
E L S E V I E R  Journal of Photochcmi.,.try and Photobiol.gy A: Chemi,,try I I I ( 1 9 9 7 )  187-198 

,llaa'sad of 

A'(D 
PHDIIII~IX~" 

Photochemistry of ZnTPP induced by cadmium sulfide nanoparticles 
in 2-propanol 

Bhamro, John Chrysochoos 
Department ¢J/'Chemi.stO', The University o fToh'do. Toh'do. OH 436th6. USA 

Accepted 4 July 1~,~7 

Abstract 

Addition of ZnTPP to non-stoichiometric CdS nanoparticles in 2-propanol leads to adsorption of ZnTPP molecules onto the surfa,:e of the 
nanoparticles. A limiting adsorption of aboul 13% ZnTPP molecules onto the surface of 2 x 10-8 M CdS nanoparticles was determined by 
ultrafiltration (I(R) ,A membrane tihers). It corresponds to 6.15 × It) ' ×  m ZnTPP molecules adsorbed onto the surface of an average-.,,ize 
CdS nanoparticl¢: m is the number of CdS units in such a nanoparticle. Both the quenching of the recombination lumine~ence ofCdS (e,, / 
h,¢ ' ) by ZnTPP and the photoreactivity of ZnTPP in the presence of CdS nanoparticles are linked to the extent of a:l,;orption of ZnTPP onto 
CdS. The adsorption of ZnTPP onto the surface of CdS nanoparticles is described by Langmuir-type p!ots. UV irradiation of ZnTPP in the 
presence of CdS nanoparticles leads to the formation of .intern|ediate photoproduct~, characterized with absorption ban,,b; in the red region of 
the spectrum, which subsequently convert to lnt'~e st~:ble photoproducts. The former photoproducts are attributed to re~,ctions of 02- with 
ZnTPP whereas the latter m;:y be linked to the reduction of ZnTPP. substitution at t.he exodoubte bonds of ZnTPP ;utd ~o open macrocyclic 
structures. ~-~ 1997 Elsevier Science S.A. 
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1. Introduction 

Semiconductor nanoparticles arc characterized by .,iize- 
dependent optical and photoredox properties I 1.2 I. Because 
of the size dependence of their photoredox properties, semi- 
conductor nanoparticles have bee11 used extensively to probe 
light-induced interfacial electron transfer and heterogeneous 
photocatalysis, in general ! 3--7 ]. The primary step in heter- 
ogeneot, s photocatalysis is tacitly assumed to invoh'e inter- 
facial electron transfer. Electron transfer from the conduction 
band of  semiconductor particles to electron acceptors can be 
monitored by recombination luminescence quenching of  the 
semiconductor nanoparticles brought about by the reducible 
electron acceptors (quenchers) 18-12 ]. by EPR spectros- 
copy !131, by the formation of  primary (transient) photo- 
products [ 14,15], and by other techniques. 

Although the efficiency of  the recombination lumines- 
cence quenching of CdS nanoparticles by Ln a + ions was 
found to depend upon the redox potential of  the ions, 
E"( Ln ~ +/Lq'- + ), the relative quenching efficiency of  metal- 
loporphyrins ( MTPP, M = Mg, Zn, Cd, Ni. Cu, Co) does not 
follow the trend of  the redox potentials of  MTPP [ 12]. The 
latter observation implies that MTPP molecules are adsorbed 
to a different extent onto the surface of CdS nanoparticles, 
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depending upon the metal ion inserted into the cavity of the 
i~)rphyrin, and on its coordination. Interracial electron trans- 
fer t'rt~m C d S ( e - / h  ~- ) nanop:u'ticles to MTPP molecules, 
adsorbed onto the surface of the nanoparticles, may take place 
provided it is thermodynamically allowed: 

AGL:~,, = eE"( e~7. ) - e E " (  M T P P / M T P P -  ) - e  -'/eR< 0 
( i )  

The redox potential of  the electron in the conduction band 
of CdS nanoparticles. E"(e ca  ), is more negative than that of  
the electron in the conduction band of hulk CdS, by 
hZ/2n,¢eR "- V. This is attributed !o the "space confinement" of  
ec-n " in the nanoparticle which leads to an increase in the 
bandgap energy of the semiconductor nanoparticle as its size 
decreases [ 161. 

EL. - (par t i c le )=Eg(Bulk )+(h ' - r r ' - /2R  "-) (2) 

×( 1/m~. ~ + l/m~ ) -  i.8e ~'/eR+ polarization terms 

Consequently, both the quenching of  the recombination lumi- 
nescence of  CdS nanoparticles by metalloporphyrins and the 
resulting photoreactivity of  MTPP need to be considered in 
terms of  interactions of MTPP with the surface of  the hahn- 
particles. Such interactions lead to surface modification of  
CdS nanoparticles which may facilitate electron transfer or 
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may alter the properties of the nanoparticles by forming new 
energy levels in the bandgap of the semiconductor { 13 ]. This 
paper deals with the adsorption characteristic.,; of ZnTPP onto 
the surface of CdS nanoparticles and the photoreactivity of 
ZnTPP induced by CdS. 

2. Exper imenta l  

Cadmium sulfide nanopan,~.,es were prepared in 2-pro- 
panol at -78°C without added stabilizers using well estab- 
lished literature methods of "arrested precipitation" [ ! 7 ]. The 
preparation was carried out by a rapid mixing of a solution 
of 1.2x IC --~ M Cd(CIO4)_,-6H,O in 2-propanol with a 
freshly prepared solution of Na2S in a mixture of 2-propanol- 
methanol (6: ! V/V) in the presence of an excess of NaOH. 
Both solutions were precooled and deaerated before mixing. 
The semicond,ctor nanoparticles prepared in this way had a 
[ Cd-'' I / I S" - I ratio equal to 3 ( non-stoichiometric CdS 
nanoparticles). Different preparations were characterized as 
4:8:4. namely 4 × 10- "~ M CdS. 8 × 10 - ~ M Cd" ~ excess and 
4×  I0-  = M NaOH. or 2:4:2. 

The optical bandgap of CdS nanopanicles ( Eg ) was cal- 
culated from the absorption coefficient, o~l hu), of the edge- 
to-edge absorption band of the nanopartic!e associated to 
direct transitions in CdS. namely transitions from the top of 
the valence band ( k = 0 )  to the bottom of the conduction 
band ( k = 0 )  [ 18.191. 

- ( - m h m ~ / (  m ~ + m~Y ) ) ~ / " I n c h  -1 m~* } ( h v - E ~ ) ' ' -~ ~(hz,)=le" "~ * • 

(3) 

where mh* and m,.* are the effective masses of the hole and 
the electron, respectively; El: values were found to range fi'om 
2.9 to 3.1 eV from the straight lines of the plots { a~(hu) } 2 vs. 
ht,( eV ) as ¢s(ht,) --. O. 

Ultraviolet and visible absorption spectra were recorded 
with a Hewlett-Packard 8452A Diode array spectrophotom- 
eter. Lumine,~cc,ce spectra were recorded with an Aminco-- 
Bo'a, man spectrophotofluorimeter. Irradiation studies were 
performed using a UV-light source ( Hg lamp ), and a tungsten 
( W ) lamp. with appropriate band-pass optical filters. 

Zinc tetraphenylporphyrin (ZnTPP) was synthesized from 
purified H_,TPP (chiorin free) 1201 and zinc acetate u.~ing 
standard literature techniques ! 21 I. All other chemicals used 
were of the highest purity available commercially. 

3. Results 

3.1. Effects of CdS nanoparticles on the absorption 
spectrum of ZnTPP 

The absorption spectra of freshly prepared mixtures of 
ZnTPP and CdS nanoparticles (3:6:3) in 2-propanol, kept in 
the dark, exhibit a considerable reduction in the absorbance 

of ZnTPP at both 422 nm (Soret band) and 556 nm (Q- 
band), compared to the spectra of ZnTPP in 2-propanol at 
the same concentration. The appropriate absorbances (optical 
densities) of ZnTPP at 422 nm and 556 nm, in the absence 
and the presence of 3× '0 -4 M CdS nanoparticles (2:4:2) 
in 2-propanol vs. [ZnTPPI are shown in Fig. I. Values of 
( O.D.)x, ,=,P - (O.D.)/jflI, p Cd$ at  422 nm or the difference in 
absorbance, shown in Fig. I(a).  exhibit a Langmuir-type 
leveling-off at higher [ ZnTPP] values. The reduction in the 
absorbance of ZnTPP in the presence of CdS nanoparlicles 
may be due to the adsorption of ZnTPP molecules onto the 
surface of the nanoparticles leading to a reduction in the 
concentration of ZnTPP in the solution. In addition, it may 
be attributed to a reduction in the value of the molarextinction 
coefficient of adsorbed ZnTPP molecules, as will be dis- 
cussed later. 

To determine the extent of adsorption of ZnTPP molecules 
onto the surface of CdS nanoparticles, mixtures of variable 
concentrations of ZnTPP and a constant concentration of CdS 
nanoparticles in 2-propanol were subjected to ultrafiltration 
( 100 A, membrane filter,;) under applied pressure. Absorption 
spectra of the mixtures were recorded before and after ultra- 
filtration, in control experiments, the absorption spectrum of 
ZnTPP in 2-propanol was virtually unaffected by ultmfiltra- 

2.0 • 

I.G. 

O 1.0, 

0.5 

0.0 

I,a) ~" = 412 nm • / /  

0 2 4 6 8 

|06 x IZnTPP] / M 

60 ! 
30 

0.08 

0.06 • , , / , ~ "  

0.04, . I 0 " "  r'., 

0.02 ~ ~  

0.00 ! I 

G 2 4 G r3 

10 6 x IZn'rPP] / M 

Fig. I. Absorbancc of ZnTPP vs. I ZnTPPI in 2-pn)panol at different wave- 
lengths: (e )  in the ab~nce of CdS nanoparticles and (©)  in the presence 
of 3 x I0-  "= M CdS nanopurticles. (A)  difference in absorbancc or optical 
density of adsort~ed ZnTPP: ( [] ) percent adsorption o~" ZnTPP. 
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Fig. . . . . .  ) Absorption spectra of 3 X 10- + M CdS nam)panicles ('~'4"* ' . ,  in .')- 
plx)panol, before, (b) and after (a) ultrafiltration ( 100 A membrane lilters ) 
vs. 2-propanul (L = i.00 cm). Inset: absorption spectrum of .5 × IO '~ M 
ZnTPP in 2-pmpanol before ultrafiltration ( absorption spectrum after ultra- 
filtration nearly identical). 

lion (2-3% retention by the filter). On the other hand. the 
absorption spectrum of CdS nannparticl::s (2:4:2) in 2-pro- 
panol was reduced drastically by uhrafiltration. Typical 
absorption spectra ofCdS nanoparlicles in 2-propanol before 
and after ultmfiltration are depicted in Fig. 2. The inset to 
Fig. 2 shows the absorption spectrum of Z,1TPP in 2-propanol 
before uitrafiitration. The absorption spectrum of ZnTPP 
recorded after ultrafiltration was nearly identical: it cannot be 
distinguished from the spectrum before ultrafiltration. The 
difference in the absorbances of CdS nanoparticles before 
and after ultrafiltration, namely (O.D.),~B-O.D.)^ A, is 
wavelength dependent. The percent retention of CdS nano- 
particles by the filter, namely {(O.D.)~a-O.D.)^A/ 
O.D.)^ a } X 100, is plotted vs. the wavelength in Fig. 3. it 
reaches 95% if determined at 400 nm. Fig. 3 indicates that 
large CdS nanopanicles ( A,~,~ > 400 nm) are retained by the 
filter more effectively than smaller nanoparticles ( A~  < 360 
nm). Although the absorbance ofCdS nanoparlicles becomes 
quite small at A > 460 nm and the percent retention deter- 
mined at A > 460 nm may involve a significant error, the error 
is negligible in the range of 360.-440 nm. 

Variable concentrations of ZnTPP, ranging from 2 × l 0-  +' 
M to l × 10 -~ M, were mixed with 2×  10-* M CdS nano- 
particles (2:4:2) in 2-propanol and they were kept in the dark 
for l h. Their absorption spectra were recorded before and 
after ultrafiltration. The absorbance of the mixture at 360 nm. 
422 nm and at 556 nm, plotted vs. [ZnTPP], was found to 
decrease by ultrafiitration (Fig. 4(a) -4(c)  ). The absorbance 
at 360 nm is attributed mainly to CdS nanoparticles. The 
contribution of ZnTPP in the absorbance at 360 nm is small 
even at the highest [ZnTPPI used and it is manifested in the 
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Fig. 3. Plots of f~ retention of 3×  l0 "~ M CdS nanop~icles  (2:4:2) by 
ultrafiltration vs. A Inm).  

slight increase in the value of (O.D.).~6o of the filtrate at high 
[ ZnTPP]. The absorbance at 422 nm is attributed to ZnTPP 
with some small contribution from larger CdS naneparticles 
(5% at the highest [ZnTPP] used, betk)re ultrafiltration). 
Finally the absorbance at 556 is attributed primarily to 
ZnTPP. The differences in the absorbance of ZnTPP at 422 
nm and at 556 nm before and after ultrafiltration, 
( O.D. )^a _ (O.D.)A A. level-off at high [ZnTPP]. Limiting 
values of A(O.D.),~ at l × l0 -s M ZnTPP, namely 0.37 at 
422 nm and 0.009 at 556 nm, imply that approximately 
1.3 × 10-~' M ZnTPP is absorbed on the retained CdS naao- 
particles (95%) based on A( O.D. )+_,_, and approximately 
9 .3x i0 -7 M ZnTPP based upon A<O.D.).~.. The former 
value of [ZnTPP] ~ may not be exact, it requires three minor 
corrections. The value of A(O.D. )+_-2 should be reduced by 
the absorbance of about 5% CdS nanopanicles in the filtrate 
at 422 nm, namely by 0.008. In addition, very small CdS 
nanoparticles may be present in the filtrate and they may carry 
ZnTPP molecules. Furthermore. the molar extinction coeffi- 
cient of ZnTPP at 422 nm used to calculate [ZnTPP],, a, from 
the value of (O.D.)4, a -  (O.D.)4, A was that of ZnTPP in 
the absence of CdS nanopanicles, which is slightly higher 
than the molar extinction coefficient of ZnTPP adsorbed onto 
CdS (see Section 4). On the other hand, the value of 
A( O.D.).~.~, is subject to a more significant error due to the 
low absolute values of (O.D.) ~.~t, before and after ultraliltra- 
tion. Therefore, an approximate value of [ZnTPP].~ equal 
to 1.3 × !0-6 M ZnTPP is considered as an upper limit under 
the conditions described above, leading to [ZnTPP],~/  
[CdSI - -6 .5x 10 -3 and to [ZnTPP]..~,/[ZnTPP]o~O.13, 
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i.e. approximately 13% adsorption, if the average-size CdS 
nanoparticle consists of m CdS units then approximately 
6.5 x 10- -~ x m ZnTPP molecules are adsorbed per average- 
size nanoparticle. Values of m equal to 200 CdS units imply 
that at least one ZnTPP molecule is adsorbed per CdS particle. 

3.2. Irradiation of ZnTPP with visible light in the presence 
of CdS nanoparticles 

Although solutions of ZnTPP in 2-propanol are completely 
stable photochemical|y, even under drastic OV and visible 
light irradiation in the presence of O,, the presence of CdS 
nanoparlicles renders ZnTPP very active photochemically. 
Mixtures of ZnTPP and CdS nanoparticles in 2-propanol had 
to be kept in the dark, at near zero temperature (°(2), before 
scheduled experiments could be carried out. Room light 
induces drastic changes in the absorption spectrum of ZnTPP 
in the presence of CdS nanoparticles. Some of the changes 
brought about by room light at* depicted in Fig. 5. A strong 
and broad absorption band in the range of 700-900 nm is 
attributed to intermediate photoproducts whose lifetime is a 
few hours. Absorption bands in the range of 600-700 nm are 
attributed to somewhat more stable photoproducts whereas 
absorption bands at about 520 nm and 580 nm represent fairly 
stable photoproducts. At the same time the Soret band (422 
nm) and the Q-band (556 nm) of ZnTPP disappear almost 
completely, indicating complete photodecomposition of 
ZnTPP. However, irradiation by room light leads to a very 
complicated photochemistry of ZnTPP in the presence of CdS 

ilanoparticles. Room light brings about electronic excitation 
of both CdS and ZnTPP. Excited CdS, namely CdS (e-  / 
h + ), lead to the formation of both ZnTPP- and O_,-, in 
addition to ( CH3)_,C-OH( hole transfer). On the other hand, 
~Z.nTPP* may lead to ZnTPP ~ and CdS (e - ), in the presence 
of fairly large CdS nanopa:'ticles ! 9.12 l, if back electron 
transfer from adsorbed ZnTPP ÷ to CdS(e-  ) does not dom- 
inate. It is apparent that the resulting photochemistry is too 
complicated to be elucidated succes.gfully. 

3.3. Ultraviolet irradiation of ZnTPP in the presence of 
CdS nanoparticles 

Ultraviolet irradiation of mixtures of ZnTPP and CdS na- 
noparticles in 2-propanol, using a Hg lamp, leads primarily 
to the electronic excitation of CdS nanoparticles at 360 nm, 
although a very small portion of ZnTPP molecules also gets 
excited to ~ZnTPP* at the highest [ZnTPP] used, namely 
2 x 10- s M at this wavelcngth. In addition, ZnTPP molecules 
are excited at 410_4:. l0 nm and by the visible components of 
the Hg lamp. Absorption spectra of 2 × I 0 -  "~ M ZnTPP in the 
presence of 3 × 10 -4 M CdS nanoparticles in 2-propanoi, 
irradiated by the UV lamp for various time interval,:, are 
shown in Fig. 6. The absorbance of ZnTPP at 422 nm and 
556 nm decreases drastically with irradiation time. Both 
absorption bands disappear completely after 100 rain of irra- 
diation. A broad absorption band at 700-850 nm builds up 
with irradiation time, reaches a maximum at about 15 rain 
and then it decreases until it disappears completely (120 



Bhamro, J. Cho, sochoos / Journal of Photochemisto" and Photobiology A: Chemistr¢ I ! ! (1997) 187-198 191 

o 

eft 

1 

/ 

t~ 

(a )  Zero 

! 

,h ~, do " 

Wavelength (nm) 

0 m - "  d i n -  do do do ,~ m 

b )  2 hours 

3C0 4OO 8~0 d ~  

Wavelength (nm) 

(C) 4 hour~ 

O 4  

o.. 

/ 

Wavelength (nm) 

0.15 

J 
m do do m"" no do 

015 

0 8 0 .  

(a) z . o T ~  

Wavelength {run) 

(b) 2b.m 

Wavelength (nm) 

°~o m do 

(C)  4ummm 

- '  ' w  - an do do do ' -  
Wavelength (nm) 

Fig. 5. Ab~wption spectra of 2 × i0 ~ M ZnTIPP and 3 × !0 -'~ M CdS nanoparticlcs (2:4:2) in 2-propanol (air-saturated) exposed to room light for variable 
time intervais. (a) Zero time (b) 2 h exposure (c) 4 h exposure (L= 1.00 cm). 

min). A similar pattern is observed with tile absorption band 
at 636 nm which is replaced by a broader band at about 640 
nm. Finally, absorption bands which appear to be linked to 
stable photoproducts are building-up with irradiation time in 
the spectral ranges of 300-400 nm, 500-520 nm, 580 nm and 
640 am. It is apparent that short irradiation times give rise to 
the formation of  intermediate photoproducts characterized by 
absorption bands at 636 and 700-850 nm, where as long 
irradiation times lead to more stable photoproducts. Pro- 
longed UV irracliation leads to the complete disappearance 

of all absorption bands at A > 400 nm. However, the resulting 
photochemistry under such irradiation conditions is still very 
complex because it nmy involve both CdS ( e - / h  + ) inter- 
acting with ZnTPP and O: as well as nZnTPP* interacting 
with CdS nanoparticles. The result of such interactions could 
be the formation of ZnTPP- ,  ZnTPP +, CdS(e -  ), CdS(h + ) 
and 02 - .  Obviously, one has to selectively excite either CdS 
only or ZnTPP, to simplify the photochemistry involved. 
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3.4. Irradiation o f  ZnTPP in the presence o f  CdS 
nanopartich, s at A > 515 nm 

To simplify the photochemistry of ZnTPP in the presence 
of CdS nanoparticles, mixtures of ZnTPP and CdS nanopar- 
ticles in 2-propanol were irradiated with a W lamp through a 
long pass color glass filter ( ~.t .... > 515 nm, Oriel 59502 ) in 
the absence of 02. Under these conditions only ZnTPP mol- 
ecules are excited to 'ZnTPP*, through their Q-bands since 
CdS nanoparticles are completely transparent at ,~ > 515 nm. 
Electronically excited ZnTPP molecules ( 'ZnTPP* ) are par- 
tially quenched by CdS nanoparticles characterized by 
E~ < 3.0 eV [ ! I, 12 I. The fluorescence quenching of ZnTPP 
by such CdS nanoparticles is attributed to electron transfer 
from tZnTPP* molecules adsorbed onto the surface of CdS 
nanoparticles to the conduction band of the nanoparticle. 

Kel Lt Kb~l It 

tZnTPP*-CdS ---* ZnTPP ÷ .CdS(e- ) ~ ZnTPP.CdS 

K¢, 

ZnTPP" .CdS(e- ) ---* ZnTPP + +CdS( e-  ) 

where k~L,r, kh~,r and k~.~ are appropriate rate constants for 
electron transfer, back electron transfer and charge separa- 

tion. respectively. The formation of ZnTPP " and CdS(e-  ) 
leads to additional thermal reactions. 

Absorption spectra of deaerated mixtures of 2 × l0 ~ M 
ZnTPP and 3×  lO -4 M CdS (E~-2.9-3.1 eV) in 2-pro- 
panol, irradiated at A > 515 nm for various time intervals, 
exhibit a very minor initial decrease in the absorbance of the 
Sorer band (422 nm) and the Q-bands (556 and 596 nm), 
accompanied by a slight increase in the absorbance of the 
irradiated sample in the spectral ranges 325-360 nm, 450- 
500 nm and 402 nm. These minor changes are consistent with 
the formation of traces of zinc tetraphenylporphyrin radical 
cation. ZnTPP + • CIO.:- [ 22.23 ], accompanied by a parallel 
destruction of ZnTPP (3--4%), monitored by the absorbance 
at 5~i6 nm. The emission spectra of ZnTPP in the irradiated 
samples, excited at either 360 nm or 544 nm, remain virtually 
unchanged. The fluorescence intensity ratio (/F)~o/(IF)65o 
is unaffected by irradiation under moderate conditions (up to 
80 rain). However, prolonged irradiation at A>515 nm 
( 120-150 min) leads to an increase in the absorbances at 422 
nm, 556 nm and 596 nm to values slightly higher than those 
of the unirradiated samples. In addition, both the intensity of 
the recombination luminescence of CdS nanoparticles and 



Bhamro. J. Chrvxochoos / Jozmtal +!f Phou~clu,mi.vtry and Photohiology A: Chemic+try ! I I I I ~)7; I,~7-198 193 

e'~ 

< 

Time of irradialton 

< 

0.2 

0.0 

v % 
160 m l a  

• | - i • i • | z i • i • l • i • a 
200 3OO 40O SO0 6OO 7OO 800 6OO 700 8~0 

Wavelength (nm) Wavelength (tam) 

4 _ . 4 . _ )  Fig.  7. A b s o r p t i o n  sr, o:tra o f  2 × I() • M Z n T P P  in the  p r e s e n c e  o f  3 × I(I M C d S  nanopart tcle ,~ ( "~" ""~ in 2 - p r o p a n o l .  i r rad ia ted  at 4 3 4  + l 0  nrn fo r  d i f f e r en t  

t i m e  in t e rva l s  v~. 2-prop: tool ;  d e a e r a t c d  ~,olution~ ( L = 1.00 c m  ). 

the fluorescence intensity ratio, ( It. h,m/( I~,),s.. decrease at 
long irradiation times. The presence of O, during irradiation 
does not affect these observations. Therefore, one can safely 
assume that irradiation of ZnTPP in the presence of CdS 
nanoparticles characterized by E~=2.9-3.1 eV at wave- 
lengths at which CdS is transparent, leads to very negligible 
photochemistry of ZnTPP under moderate irradiation con- 
ditions. Obviously, drastic irradiation conditions and use of 
CdS nanoparlicles characterized by E~ "., 2.5-2.8 eV may lead 
to more extensive photochemistry. However. CdS nanopar- 
ticles characterized by E~: -,- 2.5-2.8 eV are very trustable and 
precipitate out. Therefore, photoxidation of ~ZnTPP* by CdS 
nanoparlicles used in this work is negligible both in the 
absence and presence of O2. 

3.5. Irradiation of ZnTPP in the presence of CdS 
nanoparticles with near-ultraviolet radia!ion 

Irradiation of mixtures of ZnTPP and CdS nanoparticles in 
2-propanol, in the absence of 02 at 434+ 10 nm, was 
employed to lead to the excitation of larger CdS nanoparticles 
(Eg ~ 2.9-3.0 eV), although it also led to the excitation of a 
small fraction of ZnTPP. However, since the nanoparticles 
used are characterized by Et:-~ 2.9-3.0 eV, the conclusions 

reached earlier regarding the insignilicant photochemistry of 
ZnTPP in the presence of CdS nanoparticles at A,~,,t>515 
nm are still in effect. Excitation of CdS nanoparticles to CdS 
( e / h "  ) at 434+_ 10 nm leads to a photochemical activity 
of ZnTPP molecules adsorbed onto CdS( e -/h ~ ): 

Kct i r  

CdS(e /h"  )-ZnTPP ~ CdS( h + )-ZnTPP- 
K~ ,q I+ 

CdS.ZnTPP 

K 

CdS( h + )-ZnTPP ~ C d S (  h + )ZnTPP- 

Both CdS( h + ) and Zt,TPP- undergo further reactions as 
will be discussed later. 

The absorption spectra of mixtures of ZnTPP and CdS 
nanopanicles in 2-propanol, irradiated at 434_+ l0 nm in the 
absence of O:, show a decrease in the absorbance of ZtffPP 
at 422 nm. 556 nm and 596 nm, nearly to the same extent, 
accompanied by an increase in the absorhance of the irradi- 
ated sample in the spectral ranges of 450-500 nm and 634- 
638 am and a gradual formation of a very broad band with a 
maximum at about 520 am, under the Q bands of ZnTPP 
( Fig. 7 ). The latter absorption hands are consistent with the 
tbrmation of very small quantities of zinc tetraphenyl por- 
phyrin radical anion, ZnTPP-,  coupled with either Na + or 
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Cd-" " in the dispersion system, or the formation of ZnTPPH" 
[ 24.25 ] characterized by an absorption maximum at 457 rim. 
Disproportionation of ZnTPP- or ZnTPPH" leads to the 
recovery of ZnTPP (50%) and formation of reduced ZnTPP 
who~ nature will be discus~d later. The latter compound 
may be responsible for the broad absorption band under the 
Q-bands of ZnTPP. 

Although the pre~nce of O2 does noz affect the photo- 
chemistry of ZnTPP molecules adsorbed onto CdS nanopar- 
ticles and irradiated at A > 515 nm. it affects the absorption 
spectra of the mixture of ZnTPP and CdS nanoparticles irra- 
diated at 4_";4 + 10 nm, drastically. Typical absorption spectra 
of irradiated samples ar.~. depicted in Fig. 8. The absorbance 
cfZnTPP at 422 rim, 556 nm and 596 nm decreases drastically 
with irradiation time, whereas that at 360 nm increases very 
slightly. A broad absorption band in the range of 700-900 
nm increa~s gradually with time, reaches a maximum and 
then it decreases. Another broad band with a maximum in the 
range of 634-640 nm (shifting to longer wavelengths at 
longer times) exhibits a similar behavior. Finally, a broad 
ab~rption band is gradually developing at A < 600 nm with 
A,,~ at about 520 nm. Since the extent of excitation of CdS 
nanoparticles at 436_+ 10 nm is rather low. it takes long irra- 

diation times to photodecompose ZnTPP effectively, namely 
90-100 min for 50% conversion. At such long iL'radiation 
times thermal effects may become significant, although the 
outer jacket of the reaction cell was filled with water to avoid 
such thermal effects. To separate and characterize the pho- 
to, products formed, more effective excitation conditions are 
required, i.e. 360+ 10 rim. The irradiation time can be 
reduced to 10-20 min (see Fig. 6) for quantitative photo- 
chemical conversion of ZnTPP in the presence of CdS nan- 
oparticles under such conditions, without risking thermal 
effects. 

The emission spectra of ZnTPP-CdS mixtures irradiated 
at 434 + I 0 nm exhibit features which are different than those 
of unirradiated ZnTPP. At A~.,~. = 544 nm, the fluorescence 
intensity ratio ( ll~)f,~Kj/( IF),.~o decreases slowly with irradia- 
tion time and the emission hand at 650 shifts slowly to shorter 
wavelengths (645 rim). The change in the emission spectra 
of the irradiated sample is more pronounced at A~.,~ = 360 nm 
(Fig. 9). The recombination luminescence of CdS nanopar- 
ticles, monitored at 525 nm, where ZnTPP is transparent, 
decreases with irradiation time. The (l~A~x~/(l~),.~. ratio 
decreases even more markedly at A¢,~ =360 nm. At long 
irradiation times the emission hand at 600 nm is reduced by 

eJ u ¢.j 

.O e~ 
< < 

0.2 

C 0 
2OO 3OO 40O fJ00 e00 70O e00 fi00 e00 70O 8OO 

Wavelength (nm) Wavelength (ran) 
Fig. 8. Absorption spectra of 2 × 10- * M Zn'I'PP in the presence of  3 × I0-  ~ M CdS nanoparticles ( 3:6:3 ) in 2-pmpanol. irradiated at 434 +_ 10 nm for different 
time intervals vs. 2-propanol. air-~turated solutions (L = 1.00 cm).  
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Fig. 9. Emi.,,sion spectra of 2 x I0- * M ZnTPP in the pre.~nc¢ of 3 × I0 "~ M CdS nanopanicle~, (3:6:3) in 2-propanol, irradiated at 43-I. _-'210 nm for different 
time inter,,als: air-saturated solutions: ( a } A,.,, = 360 + 2 nm. (b) &.,, = 5.124_ 2 am. 

more than 50% whereas the band at 650 gains intensity ( 30- 
40%). becomes broader and shifts to about 643-644 rim. It 
is apparent that there are at least two emitting compounds in 
the irradiated sample, in addition to CdS nanoparticles; 
ZnTPP and a compound which emits at 643-645 nm and it 
is excited more effectively at 360 nm than at 544 rim. The 
intermediate components with absorption bands at 634--640 
nm and 700-900 nm either do not fluorescence or their flu- 
orescence is in tile far red region of the spectrum and it 
escaped detection. Furthermore, since irradiation of ZnTPP- 
CdS at 434± 10 nm under these conditions leads to partial 
photodecomposition of ZnTPP the changes observed in the 
emission spectra are attributed to intermediate rather than 
final photoproducts. 

4. D i scuss ion  

if the absorbance of ZnTPP in the presence of CdS nano- 
particles after ultrafiltration represents ZnTPP molecules pri- 
marily in solution, namely [ZnTPP]~,~ in the mixture of 
ZnTPP-CdS nanoparticles under equilibrium conditions, and 
if the difference in the absorbance before and after ultrafihra- 
lion, (O .D. ) ,B-  (O.D.),~ A (A=422 and 556 nm) is con- 
verted to [ZnTPPI~n,t-[ZnTPP]~ q using the molar 
extinction coefficient of ZnTPP in 2-propanol. then the latter 
difference represents [ ZnTPP],,a,. namely the concentration 

of ZnTPP adsorbed onto the surface of CdS nanoparticles, in 
this approach, [ZnTPPI ,,,, represents the initial concentration 
of ZnTPP which is distributed between ZnTPP in .solution 
and ZnTPP adsorbed onto the surface of CdS nanoparticles. 
Plots of [ ZnTPP ]~a, vs. [ ZnTPP ]¢q should give rise to Lang- 
muir-type curves, whose limiting values should represent the 
amount of ZnTPP adsorbed onto the surface of the fixed 
quantity of CdS used. Such plots are illustrated in Fig. 10(a) 
and 10(b). Limiting values of [ZnTPPI.~ resulting from 
these curves, namely 9 x  10 -7 M ZnTPP ~A=556) and 
1.3 X i0 -6 M ZnTPP (A=-422 nm), are in close ag~.ement 
with values obtained from the plots of A(O.D.)~ vs. 
IZnTPP], illustrated in Fig. 4(b) and 4(c).  However, the 
former value (9 × 10- 7 M) is considered to involve more 
significant errors, as was discussed earlier. 

It was mentioned earlier that the results depicted in Fig. I 
can be accounted for in terms of a reduction in the value of 
the molar extinction coefficient(s) of ZnTPP adsorbed onto 
the surface ofCdS nanoparticles. From the absorption spectra 
before and after ultrafiltration one can record the following: 

[ ZnTPP L,~ = [ ZnTPP] ,,ai~,- [ ZnT PP] ~q 

and 

(O.D.),~a'--(O.D.)~ -(O.D.hA=A(OD.)^ 

Plots of (O.D.),~ ~ (A=422 and 55t~ ~m) vs. [Zn'I'PP]..,,t., 
lead to the values of the apparent molar absorptivity of 
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Fig. I0. Plot~, of  IZnTPP]..,~, w.. [ZnTPPI,,a of  ZnTPP in the presence o|" ~ X I0 "~ M CdS nan,panicle.,, ('~" -~ - , . 4 ._ )  in 2-propanol. (a )  Calculated frum 
( O.D ).~22" - ! O .D )~ , a :  ! b ) calculated from ( O.D ) ~t, tl - ( O.D ) ~ ,.,,". Value~, of  I ZnTPP I~-q ~.~' ere calculated from the corresl'mnding ~.alue,,, of  ( O D  1.~" and ~,~ 
(ZnTPP) .  

adsorbed ZnTPP molecules onto the surface of CdS nano- 
particles (Fig. 1). From the slope of Fig. I we obtain 
e,,r.p(422) =2.11 x 10 ~ M - t c m -  t. which compares with 
e.~-,.,(ZnTPP) = 3 . 2 X  10 s M -~ cm -~ for free ZnTPP in 2- 
propanol. Therefore. there is a reduction in the molar absorp- 
tivity of ZnTPP at 422 nm upon adsorption onto CdS 
nanoparticles equal to approximately 34%. 

Electroaic excitation o fCdS nanoparticles at 434 + 10 nm, 
in the presence of ZnTPP. leads to electron transfer from the 
conduction band of CdS to adsorbed ZnTPP molecules. 

K,: I  Ir 

C d S ( e ; , / h ,  +, ) .ZnTPP ~ CdS( h + ) . Z n T P P -  

, ,o _ -I..D h + - + AG,:j . ,-eE (CdS( ) / C d S ( e , / h ,  )) 

- e E "  (ZnTPP/ZnTPP-) -e ' - / , eR-- -O eV 

based on E " ( Z n T P P / Z n T P P -  ) = - 1.07 V vs. NHE [24] 
and E ° ( C d g ( h  + ) / C d S ( e - / h  ÷ ) = - 1.07 V vs. NHE in 2- 

propanol ( for CdS nanoparticles with diameters about 45 A ). 
The electron transfer event is accompanied by either back 
electron transfer from ZnTPP-  to CdS( h * ). which is very 
efficient. 

AG ~,.¢j,, = eE"( Z n T P P / Z n T P P  ) ( 5 ) 

- e E " ( C d S (  h" ) / C d S ) = - 3 . 1  eV 

based on E"( CdS( h + ) /CdS)  '.- !.90 V vs. NHE I I I ( for 
CdS nanoparticles with 45 ,~ diameters),  or by charge sepa- 
ration leading to CdS( h + ) plus Z n T P P - .  In the presence of 
O-, (air-saturated solutions), molecular oxygen competes 
against ZnTPP for ec ,  - from CdS (e /h  + ) 

CdS( e,~/h ,', ) +O2---,CdS( h + ) + O ;  

AG~'l.,r =eE"(CdS( h ÷ ) /CdS(  e -  / h ÷ ) ) - e E " ( O  2 / O  _; ) 

= - 0 . 5  eV 
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(for CdS nanoparticles with 45 A diameters). The photo- 
oxidized CdS(h + ) undergoes hole transfer to 2-propanol: 

AG~;.,, =eE"(ZnTPP "/ ' ZnTPP* )-eE"(CdS/CdS ) 

>0 eV 

CdS( h ÷ ) +(CH~ ) 2CHOH~CdS+ (CH 3 ) 31~-OH+H + 

AG~.,,=eE"((CH .~ ) 2(7 - O H  / (CH.~) .CHOH) 

- e E "  (CdS( h + ) /CdS)<O eV 

or it involves efficient back electron transfer which negates 
the effect of electron transfer event, ,as di~ussed earlier. The 
excited triplet state of ZnTPP ( 3ZnTPP* ) is rather unlikely 
to participate in elect,on transfer to CdS nanoparticles, since 

Although electron transfer from C d S ( e - / h  +) to ZnTPP 
involves ZnTPP molecules adsorbed onto the surface of CdS 
nanoparticles, whose concentration is at most 1.3 × 10- ¢' M 
under the conditions of this study, the actual photochemistry 
of ZnTPP takes place most likely in the solution as it is 
manifested from th~ irradiation of deaerated mixtures. 

The photochemistry of ZnTPP irradiated at 434+ 10 nm 
in the presence of CdS nanoparticles involves the formation 
of at least three radical ions or free radicals: ZnTPP- 
~A..~,,=455-457 nm [25,261 ). 02-  and (CH~),COH. The 
metalloporphyrin radical anion participates in additional 
reactions such as: 

ZnTPP- + O:  --+ZnT PP - O'_, 

leading to the formation of a complex free radical whose 
absorption spectrum may be in the range of 650--900 nm. 
disproportionation leading to the reduction of ZnTPP 

H ~ 

ZnTPP- +ZnTPP-  ~ ZnTPP+ZnTPPH: 

and 

ZnTPP+ (CH~) _,C"OH~ i Z n T P P - C ( O H )  (CH ~ ) z l" 

The latter complex may be stable long enough to lead to 
the absorption spectra observed in the red region of the spec- 
trum. In addition, O_, - may react with ZnTPP 

ZnTPP+O.~ ~ Z n T P P - O ~  

Obviously, complexes like ZnTPP-O~" and [ZnTPP- 
C( OH ) (CH3)_, l" may be involved in further reactions which 
may lead to ring opening, demetallation and formation of 
substituted ZnTPP and reduction of ZnTPP. Photo-oxygen- 
ation of metalloporphyrins observed with porphyrins whose 
E,,~ < 0.'4-0.5 V led to products with A:,b~ at 450 nm, 770 nm 
and 850 nm (open macrocyclic structures) [ 27,28 ]. Isolation 
and chemical identification of both intermediate and final 
photoproducts, formed under efficient irradiation conditiors, 
is needed to elucidate the photochemistry of ZnTPP in the 
presence of CdS nanoparticles. 

Excitation of ZnTPP at either 434 5: I 0 nm or at A > 515 
nm, in the presence of CdS nanoparticles (Eg = 2.9 to 3. ! 
eV), either does not lead to electron transfer from JZnTPP* 
to the conduction band of CdS nanoparticles: 

i ZnTPP* + CdS--+ZnTPP + + CdS ( e -  ) 

E"(ZnTPP ~ 1 a ZnTPP*)>E °(ZnTPP ~ / ' ZnTPP* ) 
>E"(CdSICdS- ) 

Detailed NMR, mass spectrometric and GCMS measure- 
ments, following irradiation of ZnTPP--CdS mixtures under 
more drastic and .selective conditions, namely at 360+ 10 
nm, and separation of the components through a silica gel 
column are under way to identify intermediate and final pho- 
toproducts, and to elucidate the photochemical mechanism 
involved [291. which is induced by CdS nanoparticles. The 
photochemistry of ZnTPP in the presence ofCdS nanopani- 
cles appears to be linked to direct or indirect reactions with 
conduction band electrons ( ecu - ) rather than electron trans- 
fer from ~ZnTPP* to CdS. The role of hole transfer from 
CdS(h ÷ ) to (CH3)_,CHOH and subsequent reactions of 
(CH~),COH with ZnTPP needs to be elucidated. 
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