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Colloidal CdS-induced photocatalytic reaction of 2-methyl-
indole—mechanistic analysis of oxidation of indoles
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ABSTRACT: 2-Methylindole (2-MI) is adsorbed on the surface of colloidal CdS particles with an adsorption
intensity of 0.6x 10° dm® mol~*. A new emission band at 530 nm is produced by forming an exciplex between
excited CdS and 2-MI and the red emission due to CdS is simultaneously quenched. The emission maxima of green
bands for different indoles increase in the order indoleyptophan< 2-MI < 3-MI and are observed at 508, 520,

530 and 540 nm, respectively. The shift in emission maxima is related to the oxidation potential of these substrates.
The irradiation of an aerated reaction mixture containing CdS and 2-MI with visible light induces the oxidation of
adsorbed 2-MI by photogenerated holes to produce 2-methyl-3-indolinone and 2-acetamidobenzaldehyde. The latter
product is formed due to oxidative C—C bond cleavage of the pyrrole ring. The reactivity of trapped holes towards
the adsorbed 2-Ml is evidenced by a decrease in the lifetime of the red emission of CdS in the presence of 2-Ml. In this
reaction the possibility of the participation of singlet oxygen is ruled out. A general mechanism of CdS-induced
oxidation of indoles is discussed. 1998 John Wiley & Sons, Ltd.

KEYWORDS: colloidal CdS-induced photochemical reactions; photocatalytic reactions; photoxidation;
2-methylindole

INTRODUCTION emission has lately been explained by the formation of a
charge-transfer complex between excited CdS and the

Surface modification of nanoparticles of cadmium sulfide substrate. The quenching of red emission is understood to

(CdS) has been widely investigated in efforts to control involve the scavenging of the trapped charge carriers by

their size, elucidate their optoelectronic and emission the redox couple. Hence the analysis of the products of

properties and to study the dynamics of the photogener-the reaction together with the change in luminescence

ated charge carriefs? As the surface of these quantum behaviour of the photocatalyst in the presence of the

crystallites is very large, any interaction of additives with redox couple might provide useful information for the

the surface defects of particles might consequently affectelucidation of the overall reaction mechanism.

their optical and emission properties. For example, the Inthe present work, we investigated the colloidal CdS-

doping of metal ion$® and the binding of different  induced photochemical reaction of 2-methylindole (2-

substrates, e.g. thiopherfol,3-mercaptopropane-1,2- MI) and examined the luminescence behaviour of CdS in

diol,” aliphatic and aromatic aminS?indole® methyl  the absence and presence of 2-MI. The nature of the

viologen'® and thiazine dye’ are known to modify the  interaction between the substrate and the photocatalyst in

optical and emission properties of colloidal CdS. In the ground state was analysed. In the light of the present

several of these investigations, adsorption of substratesand earlier findings on similar systems, a general

on the surface of the particles was observed as amechanism of CdS-sensitized reactions of indoles is

prerequisite to cause these changes. Both the yield ofdiscussed.

emission and products of photochemical reactions are

controlled by the extent of adsorption. Surface capping of

particles by thiophen8land aniliné® also depict the

phenomena of size quantization. EXPERIMENTAL

Aliphatic amines and indole enhance green emission , ] i
whereas aniline, methyl viologen and thiazine dye reduce Materials. Cadmium perchlorate (Alfa), sodium hexam-

the vyield of red emission. The enhancement of green €t@phosphate (Fluka), 2-methylindole (Aldrich) and all
other chemicals were of analytical grade. All chemicals

were used as received.
*Correspondence toA. Kumar, Department of Chemistry, University Equipment. The electronic spectra were recorded on a
of Roorkee, Roorkee-247 667, U. P., India. - : et
Contract/grant sponsorDST, New Delhi. Shimadzu UV-2100/s spectrophotometer. The emission
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Figure 1. Electronic spectra of the reaction mixture containing 0.4 mm colloidal CdS and 4.0 mm 2-Ml as a function of irradiation
time: (—)0; (- ——-)2; (=. =)5; (- .. 9)10; (..)15 min. Inset: electronic spectrum of the chloroform extract of the product.

spectrawere obtainedon a ShimadzuRF-5000spectro-
fluorimeter. Steady-statephotolysis experimentswere
performedon an Oriel photolysis assemblyequipped
with a 200W Hg (Xe) arc lamp. GC and GC-MS
experimentswere carried out on a ShimadzuQP-2000
instrument. GC separationwas achievedon an HR-1

capillary column using temperatureprogramming.The
columntemperaturevaskeptconstantat 50°C for 6 min

and then increasedat 10°C min~*. GC-MS datawere
obtainedat 70 eV and250°C, andwererecordedafterthe
elution of the solvent.

The electron micrographs of the particles were
recordedon a Philips EM-400 transmissionelectron
microscope.

The fluorescencelifetimes were measuredwith an
IBH-5000 single photon counting spectrofluorimeter
using a nanosecondlischargelamp for excitation. A
Hamamatsphotomultiplierwasusedfor the detectionof
fluorescence.Decay curves were analysed using a
multiexponenti&fitting programfrom IBH.

Preparation of colloidal CdS solution. A yellow solution
of colloidal CdS was preparedby the earlier reported
method”'° A stoichiometricamountof freshly prepared
SH™ was addedslowly to deaeratedd.8mm cadmium

0 1998JohnWiley & Sons,Ltd.

perchloratesolution containing0.4mm sodium hexam-
etaphosphateat pH 9.0 and stirred vigorously until

completion of the reaction. This solution was subse-
quently purgedwith N, to removeany unreactedSH™.

The particlesthus producedshowedbroadsize distribu-
tion andhadan averagediameterof 4 nm.

RESULTS AND DISCUSSION
CdS-induced oxidation of 2-Ml

Thephotolysisof theaeratedeactionmixture containing
0.4mm colloidal CdSand 4.0mm 2-MI at pH 10.6 by
light of wavelength>>400nm resultsin anincreasdn its
absorptionin both the UV and visible regions. The
changein absorptionasa function of irradiationtime is
shownin Fig. 1. The product(s)of the reactionexhibits
Amax at 380nm in the visible region. This suggestghat
the product(s)might containa 2-substitutedndoxyl type
of chromophore,which is known to absorb around
400nm in the visible range'? At low [2-MI] no such
productwasformed and insteaddissolutionof particles
occurred efficiently. TLC and GC separationof the
chloroform extractof the reactionmixture revealedthe
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Figure 2. (a) Adsorption isotherm of 2-MI on colloidal CdS.
(b) Plot of Langmuir adsorption isotherm of 2-MI.

presencef threecomponentsin GC thesecomponents
had retentiontimes of 23.55,24.50 and 25.35min and
were identified by GC-MS as unreacted2-MI (1), m/z
131 (70)P, 130(B) 103(13), 77(20), 65(16), 51(15), 2-
methyl-3-indolirone (2), m/z147(33),146(16),145(88),
144(B), 130(64), 118(22), 117(20), 104(21), 77(40),
44(54), and 2-acetamidobenidehyde (3), m/z
163(33)P, 148(12), 135(47), 120(B), 92(48), 65(46),
43(48),respectively.

The formation of 2 and 3 indicatesthe differencein
reactivity of photogeneratecholes towards 2-Ml in
comparisonwith indole. CdS - sensitizedoxidation of
indole underidentical experimentalconditionsleadsto
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Figure 3. Luminescence spectra of 0.24 mm colloidal CdS in
the absence (...) and presence of various concentrations of 2-
MI: (-...-)0.5; (-.9)1.0; (-~9)1.5; (—)2.0; (—)2.5 mm.

indigo. The formation of 3 suggestghe occurrenceof
C—C bond cleavageof the pyrrole ring of 2-MlI. This
observationis in agreementith the earlierfindingson
the oxidation of 2-MI and its derivatives by other
oxidizing agents,viz. chromic acid and KMnO,.*® The
increasecklectrondensityat the nitrogenof the pyrrole
ring dueto the methyl groupat the C-2 positionandthe
differencein the reactivitiesof the intermediategormed
may havecontributedto the C—C bondcleavagen the
caseof 2-Ml.

Nature of surface interaction and luminescence
behaviour

From the above results, it is not clear whether the
productsareformedby reactionof photogeneratetioles
with thebulk or surface-boundubstrateln addition,the
organicsubstrataddedo thecolloidal CdSsolutionmay
also interact with CdS chemically. These different
possibilitieswere examinedby recordingthe electronic
spectraof CdSin theabsencandpresencef 2-MI. The
presenceof 2-MlI neitheraffectedthe optical absorption
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of CdSin thevisible regionnor causedhe development
of any new peak. It eliminatedthe possibility of any

chemical interaction betweenthe two. However, the

scanningof the absorptionin the UV region showeda

decreasén absorbancevhere2-MI hadabsorptionThis

suggestedhat 2-Ml is physisorbedn the surfaceof the

particles.Fromthe Langmuirplot of theadsorptiordata,
its bindingconstantvasfoundto be0.6 x 10> dm® mol™*

(Fig. 2). For other indoles, namely indole, 3-MI*#,

2,3-dimethylindée® and tryptophan,also no chemical
interaction betweenthe substrateand CdS has been
reportedandtheir intensitiesof adsorptiorwerefoundto

be 2.0x 10°, 2.1x 10°, 3.3x 10° and 0.6 x 10° dm®

mol~?, respectively Thesevaluesareof similar orderof

magnitudeto that of 2-MI. Theseinvestigationsreveal
that the photogeneratecholes possibly intercept the

surface-boundubstrate.

Surface interaction of the substratecould also be
probedby exploiting the luminescencerom colloidal
CdS.If indeedthe surfaceof the particlesis modifiedby
adsorptionof 2-Ml, the luminescenceof colloidal CdS
shouldchangein its presenceTheluminescencespectra
of CdSin theabsencandpresenc®f 2-MI areshownin
Fig. 3. It canbeseenthattheadditionof 2-MI producech
newemissiorbandat530nm andtheredemissiordueto
CdSwassimultaneouslyquenchedThe 530nm bandis
different to the band gap emissionof CdS, which lies
around 490nm, and correspondedo a quantum effi-
ciency of 5 x 103, The greenemissionof used CdS
particlesis weak and has beenassignedearlier to the
recombinationof free chargecarriers”*°°1 At higher
[2-MI], the 530nm band shifts slightly to the red. Any
contributionto the observedemissiononaccounif 2-Ml
canbeneglectecas400nm light wasusedfor excitation;
2-MI doesnot have any absorptionat this wavelength.
Sincetheabsorptiorspectrunof CdSremainsunchanged
in the presenceof 2-Ml, it showsthe absenceof any
complexationin the groundstatebetweenthe two. The
surfaceof colloidal CdSparticlesis knownto havemany
defectsand traps. Binding of 2-MI to thesesites may,
thereby, occur through physical adsorption.Hence the
appearancef the 530nm bandcan be attributedto the
emissionfrom the exciplex formed betweenthe excited
CdS and the adsorbed2-MlI. In contrastto indole, no
isoemissivepoint is observedwith 2-MI and a bath-
ochromicshift of the greenbandis notedat high [2-MI].
This is possibly due to the formation of intermediate
complexesof varied stoichiometry at various [2-MI]
which may havedifferent emissioncharacteristics.

Similar greenemissionbandsat differentwavelengths
havealso beennotedfor other substitutedindoles. The
wavelength®f thegreenbandin comparisorwith thatof
indole follow thetrendindole < tryptophan< 2-MI < 3-
MI and are observedat 508, 520, 530 and 540nm,
respectively.A changein the wavelengthof the green
band for different indoles evidently rules out the
possiblity of it being the band gap emission due to

0 1998JohnWiley & Sons,Ltd.

CdS.This behaviouiis understoodn termsof the varied
oxidation potential of thesesubstratesvhich affectsthe
extentof chargetransferin the exciplexformedbetween
excited CdS and the respectiveindole. The order of
decreasingxidationpotential” of the indolesstudiedis
indole < tryptophan< 2-MI < 3-MI, which is the same
as the order in which the bathochromicshift of the
wavelengthof the green emissionband changes.The
enhancementf the luminescencef colloidal CdS and
CdsAs, particles by binding of tertiary amines and
aliphaticthiols® canalsobe arguedalongsimilar lines.

Thereactivityof photogeneratettappecholestowards
2-MI wascheckedby measuringhe emissionlifetime of
CdS in the absenceand presenceof 2-MI. In these
experimentsCdSparticleswereexcitedby 400nm light,
where2-MI doesnot showany absorptionThe emission
was followed at 600nm. The decay curve of CdS
emissioncould be fitted in a three exponentialdecay
program.In the presenceof 2mm of 2-MI the average
lifetime of CdS emissiondecreasedrom 8.0to 1.2ns.
The decreasén the lifetime confirmsthe interceptionof
holesby 2-MlI following dynamicquenching.

In thelight of theaboveresults thereactionschemdor
theformationof 2 and3in the CdS-mediatedxidationof
2-MI canbe outlinedasshownin Schemel.

O,  formed in the cathodic reaction (i) may
eventually produce H,0,.*® The photochemicaland
thermal reaction of H,O, with 2-MI| under similar
experimental conditions did not produce any of the
above- identified products.Theseexperimentssupport
the participation of O,~ depictedin step (vi). Indolyl
radicalis known to couplewith O, to yield hydroper-
oxide!® Hencetheinitial stepin CdS-sensitizedeaction
of 2-MI may consist of its oxidation to produce 2-
methylindolyl radical cation. The pK, of this radical
cationis 5.7+ 0.12° andat pH 10.5it will be converted
largely into 2-methylindolylradical.

In contrastto the CdS-sensitizedeactionof indole 2°
0, andO, " reactwith 2-methylindolylradicalto produce
the correspondingperoxy radical and hydroperoxidein
steps (v) and (vi). These intermediatessubsequently
disproportionateanddecomposéo yield 2 and3 in steps
(vii) and (viii), respectively.The higherreactivity of 2-
methylindolyl radicalwith molecularoxygenin compar-
isonwith that of indole radical can be explainedby the
differencein their reduction potentials:”*° In caseof
indoletheinitially producedadicalcationmainly forms
an adduct with OH™ at the electron-deficientC-2
position®® in contrastto 2-MlI, in which the C-2 position
is blocked by a methyl group. The OH adductis then
oxidized by the photogeneratedhole to give 3-hydro-
xyindole,whichis knownto autooxidizereadilyto indigo
in the presencef oxygen®*

Hencein CdS-sensitizedeactionf indoleand2-Ml,
the difference in reactivity of radical intermediates
formedwith O,/O," is responsibldor the formation of
different productsof oxidationin thesereactions.
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Scheme 1

In flash photolysis experiments,the primary event
uponillumination of CdSis theformationof anelectron—
hole pair ?? Thetrappedconductiorbandelectroncaused
the bleaching of CdS absorption to produce
(CdS).2?*23|n the presenceof O, the bleachingof
CdS is recoveredby the reaction shown in step (ii)
(Schemel) andthis processtakesplacewith a second-
order rate constantof 2.2x 10° dm® mol* s 122¢
Apparently,the molecularoxygendoesnot quenchthe
excitedCdSbut insteadreactswith the trappedelectron
in the secondarystep.In addition, the emissiondue to
CdSandtheCdS—2-MlI reactionmixtureis notquenched
in the presenceof air. This observationalso eliminates
the possibility of the formation of singlet oxygen by
energytranferfrom theexcitedCdSto molecularoxygen.
Therefore theinvolvementof *0, in the studiedreaction
canbe neglected.

CONCLUSIONS

This work hasillustratedanimportantmechanisnin the
surfaceinteractionof redox coupleswith colloidal CdS

0 1998JohnWiley & Sons,Ltd.

particlesIndolesdid notexhibitanychemicalinteraction
with colloidal CdS.Binding of indolesto differentdefect
sitesthroughadsorptiormodifiesthe surfaceof colloidal
CdS particles. The adsorbedsubstratesform a green
luminescing exciplex with excited CdS. This green
emissionis different to the CdS band gap emission.
Interestingly, the emissionmaxima are relatedto the
oxidation potential of the substrate The electron—hole’
pairs generated upon photoirradiation of CdS are
scavengediy the adsorbedredox couple to yield the
productsof reaction.At high concentrationof indoles
the anodic photodissolutionof CdS particles does not
occur.
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