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Abstract

To circumvent the drawbacks of the homogeneous photosensitization, a series of photosensitizing molecules, mainly porphyrins and
phthalocyanines, were supported on aminopropyl silica and/or exchange resins. Their grafting ratios were evaluated and their efficiencies
were assayed on the ability to photo-oxidize phenol under 900AW&ible light. A comparison was done by determining the time necessary to
obtain 50% consumption of the substrate. Under these conditions, the meso tetra(4-sulfonatophenyl)porphine displayed the best photocatalytic

effect.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

By anchoring the photosensitizer to an insoluble support,
one can solve the problem of separation and suppress ag-

Mechanistic and synthetic studies of photosensitized reac-gregation. This idea was first proposed by Kautg}yand
tions often encounter difficulties as a result of the insolubility then by Merrifield[4]. Then several ways were investigated
of the photosensitizer. The later, noticeably phthalocyaninesto prepare supported molecules.

inthis work, may form dimers or higher aggregates of reduced

Immobilization was obtained by adsorption on a solid in-

efficiency[1,2]. It is also necessary to remove the photosen- organic support such as silica B|6], alumina, celite, cel-

sitizer after reaction.

Abbreviations: AlPcCI, aluminum phthalocyanine chloride; AIPCOH,
aluminum phthalocyanine hydroxide; AIPc8Cl, tetra(chlorosulfonato)
aluminum phthalocyanine; Astra Blue, propyl Astra blue; Chlorophyllin,
chlorophyllin; CuPcS@CI, tetra(chlorosulfonato) copper phthalocyanine;
IRA 67, amberlite IRA 67; IRA 96, amberlite IRA 96; IRC 50, am-
berlite IRC 50; IRA 200, amberlite IRA 200; Porph IX, hematopor-
phyrine 1X; PorphS@H, meso tetra(4-sulfonatophenyl) porphine; Si, sil-
ica; SiNH,, aminopropylsilica; SiPcSETI, tetra(chlorosulfonato) silicon
phthalocyanine; TNB-CI, 2,4,6-trinitrochlorobenzene; TNB-COOH, 2,4,6-
trinitrobenzoic acid; Victoria Blue, Victoria Blue BO; XAD 8, amberlite
XAD 8; ZnPcSQCI, tetra (chlorosulfonato) zinc phthalocyanine
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lulose or more recently Nafidi]. In solution, if the loading
is low, the molecule remains bound to the solid supfgjrt
Charged molecules can form complexes with the appro-
priate ion-exchange resin. Rose Bengal, eosin, methylene
blue, Ru(bpyg2+ were attached to acidic cation exchange
resins[8]. Recently, several metallated tetrasulfonato ph-
thalocyanines were linked to the basic Amberlite IRA 400
resin[9,10] and phthalocyanines substituted with carboxyl
groups were attached to Amberlite IRA B3]. Neutral sup-
ports are also involved via chemical reaction with functional-
ized polymers. Thus Rose Bengal, attached to a chloromethy-
lated styrene—divinylbenzene copolynj#®] was commer-
cialized (sensitox). Metallated porphyrins or phthalocyanines
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were linked to polyacrylonitrilg13]. Several heterogeneous (Fluka), zinc phthalocyanine (Fluka), chloro aluminum ph-

photosensitizers were used immobilized in polyvinyl chlo- thalocyanine (Aldrich), hydroxy aluminum phthalocyanine

ride films, sepharose gel or cellulose acetHtd]. Zinc (Aldrich), sodium meso tetra(4-sulphonatophenyl) porphine

tetraphenylporphyrine was incorporated into commercially (Strem line Chemicals), Dowex 1, Amberlite XAD 8, IRA

available cellulose acetate hollow fibre membranes. Hemato-96 resins (Fluka) were of commercial origin. The resins were

porphyrin has been included in a polyepoxy resin of the used after washing with water, THF and drying. Amino-

araldite type[15]. Molecules can be chemically bonded to propyl silica (Macherey-Nagel — Polygoprep 60-20 NH

silica previously modified with a sufficiently reactive group and silica (Merck 70-230) were dried overnight at°€5

whichis used in the next step for covalent binding. The amino before use. Tetra(chlorosulphonato) zinc phthalocyanine

group is often used for this purpdd&—22] One canalsopre-  and tetra(chlorosulphonato) aluminum phthalocyanine were

pare a silane derivative of the sensitizer which can react with synthesized.

the silica surface to yield the silica bound photocatalyst. The

first method is easiest because aminopropyl silica is commer-2.3. Photochemical device

cially available. Dicyanoanthracene derivatives were grafted

to naked silicg23,24]while metallated phthalocyanines (Fe, The light source was a 150W tungsten-halogen lamp

Co, Ni) were grafted to aminopropyl sili¢a5-27] (Philips type 7158 XHP) housed in a Novamat 130 AF projec-
The aim of the present work was to synthesize oxidative tor. A water filter (Oriel 6117) with 5 cm optical path length

photosensitizers bound to solid supports in order to gain ad-was used to stop infrared radiations. A°4aolychromatic

vantages for their separation and efficiency and to observe thereflector (Oriel 66245) was added to irradiate normally to the

consequences on the absorption spectra of the insoluble phosurface of the heterogeneous solution in a 30 ml Pyrex flask,

tosensitizers. Because numerous combinations exist betweefitted with a magnetic stirrer.

chromophores, supports and grafting ratios, we selected the

phenol photodegradation as a model reaction to compare the2.4. Determination of the grafting ratio by C analysis

photo-oxidative ability of the selected molecules, to well de-

fine the better grafting ratio and to explore the possible role  For the supported photosensitizers adsorbed onto silica,

of the types of supports. the %C leads directly to the %grafting. With aminopropyl
silica it was expressed in mole per 100 g as
: 100¢c — y)
2. Materials and methods = —
M(y —z)
2 1. General methods whereM is the molecular weight of the sensitizing molecule

(gM™1), x the %C of aminopropy! silicay the %C of sil-
The UV Spectra in solvent were recorded using a Cary 50 ica bound photosensitizer, andhe %C of the sensitizing

spectrometer with CkCN or THF as solvents. The diffuse molecule.
reflectance (DRUV) spectra of the solid supported sensitiz-
ers were recorded using a Cary 500 spectrometer fitted with a2.5. Determination of the bleaching ratio of the
“prying mantice” accessory. Gas chromatography (GC) anal- supported sensitizers
yses were performed on a GC 8000 Fisons Instruments chro-
matograph fitted with a flame ionization detector. A &ft Diffuse reflectance spectroscopy (DRUV) was used to
1/8in. stainless column packed with 10% OV-101 silicon on determine the decrease of chromophore concentration upon
chromosorb W-Hp was used with helium as a carrier gas. irradiation. This was done using the Kubelka-Munk remis-
The chromatograph was coupled with a Spectra Physics datgsion function[28]. As in a previous wor29], DRUV spec-
jet integrator. The HPLC separations were performed on atroscopy aimed to measure the loading of organic chro-
Gilson instrument using C}CN—H,O 1:1 (vol.%) as a mo- ~ Mophores on a solid support. For each sample, several mea-
bile phase with a 0.8 ml/min flow rate and a UV detector at surements of the reflectance were recorded relative to the
280 nm. The column was a RP 18 Merck, the dimensions of naked supports which are non-absorbing in the investigated
which were 250 mm in length and 4.5 mm external diameter. SpPectral range. A mean value was used in order to take into
The CHNS analyses were performed on a Thermo-Finniganaccount the problems arising from the nonhomogeneity of
Flash EA 1112 analyzer. the surface.

2.2. Materials 2.6. Method of immobilization

Acetonitrile  (SDS), tetrahydrofuran (SDS) were The dye was adsorbed on silica and/or XAD-8 resin
dried over 4A molecular sieves before use. Chloro- (Fluka). Macrocyclic molecules can be adsorbed on these
2,4,6-trinitrobenzene (gift of S.N.P.E. (France)), 2,4,6- Supports without further degorption when suspended in
trinitrobenzoic acid (Kodak), phenol (Fluka), tetradecane CH3CN if loading is below 10> M/100 g silica.
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2.6.1. Method starting from silica or aminopropy! silica at—18°C (caution). After cooling the deep green solution is

In a typical experiment 3 g of silica or aminopropyl silica again diluted in CHCI, until a dark solid separate. The sus-
in suspension in 30 ml C4CN or THF was stirred for 3days  pensionwas cooled and the solid was filtered and washed with
in order to wash the silica. The solvent was removed and the CH,Cl, and acetone until the washing layer was colorless.
support was dried under vacuum at room temperature. TheThe green residue was dried under vacuum and led to 380 mg
photosensitizer (3 10-6 M) was dissolved in 100ml THF  of crude product. Purified sample was obtained by solvation-
and the absorbance of the solution was measured at the maxprecipitation in THF—pentane 50:50 (vol.%). UV-vis (THF)
imum of the Q band near 670 nm for the phthalocyanines or (1 (nm), ¢ (Imol_1cm_1): 670 (1.6x 10°), 638, 606, 336
the Soret band near 415 nm for the porphyrins. The solution (5.1 x 10%). IR (KBr) (cm~1): 1609, 1501, 1469, 1424, 1334,
was mixed with 3 g of silica and was stirred for 7 days. Af- 1291, 1216 (broad), 1167, 1119, 1064, 903, 880, 763, 734,
ter adjustment to 100 ml the absorbance was measured. Th&91. Anal. Calc. for: GoH12NgOgS4ClsAl: C, 39.54; H, 1.24;
differences in absorbance led to the concentration of the pho-N, 11.53; S, 13.20; Cl, 18.29. Found: C, 38.68; H, 1.26; N,
tosensitizer on to 3 g of the support. The solid sensitizer was 10.80, S, 13.76; Cl, 18.67%.
then filtered and dried under vacuum. We checked the stabil-
ity of the dye on the support by suspension of an aliquot part 2.9. Photochemical oxidation of phenols — general
in CH3CN. All the supported photosensitizers were stored in procedure
the dark.

The supported photosensitizer (150 mg) was suspended

2.6.2. Method starting from exchange resins in 20ml of a 5x 10~*M phenolic solution in CHCN or

In a typical experiment, the resin was repeatedly washedin H>O. The solid was maintained in suspension for all the
with water and then THF. The dried resin (3 g) was immersed assays using a magnetic stirrer. Oxygen bubbling was main-
under stirring in 100 ml of a THF solution of the photosensi- tained for 0.5 h, then the medium was irradiated downward
tizer for 3 days. Various solutions of different concentrations with a parallel beam of visible light (900 W/ In CH3CN,
were used in order to obtain different ratio for fixation on the 2 ul tetradecane were added as an internal standard and the
resin. This was measured using the Beer Lambert relation-disappearance of the phenol was measured at fixed times by
ship at 670 or 415 nm of the solutions as for silica support. direct GC analysis. In b the decrease in phenol concentra-
The final treatment was the same as for silica support. tion was obtained from the value of the absorbance at 269 nm.

2.7. Synthesis of tetra(chlorosulphonato) zinc
phthalocyanine 3. Discussion and results

In a flask fitted with a condenser, zinc phthalocyanine 3.1. Grafting ratios
(300 mg, 0.519 mmol) was added slowly,-at8°C, in 5ml
chlorosulfonic acid under stirring. The brown liquid was The grafting ratio was measured by elemental analysis
heated to 78—80C for 15 min, then diluted in 50 ml acetone and/or absorbance measurement. The results are gathered in
at—18°C (caution). After cooling the deep green solutionis Table 1 Qualitative experiments led to the observation that
again diluted in CHCI> until a dark solid separate. The sus- the ability of the supported reactant to play its photosensi-
pension was cooled and the solid was filtered and washed withtizing role needs a grafting ratio upper than-$®/100 g
CHzCl; and acetone until the washing layer was colorless. (results not shown).
The green residue was dried under vacuum and led to 345 mg
of crude product. Purified sample was obtained by solvation- 3.2. Efficiencies of the supported photosensitizers for
precipitation in THF—pentane 50:50 (vol.%). UV-vis (THF) the visible light oxidation of phenols
(A (nm),e (Imol~1 cm~1)): 668 (3.1x 10°), 336 (5.1x 10%).
IR (KBr,cm~1): 1612, 1518, 1471, 1429, 1333, 1250, 1121, We chose phenol as a simple pollutant model. The photo-
1079, 1040, 758, 739, 723, 574, 529. oxidative properties of the immobilized macrocycles and ni-
Anal. Calc. for GoH1oNgOgS4ClsZn: C, 39.54; H, 1.24; troaromatic compounds were investigated in the same con-
N, 11.53; S, 13.20; CI, 14.74. Found: C, 39.85; H, 1.11; N, ditions (see experimental procedures). First we checked that

11.37; S, 12.97; Cl, 13.86%. phenol was not oxidized with light without photocatalyst.
When the support used was able to complex phenol (IRA

2.8. Synthesis of tetra(chlorosulphonato) aluminum 67, IRA 96, Amberlite 200, Amberlite XAD 8, Dowex 1)

phthalocyanine the catalyst was saturated with phenol until constant concen-

tration in solution before light irradiation. To compare the
In aflask fitted with a condenser, chloroaluminum phthalo- efficiencies of the solid photocatalysts, we determined the
cyanine (300 mg, 0.522 mmol) was added slowly-4B8°C, time necessary to obtain 50% consumption of phenol in the
in 5ml chlorosulfonic acid under stirring. The brown liquid experimental flask (20 ml; 1@ M phenol; light intensity:
was heated to 30C for 15 min, then diluted in 50 ml acetone 900 W/n¥). The results are gatheredHig. 1as histograms.
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Table 1

Grafting ratios of the photosensitizers on the supports: M/100 g support
Compound Support %Graftingk(0%)
AlPcCI SiNH, 0.18
AlPcCl Sio 0.09
AIPcOH SiQ 0.43
AIPcOH SiNH 0.8
AIPcSQ.CI SiNH; 0.49
Astra Blue XAD-8 1.42
Chlorophyllin SiNH 0.20
CuPcSQCI SiNH; 1.35
Methylene blue IRC 50 2.08
Porph IX SiNH 0.08
PorphSGH Dowex 1 1.0
PorphSQH IRA 67 1.62
PorphSQH IRA 96 1.62
PorphSQH SiNH, 0.18
PorphSQH XAD-8 0.95
SiPcSQCI SiNH; 0.09
TNB-CI IRA 96 6.7
TNB-CI SiNH; 6.7
TNB-COOH Dowex 1 6.15
TNB-COOH IRA 96 6.15
TNB-COOH SiNH 6.15
VB-BO Amb 200 2.59
ZnPcSQCI SiNH; 0.51
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ica or on Dowex 1 was the best one while it was inefficient
on the XAD-8 support and exhibited a medium activity on
the other supports (IRA 67 and IRA 96). The phthalocya-
nines AIPcCl and AIPcOH led to good degradation rates but
are not so efficient as sulfonated sensitizers in case of long
time use because of a greater bleaching ratio. The activity
of the phthalocyanines and porphyrins was of the same order
than that of the trinitrobenzoic compounds that we early used
[30]. Conversely, porphyrines and phthalocyanines bound to
modified silica or exchange resins behave as homogeneous
compounds and no evidence for aggregation was seen in the
DRUV spectra. Thus they are potentially better photocata-
lysts than monomeric photosensitizers by preventing molec-
ular interaction. Moreover, in general, a covalently bound
porphyrin exhibits an enhanced triplet lifetime in compari-
son with the monomeric photosensitifaL].

3.3. Bleaching ratios of the supported photosensitizers
for the visible light oxidation of phenols

The bleaching ratio was evaluated by DRUV spectroscopy
after 7 h irradiation which corresponds to the longest time
involved in the assaydéble 2.

As arule, chlorosulfonated and sulfonated porphyrins or

Clearly some photocatalysts were inefficient namely: phthalocyanines displayed the better stability under light ex-

propyl Astra blue, chlorophyllin, tetra(chlorosulfonato) sil-

citation. This probably originates from a stable binding be-

icon phthalocyanine, Victoria Blue BO. The meso tetra(4- tween the amino group of aminopropylsilica or anionic resins
sulphonatophenyl) porphyrin grafted on to aminopropyl sil- and the sulfonic acid function.

1000 4

S
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800 -
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Fig. 1. Comparison of the efficiencies of the immobilized photosensitizers:

in CH3CN,; visible light; 900 W/m; parallel beam diameter 2in.

irradiation time (min) corresponding to 50% phenol degradatior; P0hM5



Table 2

Bleaching ratios of the immobilized photosensitizers after 7 h irradiation
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better properties than classical oxidants such as rose Bengal
or methylene blue. Their triplet excited state interacts with

Compound Support %Bleaching 30, the solubility of which is 9.1x 10~3M in CH3CN and
AlPcCl SiNH, 68.3 1.39x 10-3Min H,0 under 1 atn41]. Energy transfer gen-
AlPcCl SiG, 91.8 erates'O, able to oxidize a substrate following a so-called
AIPcOH SIQ 85.1 type 2 mechanism.
ﬁ:igggzd gi'NN:E 2.15'2 It was proposed that phenols form exciplexes i@y
Astra Blue XAD-8 93.5 [42] but as exciplexes dissociate in polar solvents, we dis-
Chlorophyllin SiNH 82.1 carded this possibility.
CuPcseCl SiNH; 35.3 The lifetime of'O, is 62.s in CHCN and 3us in H,O
Methylene blue IRC 50 414 [43]. If 1O, adds on unsaturated bonds or dienes, it does not
Eg:EESIgH Dsgjvfx 1 513531 easily lead to the same reaction with aromatics. Nevertheless,
PorphSGH IRA 67 20.3 under our conditions, with PorphSB_IRA67 as a sensitizer,
PorphSQH IRA 96 25.8 the addition of histidine, 40, quencher, decreases the rate
PorphSQH SiNH; 72.2 of the reaction. This result may imply thad; is an oxidizing
PorphSGH XAD-8 76.0 source in this reactiorg. 2).
.?;\Tgi?u ﬁ.\',’:gze ;2'_2 Photoexcited phthalocyanines and porphyrins may be
TNB-C SiNH, 98,5 electron donors or electron acceptors. Dfapending on the sen-
TNB-COOH Dowex 1 25.7 sitizer, an alternative way could be the O formation by
TNB-COOH IRA 96 75.4 electron transfer from the photosensitizeP@; (if the ex-
TNB-COOH SiNH; 92.5 cited sensitizer can act as an electron do&ay. (1)) or from
VB-BO Amb 200 28 henol to'O; (Eq. (2):
ZnPcSQCI SiNH, 25.4 P 2 (Eq

3Photoseris+ 30, — Photosens™ + O, ~ 1)
4. Oxidative mechanism Phenok- 10, — Phenol* + 0"~ )

Phthalocyanines and porphyrins have already been de-Ifthe sensitizer acts as an electron acceptor, an electron trans-

scribed as good oxidizing photosensitiZ&2-40]displaying

fer from phenol may also be assumét)( (3), followed by

QOM\ o—

N N

1N

N
w0 A

0

20

.

o o8 ; w3 2 s @ A 4

Time in hours

Fig. 2. Comparison of the phenol disappearance rate in presence of additivesi@.% M): (l) none; @) histidine; @) H.O; () NaHSQ; (a) K2S,0s.
PorphSO3H/IRA 67 photosensitizer>510~4 M in 20 ml H,O; visible light; 900 W/m; parallel beam diameter 2in.
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[¢] —
o
- H*
—_—
@ " H2O2 - o '

Scheme 3.

OH

H
+ 3 > . .
O the oxidation rate. Conversely&,QOg, an electron acceptor,
increases it.

In water, HO is strongly oxidative. Its reducing potential

is2.07V atpH 7 and 1.89V at pH 1p4].
i 5. Conclusion

This study confirms thatimmobilized photosensitizers dis-
Scheme 1. play several properties which differ from classical soluble
photosensitizers. On the whole, the DRUV spectra of the

the possible formation of superoxide anidy( (4): grafted photosensitizer are close to the absorption spectra of

3photoseris+ Phenol— Photosens -+ Phenolt ©) the hompgt_eqeous ones but, in some cases, bonding to the
. . support inhibits the chromophore, resulting in a loss of the
Photosens + 30, — Photosens- O, ~ (4) photosensitizing efficiency. Moreover, the amount of the pho-

tosensitizer on the support must be kept at a low level, in

Thus, in polar solvents the phenol radical cation can be . -
: T . .~ order to prevent self-quenching or non-accessibility of the
formed. Itis strongly acidic and readily deprotonates leading Ssubstrate

toaradical whichis the source of the 1,4-benzoquinone asthe™ ™ _. . .
. o : . Finally, the support is an important part of the reagent as
first oxidation product$cheme 1 This could be evidenced oo ) )
] . outline in the case of the sulphonated porphyrin. It is respon-
by UV spectroscopy: the disappearance of the phenol band_. o L
: : sible for the stability of the chromophore, the accessibility of
at 269 nm corresponds to the formation of the benzoqumonethe reagent and the solvent compatibility of the svstem
band at 240 nm with an isobestic point at 262 nm (result not g P y Y '
shown).
The reactivity of Q" is well known[44]. The K, of
O,"~ in aprotic medium was estimated to be 24. This value

corresponds toa str_ong_ baSIClty which |mpIy that indCHl . [1] O. Valdesaguilera, D.C. Neckers, Acc. Chem. Res. 22 (1989) 171.
the oxygen superoxide is able to deprotonate phenol leading 2] D. Xu, D.C. Neckers, J. Photochem. Photobiol. A: Chem. 40 (1987)
to phenol anion and H® (Scheme 361.

HO,* disproportionatesHg. (5) and generates 1D, [3] H. Kautsky, Trans. Faraday Soc. 35 (1939) 216.
which is probably one of the possible oxidative species as [4] R-B. Merrifield, J. Am. Chem. Soc. 85 (1963) 2149.

[5] R. Nilson, D.R. Kearns, Photochem. Photobiol. 19 (1974) 181.
its addition in the medium increases the photo-oxidation rate [6] J. Prekumar. R. Ramaraj, J. Photochem. Photobiol. A: Chem. 110
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