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The photosensitised degradation of 4-chlorophenol (4-CP) by iron meso-tetrakis(2,6-dichloro-3-sulfophenyl)-
porphyrin (FeTDCPPS) has been studied in aerated aqueous solution, and is shown to lead to formation of
p-benzoquinone (BQ) and p-hydroquinone (HQ) as main photoproducts. In deaerated solution no p-benzoquinone
was formed. The photolysis products were identified by high performance liquid chromatography (HPLC) and
UV-visible spectroscopy. The photodegradation in aerated solution was also carried out in the presence of sodium
azide (NaN3) as a singlet oxygen [1O2(

1∆ g)] quencher, and showed a significant decrease in the rate of photolysis,
suggesting under these conditions, that Type II sensitisation is one of the dominant mechanisms of 4-CP
degradation. Support for this comes from laser flash photolysis and time-resolved singlet oxygen phosphorescence
measurements. However, these also show direct reaction between the excited porphyrin and 4-CP, indicating that
there are two mechanisms involved in the chlorophenol photodegradation.

1. Introduction
Chlorinated phenolic compounds are frequently found as
pollutants in wastewater,1–3 and originate from sources as
diverse as the wood-pulp industry, water purification and pro-
duction of synthetic pesticides, polymers, detergents, etc. The
impact caused on environment by these compounds has led to
an increasing interest not only in developing new methods for
promoting the decomposition of such materials in aqueous
medium but also in the identification of their photoproducts.
The degradation of phenolic compounds has been extensively
studied,4–10 although in several systems the catalysts and the
main products of oxidation are more toxic than the starting
materials.

Increased emphasis is being placed on advanced oxidation
processes (AOP) 11 for water treatment, and for environmental
remediation. Photochemical oxidation, particularly using
molecular oxygen, is undoubtedly one of the most important of
these methodologies, since it does not liberate any additional
pollutant. Singlet oxygen is a particularly good candidate for
these applications since it is a very reactive species, as can be
seen from its applications in areas as diverse as photodynamic
therapy for treatment of cancer,12 involvement in processes of
oxidative stress,13 photodegradation of dyes, polymers, alkenes
and phenolic compounds.14 The development of new synthetic
substances capable of efficient production of singlet oxygen,
[1O2(

1 ∆ g)], is currently of great interest. Porphyrins, metallo-
porphyrins 14 and phthalocyanines 15,16 have been shown to be
highly effective triplet state photosensitisers capable of pro-
ducing singlet oxygen with high quantum yields.17,18 Further, it
is well documented that the presence of chlorine atoms in meso
phenyl groups or the presence of central metal atoms in the
porphyrin structure increases the quantum yields of S1  T1

intersystem crossing (isc), and hence triplet state formation
of the sensitiser.19,20 For example, it has been reported that
the triplet quantum yield, ΦT, for meso-tetrakis(2,6-dichloro-
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phenyl)porphyrin has a value of 0.995, while the corresponding
singlet oxygen quantum yield, Φ∆, is 0.98. This porphyrin has
proved to be an efficient sensitiser for the photooxidation of
1,5-dihydroxynaphthalene to 5-hydroxynaphthoquinone.21

However, this porphyrin is only soluble in organic solvents,
and for environmental applications it is desirable to have water-
soluble sensitisers. The use of water-soluble sensitisers such as
sulfonated zinc, aluminium, gallium and iron complexes of
phthalocyanines 14 as photosensitisers (P) has been reported for
the photodegradation of 4-chorophenol 14,22 and atrazine.23 In
these photosensitised oxidation reactions, two possible mechan-
isms may be involved: Type I mechanism involving electron or
hydrogen transfer 24 or Type II mechanism involving formation
of singlet oxygen, 1O2, by energy transfer from the triplet state
of the sensitiser, 3P* to molecular oxygen, 3O2, and subsequent
reaction of singlet oxygen with the substrate.

In this work we report the synthesis of water-soluble iron
meso-tetrakis(2,6-dichloro-3-sulfophenyl)porphyrin (FeTD-
CPPS), 1, and its efficient application as photosensitiser
in the photooxidation of 4-chlorophenol, taken as a model
compound. Kinetic and mechanistic details will be discussed.
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2. Experimental

Chemicals

4-Chlorophenol (4-CP) (Aldrich) 2, p-benzoquinone (BQ) 3
(Aldrich Chem, p.a.), p-hydroquinone (HQ) 4 (Merck, p.a.),
sodium azide (NaN3) (Aldrich) and methanol (HPLC analysis
grade, Merck) were used as received without further purifi-
cation. All solvents used in the synthesis of the photosensitiser
were purified before use. Solutions were prepared with doubly
distilled water, either equilibrated with air or bubbled with
argon for 30 min at room temperature.

Synthesis of the photosensitiser

The photosensitiser iron meso-tetrakis(2,6-dichloro-3-sulfo-
phenyl)porphyrin, 1, was synthesised according to the method
described by Gonsalves and Pereira.25,26 In this, the dichloro-
benzaldehyde (10 mmol) was dissolved in a mixture of acetic
acid (75 ml) and nitrobenzene (50 ml) and the temperature was
raised to 120 �C. Pyrrole (0.7 ml) was then added. The temper-
ature was kept constant for 1 h. The solution was then allowed
to cool to room temperature to give crystals of the product
porphyrin, which were filtered off and dried, resulting in 5%
of meso-tetrakis(2,6-dichlorophenyl)porphyrin (TDCPP). 1H
NMR (CDCl3) δ: 8.62 (s, 8H), 7.68 (m, 12H), �2.59 (s, 2H); MS
(FAB), m/z 887–905 ([M � H]�, Cl isotopes). Further details of
the characterisation has been reported elsewhere.25

TDCPP (100 mg) was then stirred with neat chlorosulfonic
acid (6 ml) at 100 �C for 3 h. After separation by precipitation
with ice, meso-tetrakis(2,6-dichloro-3-chlorosulfonylphenyl)-
porphyrin was obtained in 85% yield. 1H NMR (CDCl3) δ: 8.65
(s, 8H), 8.60 (d, 4H, J = 8.6 Hz), 8.05 (d, 4H, J = 8.6 Hz), �2.4
(s, 2H); MS (FAB), m/z 1279 ([M � H]�). Further details of the
characterisation has been reported elsewhere.26

Metallation of this porphyrin was achieved by refluxing it
with iron() sulfate in an inert atmosphere in N,N-dimethyl-
formamide.27 The reaction was monitored by UV-visible
absorption spectroscopy and was stopped when the character-
istic four Q bands of the free porphyrin disappeared and were
replaced by the metalloporphyrin spectrum.

The final step consisted of the hydrolysis of the chloro-
sulfonated porphyrin (80 mg) with water (120 ml) in the
presence of oxygen for 20 h to give the corresponding
iron meso-tetrakis(2,6-dichloro-3-sulfophenyl)porphyrin, 1.
Although we were not able to specifically determine the oxid-
ation state of iron, indications that it is iron() come from
changes in the UV-visible absorption spectrum when hydroxide
or cyanide ions are added, and also the fact that in flash photo-
lysis studies its triplet state is able to oxidise 4-chlorophenol.
Support comes from the literature on reactions between iron()
salts and free-base porphyrins in aerated solutions leading to
the corresponding iron() porphyrins.28

Continuous photolysis

Continuous irradiation of an aerated solution of FeTDCPPS 1
and 4-CP 2 was carried out using monochromatic light from a
xenon lamp (1600 W) filtered with a grating monochromator
set at 340 nm. Where necessary, solutions were deaerated by
bubbling with argon for 30 min before irradiation. The inci-
dent light intensity of the xenon lamp was determined by chem-
ical actinometry using a solution of potassium ferrioxalate 29

(I0 = 1.97 × 1015 photons cm�2 s�1). In a typical experiment an
aerated aqueous solution of 2 (6.1 × 10�4 M) and 1 (3.2 × 10�4

M) was added to a quartz cell (1 cm pathlength), which was
then irradiated. The reaction was monitored by UV-visible
spectroscopy using a Shimadzu UV-2010 spectrophotometer
and also by HPLC analysis. The pH of solutions was carefully
controlled during the irradiation time using a Crison micro-pH
2000 apparatus. In addition, for mechanistic studies, an aerated

solution of photosensitiser 1 (3.2 × 10�4 M) and 4-CP 2
(6.1 × 10�4 M) was irradiated at 340 nm in the presence of
sodium azide (1 × 10�3 M).

HPLC analysis

Analysis of degradation products of 4-CP was made using a
HPLC Waters 540 liquid chromatography system equipped
with a UV-visible photodiode array detector (Waters 990) with
detection set at 280 nm. The formation of the photoproducts
BQ 3 and HQ 4 was monitored against external standards. A
reverse phase Waters Spherisorb 5 µm ODS 4.6 × 250 mm
column (Analytical Cartridge) was used with a mixture of
MeOH–H2O (60 : 40 v/v) as eluent in isocratic mode with a flow
rate of 1 ml min�1.

Time-resolved flash photolysis studies

The transient absorption spectra of the triplet state of the
photosensitiser 1, the kinetics of its decay, and quenching with
oxygen were measured on an Applied Photophysics LKS 60
nanosecond laser flash photolysis kinetic spectrometer using
the third harmonic (355 nm) of a Quanta Ray GCR 130–01
Nd/YAG laser for excitation. The transient absorbance spectra
at preselected wavelengths were monitored by a detection
system consisting of a pulsed xenon lamp (150 W), mono-
chromator and photomultiplier. The signal from the photo-
multiplier was digitalised by an oscilloscope. Full details are
given elsewhere.38 The concentration of the photosensitiser 1
was calculated to have maximum absorbance around 0.2–0.4
at the laser wavelength. For studying the effect of oxygen as
quencher of the excited state of the photosensitiser 1, aqueous
solutions of FeTDCPPS were studied with air ([O2] = 2.8 × 10�4

M),30 saturated with oxygen ([O2] = 1.4 × 10�3 M) and deaerated
with argon for 30 min. The effect of 4-CP as a quencher of the
excited state of the photosensitiser 1 was also studied in deaer-
ated solutions. The singlet oxygen quantum yield was measured
by Dr S. Navaratnam (North East Wales Institute, UK) using a
previously described time-resolved phosphorescence system,
which uses a Nd/YAG laser for excitation and photodiode for
detection.31 The standard used was an aqueous solution of
meso-tetrakis(4-sulfophenyl)porphyrin, TPPS (� = 0.62).

3. Results and discussion

Synthesis of the photosensitiser

Although water-soluble sulfonated meso-aryl porphyrins have
frequently been synthesised by direct reaction of strong sulfuric
acid and the desired precursor porphyrin,32 the use of chloro-
sulfonic acid in the present study has the advantage that it is
more efficient, and the chlorosulfonyl porphyrin formed is very
easy to isolate from the reaction medium, simply by addition of
ice. The precipitate formed was extracted with dichloromethane
and purified by silica gel column chromatography using di-
chloromethane as eluent. The iron complex of the meso-tetra-
kis(2,6-dichloro-3-sulfophenyl)porphyrin was prepared using
the N,N-dimethylformamide method,27 where the porphyrin
was dissolved in DMF and iron() sulfate was added (1 : 1). The
formation of the complex was monitored by measuring the
absorption spectrum and the bands at 429, 516, 555, 581 and
636 nm change to 417, 518 and 586 nm. The final step involved
hydrolysis of the sulfonyl chloride by refluxing the iron()
complex with water for 20 h, giving after solvent evaporation,
the photosensitiser 1 in 80% yield. A typical metalloporphyrin
visible spectrum was observed: solvent (H2O) λ/nm (ε/M�1

cm�1): 417 (3.3 × 105), 518 (8.0 × 103), 586 (4 × 103).

Continuous irradiation

On irradiation of an aerated solutions of 4-CP 2 (6.1 × 10�4 M)
in the presence of the photosensitiser 1 (3.2 × 10�4 M) at
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340 nm significant changes in the UV-visible spectra were
observed. New bands were observed in the 240–300 nm region.
However, 4-CP and the photoproducts absorb in the same
wavelength range, such that it is not possible to follow the
extent of transformation simply from changes in the UV
spectra. For quantitative measurements of photoconversion
and product formation HPLC analysis was used.

When irradiation of 4-CP and the photosensitiser 1 was per-
formed in the presence of oxygen the main photooxidation
photoproduct was p-benzoquinone 3 (λmax = 245 nm) (33%)
although some p-hydroquinone 4 (λmax = 288 nm) (6%) was also
observed (Scheme 1). This is similar to what is reported for the
degradation of 4-CP and related phenols in the presence of
phthalocyanines and other photosensitisers.4,33–39

The formation of the dimeric photoproducts 2,4�-dihydroxy-
5-chlorobiphenyl (λmax = 257 and 295 nm) and 2,2�-dihydroxy-
5,5�-dichlorobiphenyl (λmax = 280 nm) was also observed, in
agreement with previous literature results for photodegradation
of 4-CP with photooxidants.37,38 However, the dimeric species
suffer further oxidation. Although their oxidation products
were not characterised, increase light scattering in the UV-
visible absorption spectra, at long irradiation times, confirms
the formation of insoluble compounds.

Upon photolysis of deaerated solutions under the same con-
ditions, the main photoproduct obtained was p-hydroquinone
4, in agreement with previous reports on photolysis of 4-CP
using different sensitisers.15,39

Upon direct photolysis at 340 nm of aqueous solutions of
4-CP (3.2 × 10�4 M), in the presence of oxygen and without sensi-
tiser, no photodegradation was observed after 3 h of irradiation.

We believe that the formation of p-benzoquinone, 3, is
mainly due to the reaction of singlet oxygen with 4-CP while
the formation of hydroquinone, 4, and dimeric photoproducts
can be explained by electron transfer from 4-CP to the triplet
state of the sensitiser with concomitant formation of the
4-chlorophenoxyl radical followed by HO addition or dimeris-
ation, respectively.

The kinetic profiles were studied of photodegradation of
4-CP with photosensitiser 1 and of photoproduct 3 and 4 form-
ation, in aerated solution, following continuous irradiation with
monochromatic 340 nm light. The disappearance of 4-CP with
irradiation time follows first order kinetics with a rate constant
of k = 9.5 × 10�5 s�1 and was accompanied by formation of
benzoquinone and hydroquinone, Fig. 1.

Some metalloporphyrin photodegradation was observed.
This, together with consumption of oxygen in the reaction
mixture, may explain the fact that only 65% conversion of the
chlorophenol was observed. Other metalloporphyrins, with
higher photostability are currently under study.

Upon photolysis of aerated solution of the photosensitiser 1
and 4-CP 2 in the presence of sodium azide (1 × 10�3 M), no
formation of the photoproduct 3 (BQ) was observed. Azide ion
is known to be a selective 1O2(

1∆ g) singlet oxygen quencher,40

strongly suggesting that BQ formation results from reaction
with singlet oxygen.

Laser flash photolysis experiments

The kinetic behaviour of transient species was monitored by
nanosecond laser flash photolysis. Following excitation at 355

Scheme 1

nm of an aqueous solution of 1 (6.2 × 10�4 M) in the presence
of oxygen, a transient absorption was observed between 300
and 600 nm, with a maximum at 460 nm, Fig. 2. This is identi-
fied as the sensitiser triplet state (T–T) absorption, in agreement
with flash photolysis studies on related systems.41 No other
transient species were found.

Oxygen is a good quencher of triplet excited states. The life-
times of the triplet state of the photosensitiser 1 were deter-
mined at 460 nm in aerated (4.70 µs) and nitrogen saturated
(378 µs) solutions. The bimolecular quenching rate constant
(kq) for quenching of the triplet state of FeTDCPPS by molecu-
lar oxygen (3O2) in aqueous solutions is 7.25 × 108 M�1 s�1,
which is comparable to literature values for related por-
phyrins.42 This is considerably lower than the diffusion con-
trolled rate in water (9.8 × 109 M�1 s�1), in agreement with the
studies of Porter and co-workers,43 who suggested that for
quenching of triplet states by molecular oxygen via an energy
transfer mechanism, kq ≈ 1/9kdiffusion. This supports the idea that
quenching of the triplet state (T1) of the photosensitiser 1 by
molecular oxygen occurs by energy transfer with formation of
the reactive species singlet oxygen (1O2) 

FeTDCPPS (T1) � 3O2  FeTDCPPS (S0) � 1O2

To confirm this, time-resolved measurements were carried
out to detect the singlet oxygen phosphorescence. Upon excit-
ation at 355 nm of aerated solutions of sensitiser 1 in water,
singlet oxygen phosphorescence was observed at 1270 nm.

Fig. 1 HPLC analysis of the photosensitised degradation of 4-CP and
the formation of the photoproducts p-benzoquinone and p-hydro-
quinone as a function of time.

Fig. 2 Transient absorption spectra observed following laser flash
photolysis at 355 nm of a nitrogen-saturated solution of sensitiser 1 in
water.
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Using TPPS as standard, a singlet oxygen yield of Φ∆ ≈ 1 was
observed. More details will be reported elsewhere. Singlet oxy-
gen is known to react with 4-CP 44 with a rate 6.0 × 106 M�1 s�1,
and the above results support the idea that the photosensitised
degradation of 4-CP by 1 involves, at least in part, reaction with
singlet oxygen.

Formation of quinones has previously been reported in the
reaction between singlet oxygen and phenols or naphthols.21,36

This reaction is suggested to proceed via 1,4-cycloaddition
followed by breakdown of the intermediate endoperoxide.36

However, the reaction in the absence of oxygen suggests ano-
ther pathway may also be involved. To evaluate the direct reac-
tion between 4-CP and the triplet state of the photosensitiser 1,
flash photolysis experiments were carried out with 355 nm
excitation on deaerated aqueous solutions of FeTDCPPS with
different concentrations of 4-CP, with sensitiser absorption
monitored at 460 nm. Decay of the triplet absorption was more
rapid in the presence of the phenol, and from the study of the
pseudo-first-order rate constant (kobs) as a function of 4-CP
concentration, Fig. 3, the kinetics were found to follow the rate
law 

kobs = k0 � kq[4-ClPh]

From the slope of this, a bimolecular quenching rate con-
stant, of reaction of the triplet state of the photosensitiser 1
with 4-CP of kq = 1.68 × 106 M�1 s�1 was determined.

This confirms that reaction between the triplet state of 1 and
4-CP occurs in parallel with singlet oxygen formation. However,
for the reaction conditions employed in this study, this is likely
to be less important than the sensitised photodegradation of
4-CP by singlet oxygen.

Conclusions
A water soluble metal complex, iron meso-tetrakis(2,6-dichloro-
3-sulfophenyl)porphyrin, has been synthesised, and used as
photosensitiser for the degradation of 4-chlorophenol. Benzo-
quinone and hydroquinone have been identified as the main
products in aerated aqueous solution. Studies using azide as
quencher, direct observation of the quenching of the porphyrin
triplet state by molecular oxygen, and detection of singlet oxy-
gen phosphorescence suggest that the dominant mechanism of
quinone formation involves reaction of singlet oxygen with the
chlorophenol. However, the triplet state of the quencher is also
quenched by the phenol, and this process may provide a second,
but less important, route to 4-chlorophenol degradation
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