminated water. Previous studiesthe presence of air produced 1,4-benzoquinone (BQ) as the only

have examined their direct excitatioh{ 250 nm)1~8 organic organic product; in the absence of, (10 BQ or any other
dye?=21 and metal comple® 24 photosensitization, radiolyti- product was formed. Because the quantum yield of BQ

cally induced decompositio photocatalytic oxidation on Ti© Iﬁgfﬁ?n h@gth?c))xvi\:jaastiglﬁ]mf;%ir;t%s%g:mglgg : lethvi\gs hcéza;
surface€8-33 and catalytic oxidation by transition metal com- P ’

plexes3*3> Organic and inorganic dye-sensitized solar photo- :fnrgﬁre(l;fi“g;?hénra?eocgggg r:?f(;iﬁzg Sgngr]]?n b?ig&g{g
oxidation is of particular interest in wastewater treatment, b 53% i tant for th qh' 1 gb PhOHS4
especially for phenols that are resistant to biodegradation; y Oz the rate constant for the quenching 0‘2* y ot
oxidation in the presence of a sensitizer, visible light, and air andihe qusasmtum yield of formation &0, from Ru(bpy)
can lead to photoproducts that are easily biodegradable, Iow(‘i’A = 0.5)> we concluded. that the reaction b('etwéén.alnd
molecular weight, oxygenated compouridé3” PhOH to form B(23+occurs with g_pproxm_mte_ly unitary efficiency.
Energy transfer from an excited photosensitizer to ground- If the Ru(bpy);_ -photosensitized OX|dat|o_n of PhOH 592
state dioxygen, @ produces singlet oxygen,,(3Ag), which occurs as envisione®ggq should be a function of the various
lies 94 kJ mot! above the ground state; the physical and experlmgntal pa*rameters+|n a predictable way. ",1 _th's paper,
chemical properties 30, have been very well document&d#2 we examine the R_u(bpya /PhOH/Q system in detail in order
Phenols can quendiD,, leading to the formation of quinones to test the mechanism and its accompanying kinetics. We report

and coupling product¥. The reductive quenching of an excited here on the dependence @q as a functlon of [@, [PhOH],
photosensitizer by phenols can also occur if the electron-transferte.mperature’ PH. and the composition of H—H,0 solvent
energetics are suitable and the reaction can kinetically compete™Xtures.
with the natural decay of the excited species. The oxidation of

phenols or phenolate ions results in the formation of phenoxyl Experimental Methods

radicals, which undergo very rapid dimerization in solution, . .

especially if they are unsubstitutédfor the phenoxyl radical Materials. [Ru(bpy:ICl2-6H,0 (GFS Chemicals) was re-

from phenol (PhOH; I, 9.98)% 2k = 2.6 x 10° M1 s-1.45-47 crystallized from water and dried over IS|.I|ca gel. Phgnol was
The archtypical metal complex photosensitizer, especially for Elérg;zisuerg fgr?irgx Qﬁgﬁa:g?egﬁz dpt;J;Itheedlitl()e};atsuurghr:wnggw%g

aqueous solutions, is Ru(bpy) (bpy = 2,2-bipyridine). With Distilled water was further purified by passage through a

an excited-state standard reduction potential of 0.93 V (vs _ . . . .
48 % of - : Millipore purification train. Acetonitrile (Baker HPLC grade)
NHE),* *Ru(bpy)s™ is reductively quenched by phenolate ion was purified and dried as described in the literafirBuffer

PhO") in alkaline solution = —0.86 V vs NHE)?®yieldin : .

(Ru(bp)y);* and PhQ50'51hol§/3xever, it is not quench);dyby PthH solutlor)s (pH 2-13) wer_e prepared by literature me_théés.
in acidic and neutral solutiorE¢,® = —0.86 — 0.0582(jKa — Continuous Photolysis.A 1000 W Xe lamp (Oriel) and
pH) V vs NHE at 20°C).4 monochromator (Bausch & Lomb) were used, the light intensity

could be adjusted with the lamp power supply or with the

* Corresponding author. Tel: (617)353-2494. Fax: (617)353-6466. Monochomator slit. In a typical experiment, 4 mL of a
E-mail: hoffman@chem.bu.edu. magnetically stirred solution in a ¥ 1 cm cuvette within a
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. ) . Figure 2. ®gq as a function of [PhOH] for air-saturated aqueous
Figure 1. dsq as a function of [ for aqueous solutions of 40M solutions of 40uM Ru(bpyk?* at 20°C and pH 6.0. Error bars are

Ru(bpy)}?*" and 4.0 mM PhOH at 20C and pH 6.0. Error bars are

o ; " )
£10%. The solid curve is a fit of eq 6. +10%. The solid curve is a fit of eq 6.
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thermostated cell holder was irradiated at 450 nm. The light
intensity incident on the celll{ = (1.06 & 0.05) x 107 ein 28 +
L1 s~ 1) was monitored with a Rhodamine 6G photon counter,
which was routinely calibrated against the potassium ferrioxalate ]
chemical actinometer. 0 20
HPLC Analyses. A Waters HPLC system (C-18 reversed- '9_ 1
phase column (3.9%< 300 mm), U\-vis photodiode array 7 ]
detector, and Millennium 2010 software) was used to identify g 12 |
guantitatively species from the continuous photolyses. Concen- .

trations of possible photoproducts could be detected at concen- 8 5

trations of>=0.01 uM. 4] i
Procedures.After the irradiation of solutions of Ru(bpyA)"

and PhOH, a 2@L sample of the photolyte was injected into 0 r . . . ” .

the HPLC port; a 3:1 (v/v) bD/CHs;CN solution was used as 2 4 6 8 10 12 14

the eluent with a flow rate of 1.0 mL/min, and the photodiode
array detector was set at 254 nm. The photoproduct and starting
materials were identified by comparison of their retention times Figure 3. ®sq as afunction of pH for air-saturated aqueous solutions
and absorption spectra with those of authentic samples: Ru-%so/"\(i' dR“(tr’\?y)f arf}? 2f'0 m';/'GPhOH at 20C. Error bars are=10%.
(bpy)2*, 1.5 min; BQ, 5.8 min; PhOH, 10.3 min. € solid curve 1s a it of eq 2o

1 1 1 1 1 1 1 1

Results 204 i

The continuous photolysistx = 450 nm) of air-saturated - L
aqueous solutions of Ru(bpy) and PhOH yielded BQ as the 164 N
only detectable photoproduct in the pH range-212.5; no | i
hydroquinone (HQ) or 4,4iphenol were ever found. The slope ¢
of linear plots of the yield of BQ as a function of photolysis =~ 121 i
time (an example is shown in the Supporting Information) leads GB 7 r
to values ofdgq, which were reproducible to better thari 0% 8 § -
variation. For exampledgq = 8.6 x 1072 for solutions of . =
0.04-0.2 mM Ru(bpy)?* and 4.0 mM PhOH at 26C and pH 4 B
6.0.

Values of ®gq, determined as a function of ) [PhOH], 0 i
pH, and temperature are shown in Figures4l respectively; 0 10 20 30 40 50 80 70 80 90

the data are given in the Supporting Information.
The value of®gg decreased with increasing mole fraction
of acetonitrile gan) in CHsCN—H>O mixtures; no BQ was ) ] ]
Figure 4. dgq as a function of temperature for air-saturated aqueous

detected m_ neat CYN. Fllgure.5 shows the .dependence of solutions of 80uM Ru(bpy)?* and 3.2 mM PhOH at pH 6.0. Error
dgg on yan; the data are given in the Supporting Information. bars aret10%.

T, °C

Discussion followed by the decay of *Ru(bpy"™ (reaction 2k, = 1.6 x
Reaction Mechanism.In its simplest terms, the reaction 10 s 1)5%in competition with its energy-transfer quenching by

mechanism in acidic and neutral solution can be viewed as O; (reaction 3;k; = 3.4 x 10° M~ s71);%5 the resultanfO,

occurring via the excitation of the photosensitizer (reaction 1) decays in HO (reaction 4kqe = 2.7 x 1 s71)38 and reacts
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Figure 5. dgq as a function ofyan for air-saturated CECN—H>0
solutions of 40uM Ru(bpy)?" and 4.0 mM PhOH at 20C. Error
bars aret10%.

with PhOH (reaction 5ky = 2.6 x 10° M~ s71) 54 to yield
BQ ultimately with presumably unitary efficiency.

Ru(bpy)?” "~ *Ru(bpy)*" ()
*Ru(bpy),”” — Ru(bpy)’" + h' 2)
*Ru(bpy)y”” + O, —~ Ru(bpy}’" +'0,  (3)
'0,—0,+h (4)

'0, + PhOH—— BQ (5)

For continuous irradiation at a known [Ru(bgd/) and

Li and Hoffman

(reaction 11) would remove these radicals from any involvement
in the production of BQ.

PhOH=PhO + H" (7)
*Ru(bpy),’” + PhO — Ru(bpy)” + PhC  (8)
Ru(bpy)” 4+ O, — Ru(bpy)*" + O, (9)
Ru(bpy)" + PhO — Ru(bpy)’" + PhO"  (10)
PhG +0,” —PhO + O, (11)

It is known from other studies that the interactiont®f with
PhOH changes as a function of pH. Okamoto et al. found that
the efficiency of photodegradation of PhOH 9, generated
by rose bengal increased in the pH range-9.0.7, an effect
attributed to a faster rate of reaction 12 compared to reaction
5.2 Tratnyek and Hoighdeterminedi' = 1.6 x 10 M1 57154

'0,+ PhO ——BQ (12)

If the reaction mechanism is modified to include reactions 8
and 12, and it is assumed that Ple@d Q°~ do not ultimately
give rise to BQ,®gq can be written in terms of eq 13 through
the application of the steady-state approximation 0 as
before.

Do =
Pk [O,)(kx[PhOH] + k,/[PhO])

(Ko + K [O,] + k[PhO 1) (kge + ky[PhOH] + k, [PhO])
(13)

The [PhOH] and [PhQ] terms are related to the initial
concentration of phenol, [PhOk]through reaction 7 and its

Ka
absorbance at 450 nm, application of the steady-state ap-

proximation forlO; yields eq 6; use of the known values lof
and¢, leads to an excellent fit of the data in Figures 1 and 2.

_dBQ]_ 9akis[O,l[PhOH]
(ky + kO)(kge + K [PhOH])

|, dt
Equation 6 also predicts that a plot ofdidg vs 1/[PhOH]
should be linear at constant {[oat low [PhOH] wherekge >

DPgq (6)

[PhOH] = [PhOH},

(14)

H+
H + K)
Ka
=

By substituting eqs 14 and 15 into eq 13, an expression for

[PhO] = [PhOH], (15)

H+

k«[PhOH]. When the data from Figure 2 are treated in that way, Pee as a function of pH (eq 16) is obtained, whete=
an excellent linear plot (correlation coefficient 0.999) results $AKq k' Ko[O2][PhOH]o; B = ¢akq'kx[O2][PhOH]o; C = koKar

(Supporting Information).
Effect of pH. The deprotonation of PhOH (reaction 7)

changes the dynamics of the photosensitization. In the first place,

the quenching of *Ru(bpyj* by PhO" (reaction 8k = 1.1 x

108 M~ s71),50 which will compete with reaction 3, must be
included; the yield of the geminate redox pair, Ru(pyand
PhO, into bulk solution upon escape from the quenching
cage fce) has been determined to be 0#MBecause of the
rapid electron-transfer reaction of Ru(bpywith O, (reaction

9; ket = 4.3 x 1® M~1s71) 8the back electron-transfer reaction
between Ru(bpy) and PhQO(reaction 10ky = 5.3 x 10° M1
s1)% does not have a chance to compete;-Qundergoes
disproportionation with its conjugate ad@PhO reacts slowly,

if at all, with O,; there does not seem to be any report of a
measured rate constant, which is probalig®® M1 s,
Although PhO undergoes dimerization to form dihydroxy-
diphenyls?>~47 the anticipated rapid electron transfer witlO

[PhOH), + kgK[O3] + kq'K[PhOH); D = ko + ki[O2]; E =
kig, F = ky'K{PhOH]; G = ky[PhOH]; H = Ka.
A+Bx 10 P
F+ G x 10 P
H+ 10"

Dpo=

(16)
(C+D x 10 "H(E +

Under the experimental conditions of Figure 3, where
[PhOH], and [] are constant quantities, the data can be fitted
to eq 16 quite satisfactorily, using the known values of the rate
and equilibrium constants. In the pH-8 range, reaction 12
begins to compete more with reaction 4 than does reaction 5;
the dramatic decrease {bgg beyond its maximum around pH
9.4 occurs as reaction 8 overwhelms reaction 3. The shallow
upward slope of the low pH region of Figure 3 is undoubtedly
due to contributions of reactions 8 and 12, which would compete
somewhat with reactions 3 and 5 even at low [PhO
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However, an alternative explanation of the decreas@édg SCHEME 1
in alkaline solution must be considered. Lipczynska-Kochany H H
and Bolton reported that the yield of BQ as the principal primary
product from the flash photolysis of PhOH in aqueous solution v o, — P | 0 | |
in the presence of air was constant at pH83increased at pH pathway b
8—10, and decreased at pH-101 In addition, they observed ! OOH
secondary products, such as HQ and 2-hydiwhgenzoquinone, pathway a ‘

HO__OH

at pH >8. Their results were explained in terms of a lower
stability of BQ at high pH. Indeed, it is known that BQ forms

reversible adductsK( = 8.3 M%) with OH™ in alkaline 2
solution®! however, we demonstrated that the HPLC analysis Q |
H OOH

-H,0

o

for BQ was not affected by this interaction, leading us to believe | +mo
that the values ofPgg are not distorted by the analytical

procedure. l',
Effect of Temperature. Okamoto et al. examined the yield n BQ
of BQ as a function of temperature in the range4® °C with cally, proton transfer is required for the formation of BQ or its
rose bengal as the photosensitizer and found an activation energyjuinoid precursors. A possible mechanism, admittedly specula-
for ®pg of 17 kJ mot%;® a plot of In ®gq vs 1T for that tive, is shown in Scheme 1, in which the first step involves
temperature range with Ru(bp¥) as the photosensitizer yields  1,4-cycloaddition ofO, to the aromatic ring of PhOH to yield
an activation energy of 31 kJ mdl The difference in the  endoperoxidd; this process has previously been postulated
temperature dependencies can be attributed in the first instanceor the reaction ofO, with para-substituted 2,6-dért-butyl-
to the expected differences in the activation parameters of thephenol3® and could be operative here as well. In the second
photophysical and quenching processes of the excited states oftep, the peroxide-oxygen atom ofcould undergo intra-
the two photosensitizers. However, as Figure 4 shows for pH molecular H-abstraction to give hydroperoxycyclohexadienone
6.0, @gq rises to a maximum at-45 °C that is about a factor [l (pathway a) in competition with solvolysis (pathway b) to
of 5 higher than at its lower and higher temperature limits.  yield an unstable hydroperoxide, which could also leadl to
This complex dependence undoubtedly arises from the wide through the loss of kD; similar pathways have been proposed
range of temperature dependencies of all the rate and equilibriumearlier for the reaction ofO, with 2,4-ditert-butylresorcinol
constants in eq 16, and of the solubility of,@vhich, in air- in CH3OH.13
saturated aqueous solution, can be approximated Bl (@ On the basis of the observed effect of the solution medium
units of molarity)= 0.025 exp{-0.0157).58 Clearly, without ~ on ®gq, we suggest that pathway b is the dominant process
having all the information for all the activation parameters in here; the reaction would be rapid in agueous solution but would
eq 16, it is not possible to model the data in Figure 4 become slower ggay is increased. Loss of # from Il would
quantitatively. Nevertheless, it is probably safe to say that at yield BQ. In neat CHCN, | could form, but pathway b would
low temperatures (540 °C), the generally positive temperature be inoperative; pathway a might be rendered slow due to the
dependencies of the rate constants dominatedangdncreases formation of a dipolar transition state. In this casegould
with increasing temperature; at high temperatures-n°C), dissociate thermally to the original react&i€$ or directly to
the negative temperature dependence of the solubility .of O ground-state @
dominates, andbgg decreases with increasing temperature.
Effect of Solution Medium. As yan is increased at 20C,
the lifetime of *Ru(bpy)** (7o = 1/k,) increases from 0.60s Knowledge of the parameters in eqs 6 and 16 for the Ru-
in H20 to 0.97us in neat CHCN.%2 Similarly, the lifetime of (bpy)?"/PhOH/Q system dictates that the following conditions
10; (zge = 1/kge) increases from 3.js in HO to 58us in neat should be employed in order to maximidgsg in the photo-
CH;CN 38 In addition, the solubility of @in organic solvents  sensitized oxidation of phenol to BQ: aqueous solution,
is generally greater than it is inJ3 83 If all the other parameters  preferably with RO as the solventT ~ 45 °C; pH ~9.4;
in eq 6 remained the same as the solution medium was changedsolution Q-saturated, preferably atl atm pressure. The value
dpgo would be expected to increase gan is increased.  of ¢, could be increased tel by the use of a different Ru(ll)
However, Figure 5 shows that not to be the case. photosensitizer, such as Ru(bgz) (opz = 2,2-bipyrazine);
Clearly, reactions 5 and 12 are complex, and previous however, PhOH as well as Ph@uench *Ru(bpzf*, yielding
investigators have not reached complete agreement about theiRu(bpz}* and Ph@>?which would compete with the generation
mechanisms or even stoichiometries. For example, Okamoto etof 0.
al. found BQ to be the primary product from the reaction of
10, with PhO" in alkaline aqueous solution photogenerated from
rose bengal However, Steenken et al. found HQ as the primary
product from the reaction ¢0,, generated photolytically from
methylene blue or thermally from the decomposition of an
endoperoxide, with PhOH in neutral aqueous solutfoim a
secondary reaction, HQ was converted to BQ. In general, the
evidence appears quite strong that the reactiodQf with
aromatic compounds mainly involves cycloaddition to give
initially an endoperoxide, which is transformed in a series of References and Notes

secondary steps into the final produéts. ) )
. . (1) Bolton, J. R.; Cater, S. R. lAquatic and Surface Photochemistry
The conclusion must be reached from the results obtained ez, G, R., Zepp, R. G., Crosby, D. G., Eds.; Lewis Publishers: Boca

here that HO is required for the formation of BQ; mechanisti- Raton, FL, 1994; pp 467490.
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