- AD-A248 337 .
IR <ijzz>

Department of the Navy

Office of Naval Résearch

[T

Electrochemistry in Colloids
and Dispersions

‘""”"‘Dnc

Volume III S

COLLOIDAL SEMICONDUCTORS

T}ns document Lag been a |
for public release and. sctiei,3 ;latxsoved
dxstnb\mon 18 unlimxted.

A final report-to thc»Dé}pér'tménft»o_f the Navy, cormnpiled by the
Division rdfﬁ'é»"‘»“’i?féﬁ@?Suir,fac@.Chgmis@
of the- American Cheimical Society.
ARebray 1992

i
i
i
|
g

‘GRANTNO: N00014—91 3J:1616.
MODIFICATIGN NO* POOOOI

- 92-06924
.92 8 17 945 - lMWWWWWM

::&7;»7-:;;',<.

f
ﬁ,“l'!




- Best
- Available
Copy



"

aistpoprd)

TGO

=
=
=

it

W

Hil

IS R e

T

HlA

A

]

QPRSI

Rewmed S=20-7¢ 27

P 2230003222033 223 2223232223220 P30 2202 0202020022ttt ittt teivoteiiieesied
(:j) REDOX MECHANISMS IN HETEROGENEOUS PHOTOCATALYSIS.
THE CASE OF HOLES vs. OH’RADICAL OXIDATION AND FREE vs. SURFACE-

BOUND OH°RADICAL OXIDATION PROCESSES

122222 22202222222t 2222220202022 0202 20000082802 222 202022222222 222 222222023222

Nick Serpone,ltl'2 Darren Law]_ess,1 Rita Tea:‘zian,I and Dan l*ie‘:lsel3
1 Department of Chemistry, Concordia University, 1455 deMaisonneuve
Blvd. West, Montréal, Québec, Canada H3G IMS.

z Laboratoire de Photocatalyse, Catalyse et Environnement, URA au CNRS,
Ecole Centrale de Lyon, 69130 Ecully, France.

3 Chenistry Division, Argonne National Laboratory, 9700 South Cass
Avenue, Argonne, Illinois, USA 50439.

i
t
!
!

Y T T .
i ! :
i | f
Lol W1 :3 E H t'gi__ .
A I - ] %
- o1 |0z s
;. : H P N
- : i = ve ‘
‘ 51k B - =15 29 ,
: wisao g & o S
- fo c 2 PO =
N < & = 1= ‘30<
- SO+ X% iS5
L c 9 o <
wn c = R a—
AR ' B 3
8 bh’g - 2 a8 <<
|20 A

Please address all correspondence to Prof. N. Serpone at Concordia
University.

Statement A per telecon
Dr. Robert Nowak ONR/Code 1113
Arlington, VA 22217-5000

NWW  3/26/92 -/




ABSTRACT

Photo-assisted redox processes mediated by illuminated semiconductor
particles find their origin with the electron/hole peir formed subsequent to
the light absorption event. This article focusses on those events occurring on
TiO, particles (anatase form; bandgap energy 3.2 eV) in aqueous media. In
particular, the emphasis is placed on the photo-oxidative reactions induced
initially by the valence bend hole (redox potential at pH ~ 0, ca. 3.0-3.2 V)
and which find practical application in the degradation of a variety of
organic compoundz {(aliphatic and aromatic) of varying complexity, as might be
found in waste waters or industrial effluents. While the total oxidative
mineralization of these compounds has been demonstrated, as evidenced by
observation of stoichiometric formation of OO, in every case, the intimate
details of process kinetics and mechanisms have not been documented. The very
nature of the oxidizing species has been invoked by some to be the valence ,
band holes (free or trapped) interacting directly with the‘organic substrate
and by others to be the OH® radical, formed by hole oxidation of the OH
groups or H0 molecules on the TiQ, particle surface. As well, taking the OH*
radical to be the oxidant, two schools have evolved recently, distinguished by
whether oxidation by OH® species occurs at the particle surfece or by a free
OH®* radical which desorbed into the solution bulk. Herein, we present some of
the data and arguments gefmang ;o the questions raised and present some recent i

pulse radiolysis results which bear on thege issues.
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ABSTRACT

This report summarizes the current status of experimental and theoretical studies which address
fundamental and applied aspects of electrochemistry in colloids and dispersions. The range of
such microheterogeneous fluids examined includes micellar solutions, microemulsions,
emulsions, latexes, and dispersions of solids in liquids. Several broad subtopics are described.
These topics include electroanalytical methods and applicationé, solute distribution, diffusion,
and transport, electrosynthesis and electrocatalysis, polymers and latexes, and colloidal metals
and semiconductors.

This report is presented in three volumes, I, II, and III.
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INTRODUCTION

Recent discussions in heterogeneous photocatalyzed mineralization of
organic contaminants, mediated by illuminated Tioz anatase, have centered on
mechanistic details in efforts to improve the photocatalytic activity of the
TiQ, material, and to understand the role and importance of mineralization by
free versus surface bound oxidizing radicals (OH®) on the one hand and versus
direct hole oxidation on the other. If the potential of this semiconductor in
photocatalytic processes can be maximized, a better understanding of the
chemical nature of the photo-formed electrons and holes, together with the
role(s) these species play in heterogeneous reactions at the TiO,/electrolyte
interface is required.! Despite the various efforts, the mechanism of the
photocatalyzed oxidative degradation of organics remains unclear. Even the
optical characteristics of the photo-generated valence band holes in illumin-
ated TiO, have not been established. Conflicting reports have assigned
absorption features which appear in the near UV-visible region to photogener-
ated holes [see ref.2 for a recent discussion].

Two princinal pathways have been proposed in the mineralization of
organic substrates or oxidation of inorganic materials. One of these considers
the surface OH groups and/or molecular water on TiQ, as the primary target(s)
for the reaction of the photogenerated holes, a reaction which yields OH*

radicals. The current prevailing view favors these radicals as the primary

oxidizing species, which proceed to react with the substmte.3 The alternative
pathway involves direct hole oxidation of the organic substrate, a view
reinforced by a recent stuch“ which failed to detect any of the expected OH-
adduct intermediates following flash photolysis of several TiOz/substrate

combinations.
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Added to the issue of the nature of the primary oxidizing species,
another problem that has been raised is whether the primary oxidation event
implicating the OH® radical occurs on the photocatalyst’s surface or in
solution, subsequent to its desorption.

In this paper, we first discuss the nature of the heterogeneous surface
and then some of the more significant results and conclusions reached by
others. Subsequently, we look at our recent pulse radiolysis works’6 in which
we examine the reaction of OH® radicals with colloidal (6.5 nm rad.} TiG,
particles in aqueous media. We find that reaction of the OH* radical with the
Ti0, occurs at a diffusion-controlled rate. We conclude that release of OH®
formed upon illumination of the TiQ, surface is an unlikely event. We also
emphasize that the species produced by reaction of OH® with 'I‘iO2 is identical

to a trapped hole at the particle surface.

THE NATURE OF THE TiQ PARTICLE SURFACE

¥hen a crystal of TiOZ (e.g., anatase form) is produced, the network of
Tiw and 0z comes to an abrupt end at the gas/solid or licuid/solid interface.
Thig leads to titanium(IV) species at the surface which are coordinatively
unsaturated, that is there are dangling orbitals (surface states) on the
particle surface which can interact with orbitals of other species present at
the interfaces. Exposure of a naked TiG, crystal to water vapor or to an
aqueous medium causes hydroxylation of the surface by dissociative chemisorpt-
ion of molecular water to satisfy the coordination of surface Tiw ions.”
Figure 1 shows gschematically the process.

Two types of surface OH groups result as evidenced by photo-electron

8

spectroscopy:’ (a) one OH group bridges two surface vicinal TiW ions, becom-
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ing a Bronsted acid center, and (b) the other, a terminal rilV-oi group which
has basic character. The TiQ, particle surface also contains chemisorbed and
physisorbed water of hydration. Temperature programmed desorption experiments
have placed the number of surface OH grou'psg at ca. 5 OH/nmz, representing

! A theoretical report puts the number of

less than 50% of surface coverage.
OH groups at 5-10 per mnz,m with the exact number dependent on the type of
crystal plane examired.!" The consensus seems to be 7-10 O /nn* 17 for
TiO2 at ambient temperature. Chemisorbed water (HZO bound directly to surface
TiIv ions) amounts to about 2-3 molecu.les/:nm2 for rutile Tioz.9 Thus, most if
not all the Til' sites are occupied.

Other species present in the medium can also chemisorb strongly (and
irreversibly) on these sites {H,PO; and/or !{9042', F and NO; "} displacing some
of the terminal OH groups to give a surface coverage approaching half a mono-

18-2i

layer. Other anions (Cl°, I, and 8042') gre reversibly adsorbed. This

extrinsic adsorption has important consequences in photocatalyzed oxidat-
ions,zz since anions can potentially block catalytic sites and scavenge redox
equivalents. The nonstoichiometry of Ti.oz provides surface Tim sites on which
such electron acceptors as molecular oxygen can adsorb. High-temperature (400-
600 C) pre-treatment of Tiy, in an oxidizing atmosphere (0,) reduces the

number of these sites, w-.le pre-treatment in a reducing atmosphere (H))

increases their number.

NATURE OF THE SURFACE OF qu INDER IRKRADIATION
In the absence of lighit and in a given agueous electrolyte medium, the
particle surface will have certain electronic characteristics and a distinct

number of adsorption sites onto which anions, cations, organics, and other
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species present can chemisorb or physisorb, reversibly or irreversibly. In the
presence of light, the surface electronic properties will undergo dramatic
changes, altering as well the nature of the adsorption sites. Thus, dark
adsorption/desorption events will be altered, and additional new events will
take place arising from photoadsorption/photodesorption equilibria.

The primary photochemical act, subsequent to near-UV light absorption by
TiQ, particles (wavelengths < 380 mnm), is the generation of electron/hole
pairs whose separation into conduction band electrons ( e'w) and valence band
holes (h'y) is facilitated by the electric field gradient in the spece charge

region (eqn 1) . Chemically, the hole which is associated with valence bonding
Ti0, + hv ——-> Tioz{e'...h*} —> €y + h'y (1)

orbitals is constrained at the surface or sub-surface sites in the region
where light is absorbed. The greater mobility of the electron,” poised at the
conduction band potential,u facilitates its migration across the particle
(Figure 2). Both charge carriers travel rapidly to the surfa:ce2 where they are
ultimately trapped by intrinsic sub-surface energy traps {ﬁ“’-oz‘-'ri“') for the
hole and surface traps {—Tiw—-} for the electrons {(egn 2),15 and by extrinsic
traps via interfacial electron transfer with surface adsorbed electron donors

‘Dads) and acceptors (A‘ds), respectively {eqn 3).

(10" e + WYy > @0y o (&)
¥ . I

{-Ti ‘}mfaee + € - I -}m{g& -

h*va . Dads s D‘}m (3a)
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Rapid electron/hole recombination (reverse of eqn 1) necessitates thet D and A
be pre-adsorbed prior to light excitation of the TiG, photocatalyst. Adsorbed
redox-active solvents can also act as electron donors. iIn the case of a
hydrated and hydroxylated TiQ, anatase surface, hole trapping by interfacial
electron transfer occurs via egqn 4 to give surface-bound OH* radicals.®# The

necessity for pre-adsorbed D and A for efficient charge carrier trapping calls

(i rify-o + by —> (ril-oF-Til)-one (42)

(ri"-0-rily-on, + vy —> (Til-0F-Ti)-ome + H (4b)

attention to the importance of adsorption/desorption equilibria in photocatal-
vsis. These equilibria and the extent of adsorption will depend on such
factors as the pH of the medium and the point of zero charge for the TiG used
(for anatase, pzc ~ 6.0-6.4 ¥ '), which in turn is highly affected by the
particle environment (nature of ions, ionic strength, among others). In acid
media, the particle surface is positively charged and should enhance adsorpt-
ion of anionic and polar substrates; in alkaline media the surface charge is
negative and should favor adsorption by cationic species.

Tt should be emphasized that even trapped electrons and holes can
rapidly recombine on the particle surface. To obviate recombination of holes
and electrons, the latter carrier is scavenged by pre-adsorbed (and photo-
adsorbed) molecular oxygen to give the superoxide radical anion, Oi"(aads),
(ean 5) which can be reduced further to the peroxide dianion, O, (ads) (ean
6). Alternatively, surface peroxo species can be fotmedzs'ﬂ either by hydroxyl
radical (hole) peiring {eqn 7) or by sequential two-hole capture by the same

OH group (egns 4a and 8) or by dismutation of 0{‘ {eqn 9).

-1
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Glads) + ey ----> 0 %(ads) ©)

G, "%(ads) + € ——-=> ‘Ozz.)surface (6)

200D gy —==> (B (re)

B0 gurpye —=> (ozz-)surface + 2 (7o)
. o

(il ome + by s (O)gurtase === > 0y(ads) (8)

2 0"*(ads) --~-> Oy (ads) + Ozz'(ads) (9)

In acidic media (pH 3), in which most photo-oxidative decomposition of
organics have been carried out higtorically, the superoxide radical anion
protonates to give the hydroperoxide radical, HOP (pKa 4.88 ). other
reactions, among others, that no doubt occur on the TiOz particle surface and

that are solvent (water) related are summarized in eqns 10 to 15.

0,*(ads) H' ----> HQS(ads) (10)
2 HO® ~—-- > HO + o (11)
O, + 0 —> O + o + o (12)
HO, + ey -—-> OH* + of (13}
BO, + hiy -0 o + o " (14)
AT F Y o By > Hg 1)

It is evident that under illumination, the electronic characteristics
and the very nature of the Ti0, particle surface have undergone a dmtic
change. It will be the extent of these changes, under the conditions used,
that will dictate en premier lieu the events which take place along the photo-

oxidative path of the organic substrates to total mineralization.
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THE NATURE OF THE OXIDIZING SPECIES (HOLE vs OH' RADICAL)
The chemical evidence to date supports the notion that the OH®* radical
is the major oxidizing species involved in the photomineralization of most of

B4 guoh evidence stems from the observation of

the organics examined.
hydroxylated intermediate products, formed along the course of the photo-
oxidation process and which bear close resemblance to products obtained by
oxidation with Fenton’s rezaugent.48 In the oxidation of phenol by light-
activated TiO, in agueous media, Okamoto et al.' have identified the products

shown in Scheme 1, the major components being hydroquinone (HQ), and

/ CC PG\
/

* Y

LI . Further-oxidized
é @ i o Pproducts (Scheme 1)
\ HO HHQ /'/
rd
s

(Q)—

BQ HBQ

catechol (CC) for 16% conversion. Similar hydroxylated species (3-fluorocat-
echol, fluorochydroquinone, 4-fluorocatechol, and 1,2,4-trihydroxybenzene) have
been identified in the photo-oxidation of 3-fluorophenol.5° Photo-oxidation of
3—chlorophenol over light-irradiated ZnO in aqueous media gave the hydro-
xylated intermediates illustrated in Scheme 2, with chlorohydroquinone as the
major component for 30% conversion.51 Added support for OH®* as the primary
oxidant in aqueous media comes from & recent kinetic deuterium isotope

ex1:>eeriment52 which showed that the rate limiting step in the photo-oxidation

5 Z- §
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of iso-propanocl on TiOz is formation of active oxygen species through a

reaction involving the solvent water.

OH OH OH OH (o]
Ci OH OoH Cl
@ _,__D_&__Q__Z__,, O + + @ + (Scheme 2)
i ZnO,HzO Cl
OH cl o]

The nature of the intermediates implicated in the photo-oxidation of
water with Ti()'2 has been identified in several reports using spin traps by the
electron spin resonance (ESR) technique. Using a pre-reduced snatase powder in
aqueous solutions (pH 4 and 7) at ambient conditions, Jaeger and Ba.rd32 and
Harbour et al.” identified only the anodically formed OH® radical, since
confirmed by other workers.zs'“ A low-temperature (77 K) ESR study identified
the OH® radical (no spin traps) ;31 however, this was recently questioned by
Howe and Gr‘étzel% who found no evidence for OH®* species, even at 4.2 K. These
authors have inferred that the ESR signal seen by Anpo et taxl.31 and theirs is
associated with the O™ radical anion resulting from trapping of positive
holes at lattice oxide ions (eqn. 2a). They vpostulaf(,ed25 that the OH® radicals
identified by spin trapping methods are not the primary product of hole
trapping, but originate as transient intermediates of photo-oxidation.

Regrettably, ESR investigations have provided no clear picture of the

primary radical intermediate(s) in the TiOz assisted photo-oxidation of water.

The nature of the observed radical species appears to depend on the origin and
pre-treatment of the TiQ, sample, on the conditions and extent of its reduct-

ion, on the extent of surface hydroxylation, and on the presence of molecular . 1
oxyger, among others.'

In some cases, the presence of inhibitors (OH® radical scavengers), from

competition experiments, and identification of intermediate products and their

10
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ratios has led some authors to infer that photo-oxidations of organics over

WA

light~activated TiOz (and Zn0O) implicates both OH® radicals and positive holes

(eqn 16) .43'51'54'58 THus, oxidation of acetate at illuminated TiOZ/water

L

i substrate
g "hole" = oxidation products
N\
o /HZO substrate/r (16)
/
% interface produced not only the expected photo-Kolbe products COZ and methyl

radicals by positive holes, but also glycolate and glyoxylate which originated

W

from oxidation of acetate by hydroxyl radicals via H-atom abstraction at the

Pt

methyl grw:;up.54 Photo-oxidation of dichlorobenzene over agueous Zn0O dispers-
ions has led to various hydroxylated intermediates, the formation of which is
quantitatively inhibited by ethanol which scavenges the OH® radical in the
first step of the reaction.” This was tsken as evidence that the OH* species

is the sole oxidant. By contrast, the photo-oxidation of furfuryl alcohol55

and mono-chlorvophenols51 appears to proceed by both pathways. For the phenols,

the major pathway (~ 65%) was oxidation via OH® radicals and the remainder via

direct hole oxidation.ﬂ
It should be remarked that product identification may not lead, if at
all, to a delineation of OH® versus hole oxidation, since the products may be

identical in both csses. For example, the products identified in the photo-

i toilh

oxidation of phenol {Scheme 1) may originate either by OH® radical attack of

the phenol ring, or by direct hole oxidation to give the cation radical which

1 v it 4,

subsequently undergoes hydration in solvent water (Scheme 3). Thus, product

analysis alone will in most cases be insufficient to unambiguously establish

Wl
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the process(es) in the primary photochemical event.

OH OH
or
OH OH OH
H,0 ®
bt o+ @ OH, {Scheme 3)

hydroxylation product — —e— OH

Several years ago, we indicated that complete degradation of organics
over light-excited agueous TiOz suspensions did not occur if either HZO and/or

g .
o Partial oxidations, and not mineralization, are

molecular 0, were absent.
often the rule and not the exception when photo-oxidations are carried out in
redox-inert solvent,s,.u‘58 Acetonitrile and dichloromethane have commonly been
used. In the absence of water, total mineralization of the organic substrate
does not occur; only partially oxidized products, often involving photo-
oxygenation, have been isolad:ed.24 In these cases, the primary oxidizing

species was described as the positive hole. Reactions 17-19 illustrate some

relevant recent examples from the work of Fox and co--workers.zq'48

Ph TO,* Ph
—— =
Ph CHCN Ph>= o (17)

12
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CH, CHO
TiOZ (18)
PRCH;
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%[O
CH3CN x ' X

Additional, equally convincing evidence for direct hole oxidation, as

-Q

(%]

the principal step in the photo-oxidation process, was reported in an early
study by Boonstra and Mutsaers™ who concluded that the hydroxyl radical was
unlikely to participate in reactions involving Tioz. Modification of the TiOZ
surface with chlorosilicon compounds led to a decrease in the activity for
several photocatalyzed reactions, yet the effect was smaller than the extent
of the eliminated hydroxyl groups. The enhanced yield of phenol photo-oxidat-
ion in de-oxygenated suspensions of Zn0O, containing Hg‘z* ions as electron
scavengers, was taken as conclusive by Domenech et al.® for a direct hole
oxidation pathway.

Perhaps the strongest evidence for direct hole oxidation comes from a
recent srft:ud}'f61 which failed to detect any of the expected hydroxylated inter-
mediate OH%-adducts following diffuse reflectance flash photolysis of several
Tioz/substrate combinations. Experimental difficulties together with the fact
that OH*-adducts often possess absorption bands in the UV region where TiQ
absorption interferes, thereby obstructing observation of such expected hydro-
xylated species, do not obviate the intermediacy of OH® radicals (possibly by
an electron transfer process) in photo-oxidations. As noted recently by Fox,u

the possibility that such single electron redox reactions could be mediated by

e ZZ= /2
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trapped hole equivalents either on the metal oxide surface (as, for example,

by a surface bound OH* radical) or by a sub-surface lattice oxygen situated
directly beneath an adsorbed hydroxide ion remains unanswered.

SURFACE vs. SOLUTION REACTIONS

Another issue, often raised in discussions of photocatalyzed mineral-

ization of organic substrates, is whether the initial oxidation of the organic

substrate occurs on the photocatalyst’s surface or in solution.

In analyzing the kinetic data of photocatalyzed oxidations (and reduct-
ions), mediated by photo-activated semiconductor particles, several studies in

the 1980’s literature have fitted the results to the simple rate expression of
the form of eqn. 20.82'6‘

T itial = KKC/(1 + KC) (20)
Detersnination of initial rates of oxidation as a function of increased concen-
iration of organic supstrate, for a given photocatalyvst loading, commonly
vields the typs of plots illustrated in Figure 3, taken for the photo-
oxidation of m—cresol.ss The similarities of eqn.20 or its more complex form

for a multi-component system (egn.Z21 62) , to a Langmuir adsorption

_dC kKC
§ - dl had .

t=1.n

(21)
L+ Z'" reactants) K'Ci(t) + Z(lll intermediatces) chj(t) + K‘C‘

§

isotherm6 {where k is the observed rate constant, K is the adsorption

coefficient and Ce is the initial concentration of substrate) have led to

inferences that the mineralization process takes place on the photocatalyst’s
7~ /;?

14
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surface.” {Note that the values of k and K sre apparent empirical constants
which describe the rate of degradation under a given set of experimental
conditions covering a range of solute concentrations; they have no absolute
meaning}. Similar plots obtain if one considers a bimolecular reaction between
reactants X and Y. The initial rate will increase with increase in the concen-
tration of the Y (or X) substrate; the kinetics become pseudo first order.

Thus, a Langmuirian type behavior does not guarantee a surface occurring

Process.

A rigorous treatment’ of the kinetics involved in the photo-catalyzed
oxidations of organic substrates on an irradiated semiconductor under a
variety of conditions has recently examined whether it was possible to
delineate surface vs. solution bulk reactions. The derived kinetic model
considered four cases implicating OH®* radical attack of the organic substrate:
(i) reaction occurs while both species are adsorbed; (ii) reaction occurs
between the adsorbed substrate and the free radical; (iii) reaction occurs
between surface bound OH®* radical and the substrate in solution; and (iv)
reaction occurs while both species are in solution. In all cases, the analyt-
ical form of the derived complex rate expressions was identical and was
similar to that from the Langmuir model. Clearly, kinetic studies alone are
silent as to whether photo-oxidations are surface processes or solution
processes. An empirical model based on enzyme kinetics confirmed this
difficulty.’ 08

Some studies have sought chemical evidence and inferences to ascertain
whether or not the oxidation is a surface process. The selective inhibiting
influence of iso-propanol, which modifies only two terms in the kinetic

expression that are independent of the furfuryl alcohol (FA) concentration,

15 ZZL - /5T




was taken by Lemaire et 9.]..Ss to mean that oxidation of FA by~ OH® radicals over

ZnO dispersions occurs in the homogeneous phase. The relative importance of
the formation of glycolate and glyoxylate via OH® oxidation of acetate
increases with increasing pH.* It .ms inferved that since in alkaline media
little adsorption of acetate takes place on the negatively charged TiOy
surface, the hydroxyl radicals must diffuse away from the surface of the
photocatalyst to oxidize acetate in solution.

In their elegant study, Turchi and Ol1is’ inferred that the photo-
oxidative process need not occur at the catalyst’s surface, ag the reactive
OH' species can diffuse sevcral hundred angstroms in the solution. Other
workers have suggested that the diffusion length of an OH® radical in the
presence of Ti0, may only he a few atomic distances or less.®

A recent photoelectrochemical s;t:udy69 is strongly supportive of a
solution OH®* reactive species in photocatalyzed oxidations. The two important
anodic and cathodic reacticns on the working metal electrode are embodied in

eaqns 22. In a slurry photochemical reactor containing an organic substrate,
TiOZ' --=-> TiQ, + e (anodic) (22a)
OH* -————> O + h {cathodic) (22b)

the initial photocurrent was cathodic which rapidly became anodic under
steady-state (Figure 4). Immobilization of the Ti02 onto a conducting carbon

paste in a non-uniform manner, in which presumably no TiOz comes in contact

with the electrode, gave similar results as the slurry cell reactor. Nozik et

al.sg inferred from the results that photo-generated surface-originating OH

radicals must diffuse into solution to generate the observed cathodic photo-
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current.

By contrast, another (ESR) st\xivw concludes that the OH® radical dn:s
all its work on the catalyst’s surface, and photo-oxidation is a surfec:
process. Irradiated H0, is a well-known source of OH® ralicals in horugeneous
vhagse. Variations in the ratio [D‘*IPO—CH]/[IMEO—(X)Z] as a function of
[Formate]/[DMPO] in a competition experiment between formate ar the spin trap
used (DMPO) for the OH' radical, which generates ooz“ radicalt, were followed
by the ESR technique.?0 A similar competition experiment was carried out in a
heterogeneous system containing TiOz, formate and DMPO. It was thought that if
the OH® radical produced by illumination of TiO, reacted in homogeneous phase,
then the variation in [DMPO-OH]/ {DMPO-C0,] would have to overlap that from the
HZOZ experiment. As noted in Figure 5, the reference system HZOZ and the TiO,
system showed different behavior, taken as evidence'’ that the OH' radicals
react heterogeneously on the surface of the TiOz particles.

Unfortunately, these competition experiments remain inconclusive.
Considerations of the several complex events (Scheme 4) occurring on the ‘ll‘iO2
particle and the various other species present on the surface lead us to
conclude that the behavior emtiiied in Figure 5 should not have been
unexpected. Identical variation of the ratios would only have been observed if
the parameters describing the steps were identical in both homogeneous and
heterogeneous phases. However, the presence of a TJ‘.()z particle/solution intzr.-
face will, no doubt, influence the kinetics (k’) of the various stages in
Scheme 4, as one or more may occur on the particle surface, not to mention the
differences in the term #an and @1’," for the H,0, versus the TiQ, experiment,

respectively.




Z /P

B0, 0

k, [OH’] "];’
Ti0)’ : %
\¢I’aﬂ /
DMPO
>|r(soln)k-2m—ooz}—} st . > (DMPO-CO;}  (Scheme 4)
o’ \
/ N\ .
HO; I, [DMPO] Lo
N N
{DMPO-OH} 00,

where

& onan)/P oo = 1/ Uik LHOO, 1 Eey)
and
& nooan/® ooy = '/ 1 10O, 1 Fy)

It is clear that one technique alone cannot provide unambiguous conclus-
1ons and that other evidence need be obtained, which together with other
results might lead to a reasonable understanding of the complex events in
photo-oxidation.

Recent time-resolved-microwave-conductivity studies” on TiO, Degussa
P 25 showed a definite increase in the lifetime of the mobile charge carrier
(electron) in the presence of iso-propanol, resulting either from (i) scaveng-
ing of surface CH® radicals by i-PrOH or (ii) to displacement of a deep
surface trap by the alcohol. Observation of a small signal growth in the last
pulse of a 100-pulse train (5 Hz) in the TiOZ/i—PrOH sample was inferred to
ari3e from electron ejection from the CH3C'(0H)CH3 radicals, formed in an
irradiated (with 3 MeV from a Van de Graaff accelerator) iso-propanol sol of
Tioz, via eqn. 23. A similar process explained the observed photocurrent

doubling effect by za.J.cohols,”'73 a process which could only take place at the
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'I’io2 surface.

CHC'(OH)CH, + TiG) -——-> CHC(O)CH, + Tio, + H' (23)

We now discuss our recent pulse radiolysis work,s in which we attempted
to resolve these two issues by this technique and to clarify the conflicting

views regarding the optical features of the photo~generated hole.

PULSE RADIOLYSIS STUDIES

Difficulties encountered in interpreting results from light activated
'I‘iO.2 could be obviated by the pulse radiolytic method which affords examining
the behavior of one of the charge carriers without the interference from the
other. We examine’ the reaction of Ti0, colloids with OH® radicals produced by
irradiation of N,O-saturated aqueous solutions with high energy electrons. The
observed growth rate of the product, which we presently define simply as {TiOZ
+ OH®}, varies linesrly with [Ti0,] giving k = 6.0 x 10'lmlg! {concentration in
terms of particles). The decay rate of this product increases linearly with

{(OH*], k = 1.5 x 10°Mlg).5

Spectral Features of the Hole — Henglein et al.3"" have reported an
absorption band at 430 nm for the photogenerated trapped hole in platinized

'I‘ioz. A more recent study?5 ascribes a band at 630 nm to the photogenerated

hole. These conflicting results have been taken up by Bahnen.‘-ann.2

If the trapped hole is an oxidized lattice oxygen as described in eqn.
2a, and to the extent that the O* radical in homogeneous phase has a spectral

.
£

feature at 240 nm," it is difficult to rationalize a 400-nm shift when this
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radical is bonded to two 'I‘iw on a TiOz particle. The issue was res:solved6 by

injecting a hole into TiQ, via radiolytically formed OH® radicals. Figure 6
illustrates the resulting spectrum of the {’I‘:‘LOz + OH®} product which shows an
onset of absorption at ca. 470 nm rising toward the UV region and reaching a

maximm at ~ 350 nm, more in line with expectations.

Nature of the {'HQ + QH *} Product ~ Molecular oxygen had no effect on
the fate of this product. However, SCN was oxidized by this product to the
SCN* radical which in the presence of excess SCN gave the (SCN)Z" anion
radical (¥Figure 7). The rate of decay of {'I‘.‘LO2 + O’} in the presence of thio-

cyanate could be expressed by eqn 24, where k1° is the intrinsic decay of the

. ‘ KiK[SCNT + (. , (24)
Rﬁ°=k(dmy>[(T102*0H'n=(kp+1i—l{[sﬁ%) [{TiO, + OH'}]

product (5.4 x 10‘8.1), Ky (3.7 x 10°s!) is the SON dependent first order decay

of {Ti0, + O}, and K is the adsorption coefficient of SCN" on the surface of
Ti0, (1.5 x 10!, The suggested mechanism for the oxidation of SCN is given
by the sequence in eans 25. The electron transfer reaction 25b occurs between
the two gpecies, SCN ion and OH* radicel, when both are adsorbed at the

surface of the same 'I‘JLO2 138‘3:'1:,5«:}.13.s

(25a)

{TiO2) + SCN- (SCNYads

FrE

»unamimpe

pr—"
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ki (25b)
(TiO2 + OH} + (SCN-)ags — {TiOo+OH}-3CN*

SCN-
{TiO + OH'}-SCN* — — {TiO3} + SCN‘Z' (25¢)

Considerations of the yield of this radical dimer permitted defining the
redox potential of {Tioz + O} as 1.5 V, a strongly oxidizing species,; yet a
ratiier deep hole trap about 1.3 eV above the valence band of 'I‘:L()z The product

is acidic in agueous media, pKa equal to ca. 2.8-2.9 {egn. 26).

{Ti@IV)-02-TiIV)}-OH" +H* = {Ti(IV)-O -Ti@V)-H0 (26)

Given that a photogenerated free hole reacts with water or OH groups
upon arrival at the T102 surface to create, initially, an adsorbed OH'
radical, a process which occurs on a small particle within a few picoseconds,
we were unzble under our conditions to distinguish between a trapped hole and
an adsorbed OH® radical. We identify the product of the CH* reaction, iTiOz +
Oi*}, as the trapped hole (adsorbed hydroxyl radical), and make no distinction

between 1 and II of eqn.Z?.s

(TiV)-0>-TiV)) +OH" —~ {{Ti(IV)-02-Ti(IV))-OH" - (Ti@IV)-O- ~Ti(IV)}-OH'}  (27)

I 11
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CONCLUSTIONS

Our pulse radiolysis results are consistent with the interpretation that
adsorbed OH® radicals (surface trapped holes) are the major oxidants, while
free hydroxyl radicals probably play a minor role, if any. Since we find that
the OH® radical reacts with Ti0, at a diffusion controlled rate, the reverse
reaction, that is desorption of OH® to the solution, would seem highly
unlikely. The surface trapped hole, as defined by eqn 27, accounts for most of
the observations which have previously led to the suggestion of OH* radical
oxidation. The formation of Hﬁ% and the observations of hydroxylated inter-
mediate products can all occur via surface reaction of this species. Although
we cennot entirely preclude the remote possibility that a small fraction of
the OH® radicals may leak out from the "surface" and mediate the photo-
oxidation process in solution, its contribution to the total photo-oxidative
process must be minimal.

Further indications that the OH® radical is surface bound, and is
unlikely to desorb into the solution, emanates from a recent study' which
notes that decafluorobiphenyl (DFBP) is tenaciously adsorbed ( ) 99%) on metal
oxide particle surfaces (AL,0y and TiO)) and does not undergo facile exchange
befween the two oxide materials ( { 5%). When adsorbed on ti~ alumina surface
in dispersions into which H0O, or a TiG, colloidal sol (particle size ca. 0.05
un) is added, followed by uv irradiation, the DFBP is photodegraded. This
indicates that the OH® radical from H0, and TiG, sols (particles adsorbed on
alumina) migrate to the reaction site on the DFBP/A1,0, system to initiate the
photo-oxidative events. By contrast, if TiO, beads (size ca. 1000 um) are used
in lieu of H0, or the Ti0) sol to generate the oxidizing species, the photo-

degradation is nearly suppressed and is identical to the behavior of the

22
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DFBP/A1203 system alone, irradiated with uv licht under otherwise identical
conditions. Pentafluorophenol, which readily exchanges between the two metal
oxide surfaces, undergoes facile photodegradation under the same conditions.
The authors'! conclude that the photogenerated oxidizing species (OH® radical)
does not migrate far from the photogenerated active sites on Tioz, and that
the degradation process must occur at the photocatalyst surface or within a

few atomic distances from the surface.
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FIGURE CAPTIONS

Figure 1.- Surface hydroxyl groups on Ti0.. (a) Hydroxyl-free surface;
(b) physical adsorption of wa’,ber; (c) dissociation of water to
give rise to two distinct OH groups. Adapted from refs. 3 and 7.

Figure 2.- Schematic representation of the formation of an electron/hole pair
and electron transfer reaction at the semiconductor particle.

Figure 3.- (a) Plot showing the effect of the initial concentration on the
initial rate of the photo-oxidative mineralization of m-cresol.
{b) Linear transform of the Langmuir-type isotherm. Reproduced
with permission from ref. 65.

Figure 4.- Transient response for TiQ, P 25: (a) without HCOOH and (b) with
0.1 M HCOOH. Reproduced from ref. 69.

Formate competition "cross-over point” analysis; Ratio denotes the
ratio of the ESR peak heights of the DMPO-OH to the spin
adducts. The relative [DMPO] was taken as 1. Adapted from the data
of ref. 70.

Figure 5.

Absorption of the {'I‘iOz + OH'} product following reaction of 'I‘iO2

Figure 6.
with radiolyticsally produced OH' radicals. Reproduced from ref. 6.

Dependence of the pseudo first order rate constant for the decay of
the {TiO, + OH'} product on [SCN']. Tke inset shows the Langmuir
analysis of the results. Reproduced from ref. 6.

Figure 7.
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Abstract. The first experimental observation of "surface intervalence enhanced”

Raman scattering (not SERS) is reported. The transition giving rise to the
enhancement is a heterogeneous charge i asfer between Fe(CN)¢ and colloidal
titanium dioxide (Vrachnow, etal. LE'  .nal. Chem., 1989, 258, 193).
Enhancement effects in the scatterine specirum are interpreted with the aid of
recently developed time-dependent analyses. From the analyses a complete, !
quantitative description of cherge-transfer induced vibrational reorganization is

obtained (i.e. all force constants, all normal coordinate displacements, and all single-

mode components of the vibrational Franck-Condon barrier to charge-transfer are

obtained). For the Fe(CN)s*/colloidal-TiO, system, the most significant findings are:

a) that a total of ten modes are displaced during interfacial electron transfer, b) that

the largest single displacement occurs in a mode associated with a bridging cyanide

ligand, and ) that three surface modes (Ti-O vibrations) are activated during optical

electron transfer.
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One of the key requirements in any quantitative description of electron transfer

kinetics, in any environment, is an accurate estimate of internal or vibrational
reorganization energetics.! We have recently shown that complete mode-by-mode
descriptions of vibrational reorganization for selected metal-to-ligand? and metal-to-
metal (or intervalence)® charge-transfer events in solution can be obtained by
applying time-dependent scattering theory** to pre- or post-resonance Raman
spectra.® The quantities obtained are redox-induced normal coordinate displacements
(a), force constants (f) and individual components (x;’) of the total vibrational
reorganization energy (x). We now wish to report an extension of this methodology
to an interfacial charge transfer reaction.

The reaction chosen was optical electron transfer from Fe(CN)* to colloidal

titanium dioxide:”?

Fe(CN)d"

Fe(CN)g i ey
Fe(CN)g* TiO,

Fe(CN)g™

Following Vrachnou and co-workers,” we find that an intense optical absorption

exists (A, = 410 nm, e = 5,000 M? em™) for the "surface intervalence" charge

transfer reaction in eq. 1. We further find (fig. 1) that Raman scattering specira can

\ be readily obtained based on near-resonant excitation (488 nm). Control experiments

2~ 70
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at 514.5 nm (nominally preresonant), at 647.1 nm (off resonance), with ferrocyanide
alone, or with colloidal TiO, alone, all show the scattering in fig. 1 to be resonantly
enhanced (e.g. enhancement factors of at least 20 for the highest energy modes).”
The observation of enhancement is of central importance: within the context of
the time-dependent theory,*® resonance enhancement (Albrecht A-term scattering)
indicates the displacement of normal coordinates in direct response to the pertinent
electronic transition (in our case, eq. 1). In the simplest case, the quantitative

relationships between scattering intensity (I) and molecular structural changes are:

1,/1, = & A}/ A} (2)
and
y PR o.sg Ax(o,/2m) (3)

where © is 2n times the vibrational frequency and the sumunation is over all modes
which are significantly resonantly enhanced. If a local mode approximation is

appropriate, absolute bond length changes (] aal) can also be obtained**

(taai) = {A*n/pop) (4)

In eq. 4, p is the reduced mass and b is the bond degeneracy.

Table 1 lists the relative intensities, unitless normal coordinate displacements
and bond-length changes obtained for resonance enhanced modes. Absolute a and
aa values were derived by assuming that the changes in length for nonbridging Fe-C
bonds equalled those determined crystallographically for free Fe(CN) >/ Mode

assignments were made by analogy to Fe(CN),*,* (H;N);Ru-NC-Fe(CN);", (H;N);0s-

=Y/
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NC-Fe(CN)s" and related systems,® and will be described in greater detail elsewhere.

From the table, a number of points are worth noting; 1) The total number of modes
(or types of bonds) displaced is surprisingly large (ten) indicating that even the
simplest of interfacial redox reactions may entail substantial complexity in vibrational

activation. 2) As seen for related binuclear metal systems (in solution)? bridging

modes suffer the greatest displacement, with the C«N bridging mode providing the

largest single contribution to the vibrational barrier. 3) Remarkably, three surface

e o o S e 1
e —— -

modes are enhanced and therefore displaced during optical electron transfer. This
‘ last observation is unprecedented experimentally and is at odds with most, if not all,
existing theoretical views of interfacial electron transfer.

While the mode assignments in Table 1 are reasonably well established,

g questions do arise regarding the possibility of more than ore type of binding i

geometry (e.g. doubly-bridged) and the degree of protonation of the bound

| ferrocyanide. We performed a number of control experiments where: (1) Fe(CN)*

" and colloidal TiO, concentrations were substantially varied. (2) The pH was varied
between 1 and 3. (3) Multiple excitation wavelengths were used in resonance. (4) An
isotope study using a 7:1 dilution in D,50,/D,0 was completed.™* Interestingly, all of
these experiments led to no change in relative Raman intensities or frequency shifts.
These results, therefore, tend to support the notion that only one type of complexed

ferrocyanide species exists, which apparently is unprotonated, and is bound to

titanium via a single-cyanide ligand.*

A~y
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Finally, the possibility of unwanted scattering from either a Prussian blue or

titanate/Fe(CN),* species was considered. We eliminated the Prussian blue problem

U

by: (a) using Os(CN)* in place of Fe(CN),* with similar results, (b) purposely

]

making the Prussian blue complex which absorbs in the red and showing that it is

not present in our absorption spectrum, and (c) proving that no enhancement occurs

U

in the Fe(CN)*/colloidal-TiO, solution at 647.1 nm (where Prussian blue would

T

absorb). The second problem, titanate formation during preparative TiCl; hydrolysis,

i s e e i &

can be effectively eliminated by dialysis.” This was confirmed by an electrochemical

B

experiment (supplementary material) in which redox-active Fe(CN)* (i.e. free or

[

titanate bound) was shown to be absent from Fe(CN)*/dialyzed-colloid solutiors,

Aenisting

but present in intentionally prepared Fe(CN),*/titanate solutions."

LR

Supplementary Material Available: One figure showing differential pulse

AR

voltammograms for Fe(CN),*/colloidal-TiO, and Fe(CN),*/titanate solutions.

Ordering information is given on any current masthead page.

T
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found that agitation and slow addition of potassium ferrocyanide solutions to
the dialyzed and diluted colloid produced stable charge transfer assemblies.
For Raman studies (excitation at 457.9, 488.0, 514.5 and 647.1 nm) the colloidal
sols contained approximately 10 moles of Fe(CN)* per gram of TiO,; higher
loadings led to sol aggregation then precipitation. Ferrocyanide concentrations
ranged from 0.1 to 1.0 mM. In a few experiments NOy or methanol was
added as an internal intensity standard. The sol pH was varied between 1 and
3 (chiefly by varying dialysis times and the number of dialysis steps) with no
variations found in the enhanced scattering spectra. It should be noted that at
the low pH's used in this study, polyvinyl alcohol (a common colloid
stabilizer) was not needed.

Raman spectra were obtained with a windowless flow cell under an argon
blanket. Chromophore concentrations were chosen so as to minimize
complications from self absorption. Typically, a bandpass of 9 cm™ was
employed with 40 to 60 mW of incident excitation power. For weak portions
of the spectrum, signals were sometimes averaged (with appropriate checks for
system drift) for as long as twenty hours. We note further that background

counts in the low energy end of the spectrum (ca. 750 to 300 cm™; see fig. 1)
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were often as high as 5,000 per second, rendering signal extraction somewhat

difficult.

Our results stand in marked contrast to those of Umapathy, McQuillan

and Hester (Chem. Phys. Lett., 1990, 170, 128) who very recently reported

observing only the two highest frequency modes seen in our spectrum. The

precautions described above no doubt account for the exceptional differences

between our findings and those reported elsewhere.

In addition, very weak, unenhanced modes at 656 and 920 cm™ were

occasionally found, as was a stronger mode (also unenhanced) at 1641 cm™.

Lack of enhancement indicates lack of participation of these modes in

vibrational reorganization.

Intensities have been corrected for residual self absorption (Shriver, D. F.;

Dunn, J. B. R. Appl. Spectrosc. 1974, 28, 319) and for V* attenuation effects.

Swanson, B. I; Hamburg, S. I; Ryan, R R. Inorg. Chem., 1974, 13, 1685.

Jones, L. H.; Memering, M. N.; Swanson, B. I. . Chem. Phys., 1971, 54, 4666.

If, in fact, two cyanide ligands serve as bridges, aa (vcy bridge) decreases to

0.032 A; most other aa values would be diminished by about 10%.
The source of titanate was the outer portion of a colloidal-TiO, dialysis

solution. See ref. 7 for related experiments.
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Table 1. Spectroscopic, structural and reorganizational
parameters for electron transfer from Fe(CN)* to colloidal TiO,.
Mode Relative A’ laal % Assignment
Intensity*®
2118 em? 200 0.95¢ 0.048 A 1000 em? v bridge
2072 6.61 0.33 0.014 340 Ve radial
2058 5.44 027 0.026 280 Ve terminal
720 0.27 0.11 ? 40 ?
598 1.00 0.59 0.026¢ 180 Viec
540 0.33 0.24 0.039 60 Vrec bridge
516 1.12 0.89 e 230 Viio
484 0.90 0.82 e 200 Voo
418 0.56 0.69 e 140 Voo
364 0.27 043 0.059 80 Von

jun 18 'siote:

a. Depolarization studies indicate that all modes, with the possible exception of modes at
540 and 720 cm™ (too weak to determine with certainty), are totally symmetric. b. Within
the experimental uncertainty, relative intensities are unaffected by changes in excitation
wavelength. c. All values scaled to the value for a” at 598 em™. d. Taken from (or taken as)
the crystallographically determined value™ for Fe(CN)**. e. Value not determined, since
the measured normal coordinate displacement (a) may entail more than one type of bond

length displacement (i.e., a local-mode approximation may not be appropriate).
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Caption for Figure 1

Figure 1.

Preresonance Raman spectrum of 0.6 mM Fe(CN)*/5.8g/L TiO, colloid
at pH = 2.0 with 488.0 nm excitation. The asterisk at 656 cm™ denotes
an unenhanced E; mode of Ti0,. The mode at 540 cm™ is real and is

more convincingly resolved in experiments performed at 457.9 nm.
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V. vs. SCE

Supplemental Figure. Differential pulse voltammograms of (A) Fe(CN)*/titanate
solution prepared from the outer dialysis water, pH = 2.0, 0.65 mM Fe(CN),*, E, ,** =
0.33 V; (B) Fe(CN),*/Colloidal-TiO, assembly prepared from the inner dialyzed
solution. The experimental conditions are as follows: scan/rate =5 mV s7, pulse

amplitude = 5 mV, pulse width = 0.5 sec. The electrode material used was glassy

carbon.
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@ PHOTOINDUCED ELECTRON TRANSFER IN A COVALENTLY LINKED PORPHYRIN-
&8
% RuOy CLUSTER: PHOTOCATALYSIS IN AN ORGANIC-INORGANIC COMPOSITE i

Ute Resch and Marye Anine Fox*

Department of Chemistry, University of Texas at Austin, Austin, Texas 78712

g The spectroscopic characterization of a series of surfactant-like tris-meso-(p-
= octoxyphenyl)porphyrins (MP, M = 2 H, Zn, 4H2+) covalently linked through a
2

= meso-p-phenoxyalky] group of varying numbers of methylene group (CH2)p and (n =

1,4-7) terminated by a bipyridine ligand (B) to a RuO3 cluster (R), MPByR, are
discussed. Thus, a one-electron photocatalyst is covalently bound through a well-

known ligand for transition metals to a multi-electron dark catalyst capable of either

oxygen or hydrogen evolution.

The variable length of the alkyl chain linking the photoresponsive porphyrin t0

the RuO; cluster allows for a shift in populatonal preferences for folded or extended

conformers. The observed photocatalytic activity in these systems derives from
photoindnced electron transfer from the porphyrin excited singlet.

A unique design feature of MPByR is their potential utility in microemulsions. ;
In either an anionic or cationic microemulsion, the water-insoluble porphyrin (M = 2H,

Zn) resides in the organic phase or at the interface. Upon photoexcitation, it can

transfer charge across the phase boundary to the hydrophilic RuO; catalyst held in the

aqueous phase.




Introduction

. The construction of multi-component systems which feature a light-responsive f

photosensitizing unit bound chemically to a catalyst which is active in inducing redox reactivity

; represents a viable method for preparing arrays with many practical applications in material

| science. If monomeric or polymeric organic ligands are employed, such materials constitute )
organic-inorganic composites, an area of burgeoning importance in macromolecular chemistry. If
the attached organic unit is itself photoactive, the resulting photosensitive composite will exhibit
characteristics favorable for interfacial charge separation, a problem important in photolithography
and xerography.

Such mulii-component systems are also important in providing synthetically accessible
systems which can mimic many cf the features of natural photosynthesis. For example, the
covalently linked donor-acceptor systems have been employed as redox-active catalysts by several
groups (1-3). In order to achieve high efficiency in such photoconversions, the array must
comprise a light absorbing unit which is responsive both in the visible and infrared regions, as well
as a mechanism by which the excited state can communicate (usually via charge migration) with a
catalytically active site. This mecharism, in general, will allow conversion of light energy into

; cnarged equivalents (a photogenerated electron-hole pair), which interact with the catalytic site so

as to allow a second step in which the transformation of these charged carriers into chemically ‘

oxidized and reduced discrete species can occur. In such a synthetic composite, the efficiency with
« which incident light is converted to chemically stored energy will depend on the efficiency for ;
formation of the charge separated pair and on the ratio of the rates for product formation and back
electron transfer (which would consume the photogenerated electron-hole pair). The practical
utlity of such composites obviously requires, therefore, that the parameters which control electron
transfer must be well-defined and that the structure of the composite be synthetically manipulable.
Previous investigations have elaborated the dependence of electron transfer rates on the

driving force (free energy charge), solvation, and distance between the electron donor and acceptor

L2 S D
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in both covalently linked systems and between intermolecular reaction partners (4-13).

DR

Intermolecular electron transfer in rigid media (9) shows a similar distance dependence to that

exhibited in intramolecular redox reactions in which the donor and acceptor are separated by rigid

i

spacers (10.11), or by flexible chains (12.13). The latter allow variation of both distance and

TR

orientation between the donors and acceptors and can act effectively as probes for assigning
conformational populations (12.13), but rigid spacers offer the advantage of defined distance 2nd

orientation (10,11).

Many examples have clearly shown that electron transfer can take place either through bond

Vs

(possibly involving contributions of superexchange along a linking chain) or through space (by
direct interaction, possibly involving intervening solvent molecules between the donor and acceptor
in an accessible conformation which places u.cm physically within convenient electron transfer
distances) (14.15). The relative contributions of the through-space and through-bond interactions
will clearly depend on the conformational populations of the donor and acceptor systems (2¢,16).
Since efficiency can be improved either by enhancing charge separation or by inhibiting back
electron transfer within the charge separated pair, significant effort has been exerted to define those
factors which permit retardation of back electron transfer (17,18). A principal means to achieve
this inhibition is to conduct the electron transfer reaction within a heterogeneously dispersed

medium involving molecular organizates such as microemulsions, vesicles, bilayers, micelles, etc.

. (17.18). In such non-homogeneous media, the electric field which develops at the interface

between solvent regions can assist in the separation of the primary charge pair and, thus, inhibit

e

back electron transfer. Furthermore, such non-homogeneous media permit preferential solubility

bt

of reactants or products into separate spatial regions, thereby enhancing charge separation and

i

prolonging the lifetime of the components of the redox pair in separate microphases (18).

A

We have found that the photophysical characteristics of a series of covalently linked meso-

tris(octoxyphenyl)porphyrin-RuO2 composite clusters (MPByR) correlate, as expected, with the

)

catalytic properties of these composites. With these multi-component systems, a synthetic

ey

porphyrin (as either free base, acid, or zinc-coordinated species) modified by the attachment of

i
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long chain alkyl groups to a meso-p-phenoxy substituent acts as a photosensitizer. This porphyrin
is covalently attached through an alkyl chain composed of a varying number of methylene units (n
= 1, 4-7) to a terminal bipyridine group. This group, in turn, acts as a ligand to coordinate a
transition metal such as ruthenium, which can be hydrolyzed under standard conditions to form a
RuQ; cluster (R). RuO; clusters have been previously demonstrated to exhibit characteristic mult-
electron catalysis in the oxidation of water (with evolution of oxygen) or in the reduction of water
(with evolution of hydrogen) (19.20).

These composite clusters, when dispersed in non-homogeneous media, e.g., in a water-in-oil
microemulsion, are arranged so that the neutral water-insoluble porphyrin (as either free base or
metallated form) will be found either in the organic phase or at the interface, while the much more
polar RuO; cluster would be held in the aqueous phase (21.22). The desired transformation,
initiated by photoexcitation, would then involve transfer of charge across the phase boundary, with
the expectation that this phase inhomogeneity could be exploited as a means to enhance charge
separation in the photogenerated electron-hole pair and thus to retard energy dissipative electron-
hole recombination.

In these composites, either oxidative or reductive photo-mediated catalysis could be expected
depending on the identity of the porphyrin sensitizer (21-23). For example, the excited singlet
state of zinc tetraphenylporphyrin has been clearly shown to be a very active reducing agent
(excited state oxidation potential =-1.4 V vs. SCE) (24,25), whereas the excited singlet state of the
free, bis-protonated (H42+P) porphyrin has been shown similarly to be a strong oxidant (excited
state reduction potential = +1.5 V vs. SCE, from the diacid form of octaethylporphyrin) (25).
Thus, photoinduced electron transfer from the zinc porphyrin to RuO7 should result in hydrogen
evolution in a water-containing system, whereas hole transfer, mediated by excitation of free acid
porphyrin, should initiate oxygen formation, provided in both cases that appropriate redox electron

1 transfer relays are available (21-23).

ZZ~ Yy




S

wh

EERE

Svnthesis

(RS

The synthesis of these composites has been described in detail elsewhere (21-23) and is i

SRR

represented in Scheme 1. The porphyrin components of these materials were obtained by

condensation of pyrrole with a 3:1 ratio (Scheme 1) of substituted to unsubstituted benzaluehydes

S

(substitution by attachment in the para-position of an OCgHj17 group) and purified by

SRR

chromatography (21). The non-functionalized meso-phenol group was allowed to react 4-(w-

bromoalkyl)-4--methyl-2,2'-bipyridine. The resulting ligand functionalized porphyrin was then

R

treated with RuCl3 in a 3:1 mixture of THF:methanol, and heated under reflux for 60 min under

nitrogen. Upon treatment of the bound complex with aqueous base, nydrolysis occurred to

)

generate porphyrin-complexed RuO; particles (21.22). Spectral characteristics of such particles

A

are reported elsewhere (21-23).
ZnPBpR was obtained by treatment of free base porphyrin with Zn(OAc);. MPB; and

L

MPBR (M = 2H, Zn) are redispersable powders readily soluble in chlorinated solvents,

tetrahydrofuran (THF), pyridine, xylene-pentanol mixtures, and in both anionic and cationic

AR

microemulsions (21-23). The diacid porphyrin derivatives (H42+PByR) were obtained by treating

the free base or zinc porphyrins with strong acid (hydrochloric or trifluoroacetic acid), as

AR

previously described (21-23). The free acid composites are readily soluble in chlorinated solvents,

MR

THF, and in either cationic or anionic microemulsions (21-23). ,

B

Microemulsions. The anionic microemulsion was prepared by mixing p-xylene, n-pentanol, ;

i

water, and sodium dodecylsulfate in a 57:20:12:11 wt % ratio. The corresponding cationic

microemulsion was similarly prepared as a mixture of 55 wt. % p-xylene, 20% n-pentanol, 12% |

AR,

water, and 13 wt. % dodecyl trimethylammonium bromide. Light scattering experiments were

used to define the resulting hydrodynamic radius of the resultant water droplets as 43 + 3 A (26).

ey e,

i
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Preparation of a Model RuQ» Cluster. A model dimethyl bipyridine-capped RuO2 cluster Meabpy-

, RuO; was prepared by a parallel route, involving the substitution of 4,4'-dimethyl-2,2"-bipyridine
: for the ligand-functionalized free base, Scheme 2 (22). After basic hydrolysis, the resulting

clusters were found to be soluble in water, methanol, and anionic and cationic microemulsions, but

were insoluble in chlorinated solvents, p-xylene, and p-xylene-n-pentanol mixtures (22).

Results and Discussion

Cyclic Voltammery of the Model RuQ Cluster (22). The dimethylbipyridine surface-derivatized

RuO; clusters exhibit a catalytic oxidation current at potentials positive of +1.2 V (vs. SCE), i.e.,

it shows only a modest overpotential (ca. 200 mV) for the evolution of oxygen. The observed

cyclic voltammeric behavior is consistent with previous descriptions of such clusters as effective

catalysts for the 4-electron oxidation of water (19). Meabpy-RuO; also displays moderate catalytic
activity for the reduction of water to hydrogen, Figure 1. A similar behavior has been reported for

a RuOy-coated TiO, substrate (27).

Characterization of MPBpR (M = 2H, Zn, 4H2+) (21-23). In the composites, the surface of the

RuO; cluster is functionalized by covalent attachment of the bipyridine ligating site, resulting in a
transition metal oxide cluster protected against further growth and agglomeration into larger
! particles by its organic coating (28.29). When imaged by transmission electron microscopy, these
clusters show an average sizc of 21 + 7 A which seems to be independent of the linking chain
length, making them among the smallest RuO; clusters yet reported (22,23).
§ This chemical sequestering of the RuO» cluster produces an enhanced solubility in
chlorinated and other non-polar solvents. That is, the solubility properties of the composite reflect
) solvation interactions with the attached porphyrin rather than with the hydrophilic RuO; cluster. 1
Previous reports of chemically modified CdSe and CdS crystallites bound to surface-attached

phenyl groups similarly exhibit alterations of their hydrophobic characeer and, hence, solubility,
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compared with native bulk CdSe or CdS clusters (28). As with ihese crystallites, the synthesis of

]

re-disperable powders of colloidal semiconductor clusters which employ synthetic routes involving

organometallic reagents (28), or polymeric sodium polyphosphate (29) as a stabilizing surfactant

PR

have been reported.

i

\ Spectral Dependence of These Porphyrin RuQ, Composite Clusters on Spacer Chain Length. (23)

The absorption spectra of MPBy, (M = 2H, 4H2+) are not influenced by coordination to RuCls,

Gty

although the quantum yields for fluorescence are strongly attenuared, Figure 2. The magnitude of

AR

the fluorescence quenching is dependent on the spacer length of the flexible alkyl chain connecting

the porphyrin and the RuO3 cluster, Table 1. Hydrolysis of the MPBy-coordinated RuCl3 to the

LA

MPBR composite (M = 2H, 4H2+), however, results in a broadening of the Soret band, although

TR

without shift in the band positions. Further diminution of the fluorescence of the composite is

observed after hydrolysis.

ARAREAR

Both the magnitude of the Soret broadening and the further decrease in fluorescence intensity

upon formation of RuQO; are likewise dependent on chain length, Table 1. For composites in

IR

which the metal oxide cluster is rigidly attached to the photosensitizer (n = 1) or where substantial

sy

entropic disorder in the linking chain makes folding of the photosensitizing porphyrin over the

metal oxide cluster unlikely (n = 7), only a slight broadening can be observed. For composites of

LT

intermediate connecting chain length (n = 4-6), more extensive broadening is notable. Similarly,

only minor changes in the relative fluorescence quantumn yields are observed upon conversion of

W

the complexed RuCl3 to a RuO; cluster forn =1 or 7.

Porphyrin aggregation cannot be responsible for the observed spectral broadening in

AR

MPBR, since the absorption spectra of redissolved MPByR are unaffected by concentration over a

TSN

wide range (4 x 10-8 to 2 x 104 M) (22.23). Porphyrin aggregation has previously been reported

to result either in a splitting (30) or bathochromic shift (31) of the Soret band, depending on the

AVIRRITERS

relative orientation of the two strongly interactive porphyrins. Nonetheless, analogous

perturbations of absorption spectra have been described for meso-tetratolyl porphyrins linked to

L
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quinones and hydroquinones through amide bonds of variable length (12¢) There, the broadened

absorption spectra were assigned to strongly perturbed conformers in which the quinone folds over
the pi system of the porphyrin, causing strong electronic interaction between these groups, ie., to
the formation of an intramolecular complex. Such complexed donor/acceptor conformations
exhibited lower fluorescence efficiency and perturbed emission spectra compared to extended
conformations which lack this intramolecular complexation (12¢).

A parallel interpretation of our data would suggest that conformational folding is optimal for
n = 4-6, whereas entropic effects become dominant for longer chains (e.g., n = 7) and steric

inhibition precludes folding forn = 1.

Rates of Photoinduced Electron Transfer (21-23). The lower fluorescence quantum yields

observed in MPBR compared to MP and MPB,, are predominantly caused by electron transfer. A
control experiment involving a soluble porphyrin and a separately dispersed RuO2 cluster show
that, at the concentrations of this experiment, interaction (adsorption or energy transfer) between
the porphyrin of one MPByR ~=rnot ¢ invoked as an explanation for diminished fluorescence
emission (22). The absence of low energy absorption bands in the Me2 bpy-RuQ; clusters argues
against a highly efficient intramolecular energy transfer mechanism as a significant route for
fluorescence quenching (21.22). The possibility that the observed fluorescence quenching is
caused by enhanced spin-orbital coupling mediated by the heavy effect of a ruthenium in MPBR is
rendered unlikely since complexation of MPBy, to RuO7 leads to a decrease in the porphyrin triplet
yield, but the triplet lifetime is unaffected (21-23). We conclude, therefore, that electron ransfer
from the excited singlet state of the porphyrin sensitizer to the RuO; moiety in these composite

clusters constitutes a dominant route for fluorescence decay of the photogenerated excited singiet

state at least in the non-complexed conformations.
If so, then the rate constants for electron transfer can be determined from the relative
fluorescence quantum yields of the composites and the fluorescence lifetimes of the unbound

porphyrins MPB,. As shown in Tables 1 and 2, both the relative fluorescence yields and these

-
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rate constants depend sensitively on the spacer length separating the photosensitizer from the

4]

covalently-attached metal oxide ciuster. Somewhat slower electron transfer rates are observed for

i

the free base than for the zinc porphyrin, an effect which can be assigned by differences in the

TSy

excited state redox potentials in the two substrates. In the free acid porphyrin, hole transfer (i.e.,

electron transfer from RuO; to the porphyrin) is assuned to be the dominant relaxation process,

I

given the potential measurements discussed earlier.

It

Influence of Spacer Length on Triplet Lifetime in MPBR (23). In parallel to the shortened singlet

lifetime observed as described above, a similar decrease in the triplet yield is observed (see triplet

SR

yields in pyridine, Table 2). Two transient species with lifetimes of 160 ns and 280 ms,
respectively, are observed upon flash photolysis of MPBR (n = 4-7). Virtually identical transient
absorption spectra are observed irrespective of solvent, and the absorption spectra of both
transients closely resemble that of the triplet of the uncomplexed porphyrin (26). The length of the
linking chain does not influence the lifetime, t... the relative contributions of the short- and long-

lived components are affected. With n = 4-6, higher amounts of the short lived species are

observed, compared to n = 7 (a species which, from fluorescence quenching measurements, we
concluded had smaller contributions from the folded conformers). For n = 1, where most likely no
folding occurs, only a single long-lived component is observed.

The observation of two wiplets in the loosely tethered clusters is thought to derive from the
conformational inhomogeneity within MPBgR consistent with their absorption and fluorescence
properties. The folded conformer which display a Soret broadening and are most likely non-
fluorescent also correlate with a faster triplet decay, whereas the slower component of triplet decay
is assigned to the extended, non-perturbed porphyrin triplet state. The substantial decrease in the
triplet state lifetime in the folded conformers is probably betier explained by enhanced intersystem
crossing caused by the heavy atom effect of ruthenium than by electron trasnfer emanating from the
wriplet state. Enhanced intersystem crossing most likely also accounts for the more or less complete

fluorescence quenching in the complexed conformers.
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Blocking Conformational Folding by Pvridine Ligation (23). Axial ligation of pyridine to the core

metal in cofacial zinc porphyrin dimers has been found to reverse aggregation and, thus, the
magnitude of both exciton coupling (i.e., broadened spectral bands) and fluorescence quenching
(32). The interference with agglomeration of such porphyrins was mainly attributed to a steric
effect, i.e., the blocking of the pi face of the porphyrin by a ligating pyridine solvent molecule,
thus preventing intermolecular pi-pi interaction between the two porphyrins (32a). Similar
attachment of an electron donor molecule to a vacant apical coordination site in zinc

tetraphenylporphyrin has been reported to affect both its ground state absorption (33-35) and

fluorescence spectrum (36) and to cause shifts in its redox potential (37), without influencing either
-the fluorescence quantum yield or lifetime (36). Pyridine does not quench the triplet state of zinc
tetraphenylporphyrin (38).

Both the absorption and fluorescence spectra of MPBy and MPBR exhibit bathochromic
shifts in pyridine (absorption 434, 568, and 608 nm; fluorescence spectra 619 and 699 nm,
respectively) compared to the same bands measured in a p-xylene-n-pentanol mixture (430, 560,
and 602 nm; 610 and 660 nm, respectively). For ZnPBqR, fluorescence quenching in pyridine is
less efficient than that in p-xylene, n-pentanol, Table 2. In contrast, the free base derivative
HyPBpR (where no pyridine ligation can occur) displays nearly identical Soret bandwidths, as well
as fluorescence quantum yields, in either pyridine or in xylene-pentanol mixtures. Thus, the
absence of spectral broadening and the increase in the relative fluorescence quantum yields of
ZnPBR in pyridine implicate axial ligation of pyridine at zinc rather than dielectric effects on its
excited state properties. In parallel, this same pyridine ligation significantly diminishes the
contribution observed from the short-lived triplet, i.e., it seems to prevent the RuO3 cluster from
folding over the porphyrin pi chain by flexing of the appended alkyl chain (39).

The Soret band-broadening, the increase in relative fluorescence quantum yield, and the
decrease in the short-lived triplet component similarly depend on spacer length, with most

significant effect being observed where n = 4-6, and reduced effects prevailing for n = 7. This
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result suggests that a much smaller fraction of the complexed conformers exists for n = 7 than forn

UM

= 4-6. This interpretation finds further support in the much lower fluorescence quenching
observed for ZnPBR (n = 1) where most likely no folding occurs in the presence and absence of
pyridine. However, in pyridine, where intramolecular complexation seems to be minimal for
ZnPBNR, both the porphyrin fluorescence intensity and triplet yield are substantally lower than for
ZnPB;. Thus, an additional route, most likely electron transfer from the porphyrin excited triplet

state to RuO», must account for the fluorescence quenching.

Effect of Spacer Length on Fluorescence Lifetimes in ZnPB,R (23). Time-resolved single photon

counting can be used to measure excited singlet state lifetimes of ZnPByR. Comparison of the

-

fluorescence lifetimes observed in p-xylene-r-pentanol and in n-pyridine would allow clear
] distinction between contributions from the complexed conformers to the fluorescence decay
kinetics.

In MPBj, single exponential fits could effectively describe the observed fiuorescence decay,
but in the presence of the RuO» cluster (in MPBpR), more complex triple exponential fits were
required giving lifetimes of 0.03-0.09 ns (t3), 0.15-0.56 ns (12), and 1.2-1.3 ns (13) with relative
amplitudes of 0.6-0.9 (A1), 0.1-0.2 (A3), and 0.02-0.2 (A3). For all ZnPByR, the fluorescence

decay is dominated by the short-lived component, but the relative contributions from the long-lived

components depend on the length of the bridging chain. As the chain length is decreased, the

relative importance of the short-lived component increases.

The observadon of nearly identical fluorescence lifetimes and relative amplitudes of ZnPBzR

B

in these two solvents indicates that negligible fluorescence derives from the complexed

conformers. That is to say, in the complexed conformers, the porphyrin fluorescence is

A

completely quenched. The multd-exponentiality observed in the flourescence kinetics derives

entirely from the non-complexed (fluorescent) conformers.

A

The multi-exponential singlet decay kinetics can thus be best explained by electron transfer

from non-complexed conformations which do not equilibrate on the sub-nanosecond timescale

VR
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(12¢). Small spatial separation between the absorptive porphyrin excited state and the RuO cluster

favors rapid forward electron transfer, but also a similar acceleration of back electron transfer

L 00

(15.40). This rapid recombination obviously influences our ability to observe even transient

MR

formation of a radical cation with transient absorption spectroscopy, the expected intermediate

formed in these redox transformations.

AT

Photolvsis of ZnPBR in the Presence of a Sacrificial Electron Acceptor (22). A transient

absorption spectium for ZnPBR recorded in the presence of persuifate (as a sacrifical electron

RN

acceptor) in a cadonic microemulsion is shown as Figure 3. When observed 7 ms after the initial
excitadon, the transient spectrum, which is identical to that expected for a porphyrin radical cation,
does not decay over a period of at least 1 ms. This transient cannot derive from thermal oxidation
of the porphyrin by persulfate, since the ground state absorptica spectrum does not permanently

change. Similar evidence for the formation of a porphyrin radical cation in the presence of

persulfate is also observed for ZnPBR but to a smaller conversion (only about 30% of the intensity

observed is ZnPBR) (22). |
Likewise, laser excitation of ZnPBR in an anionic microemulsion in the presence of protons

similarly generates a porphyrin caton radical (22). Thus, protons apparently are capable of acting

as effective electronic acceptors (in a parallel role with that shown with persulfate), involving

ulimately the probable formation of molecular hydrogen.
Conclusions

Metal oxide-sensitizer composites with an average RuO; cluster size of 21 +7 Acankbe
prepared by covalently attaching bipyridine units, which are Jinked through an alkyl chair to 2
meso-tris(octyloxyphenyl)porphyrins, to RuO; cluster. The steady state fluorescence intensity of
| the resulting composite is decreased compared to that of the non-complexed porphyrin. The
magnitude of the fluorescence quenching depends on the flexible spacer length between the ’

sensitizer and the metal oxide cluster.
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The Soret broadening and observaton of two distinct triplets of disparate lifetimes in MPBR

suggest the involvement of two distinct families of conformers: (1) compiexed conformers in

which folding of the RuO2 moiety over the prophyrin macrocycle leads 1o intramolecular

complexation between the tv,0o chromophores of the alkyl chain places the RuO; moiety spatially in

i

Rl

an apical position nver the porphyrin pi system; and (2) one more extended (non-complexed)

i

conformer. The complexed conformers are not fluorescent, but do exhibit broadened absorpiion

vt

spectra and reduced triplet lifenmes compared io the non-ccmplexed conformers. When the mesai

oxide cluster is spatially close 1o the first sensitizer, electronic interaction between the porphytin

SRR

and the redox cataiyst viz spin-orbiial coupling leads to a substantial decrease in the observed

porphyrin triplet lifetime. Absorption spectra, fluorescence quenching, and triplet decay kinetics

R N T

indicate that the dismbuuon oI conformers between these two families depends sensitively on the
length of the flexible linkage.

Ring size effects are consisteni with a predominance of folded conformers with alkyl chains
containing four to six carbons, with smaller fractions of folded conformers being attained for alkyl

chains containing 1 or 7 meihyvlene units.

Solvent coordination by pyridine blocks the apical sitz of the porphyrin, correspondingly
reducing the contribution of complexed conformers as the solvent wins in the competition (with the
metal oxide clusters) for this preferre3 complexation site. In pyridine therefore, absorpticn spectra
are unaltered by the presence or absence of a covalently attached metal oxide cluster, and higher
relative fluorescence quantum vields and a smaller fraction of the fast decaying porphyrin triplet are
observed. With ZnPByR in pyridine, however, the fluorescence intensity, triplet yield, and the
singlet lifetime are stll substantially shortened relative to the unbound solvent-ligated porphytin
whereas the triplet lifetime is unaffected. This suggests that in the non-complexed conformers a
major decay process operative frem the singlei state may be photoinduced electron wransfer.

A lower fluorescence intensity is observed in H42+PB4R than in the fee acid porphyrin

itself. By analogy, this spectal perturbation of its excited state photophysics is likely 1o be

atributable to hole transfer, in which an electron shifts from the metal oxide to the diacid




porphyrin, as would be suggested by the relative redox potential of the free acid in previously
described models. In the complexed, non-fluorescent conforn.ers very fast intersystem crossing
(rather than electron transfer) is probably the dominant decay pathway.

Thus, in MPBR electron transfer can occur either by direct interaction between the
porphyrin and metal oxide in a non-complexed conformer which brings these two moieties to
within direct spatial interactica distance, or, with lowered facility, by through-bond interaction
along the alkyl linking chain. The observation of relatively small changes in singlet lifetimes upon
changing the length of the interconnecting alkyl caain supports the possibility that electron transfer

occurs at least partiu'ly through space.
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Table 1. Soret Bandwidth (FWHM), Relative Fluorescence Quantum Yields of MPB;,
Coordinated to Either RuCl3 or RuO, (MPBRR), and Calculated Intramolecular
Elecwon Transfer Rate Constants (key) in Tetrahydrofuran.

RuCl;? RuO,2
M n FWHMP(m) @yo®d  FWHMP(m) @y  kSPx109(s))
2H 1 13 0.05 14 0.05 1.9
2H 4 13 0.20 17 0.07 1.3
2H 5 13 0.25 17 0.11 0.79
2H 6 13 0.30 16 0.15 0.56
2H 7 13 0.35 14 0.30 0.23
4H2+ 1 16 0.09 17 0.09 4.8
4H2+ 4 16 0.29 20 0.17 2.3
4H2* 5 16 0.37 20 0.23 1.6
4H* 6 16 0.42 19 0.30 1.1
4H2+ 7 16 0.48 17 0.44 0.61

a Porphyrin-to-ruthenium ratio, cry/cp=1: 3

b Full width at half height of the maximum absorption of the Soret band:
FWHM@®PBy) = 13 nm; FWHM(ZnPB) = 11 nm; FWHM(H42+PB;,) = 16 nm, all
independent of solvent

¢ Fluorescence quantum yield of ruthenium-coordinated MPB;; (&) relative to the

fluorescence quantum yield of uncomplexed MPBy, (®¢0)
d Complexed to RuCl3
¢ Complexed 10 RuO,

[ ke was calculated from the relative fluorescence quantum yields of MPByR and the
experimental fluorescence lifetime of MPBy, assuming a single conformation
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Figure captions

Fig.1. Cyclic voltammogram of Mezbpy-RuO» in 1M HpSOy4: the dashed line shows the
background. Scan rate: 100 mV/s, potential vs. SCE. The elecirode was a vitreous carbon disk;

anodic currenis are plotted up.

Fig.2. Relative fluorescence quantum yield (®g/® ) of HoPBs in THF as a function of the
molar ratio of rutherium to porphyrin (cru/cp):  RuCl3;  RuOz;  RuOp (hydrolysis under
dilute conditions : dilution by a factor of 100). Inset: Absorption spectra (Soret region) of HoPEs,
complexed to RuCl3 () and RuO3 (- - -); cry/cp = 3 : 1. The RuCl3-coordinated species shows

the same absorption specrum (Soret region) as the uncomplexed porphyrin HoPBs.

Fig.3. Transient absorption spectrum of the porphyrin radical cation obtained for ZnPBR in
the anionic microemulsion with persulfate as electron acceptor. The spectrum was recorded in air-
satrated solution 7 Us after excitation at 532 nm. Inset: transient absorption spectrum observed

for ZnPBR in the anionic microemulsion in the presence of protons 7 ps after excitation.
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249)  Redox Catalysis using RuO. Dispersions anc the Electrochemical Model:

tne Oxidation of Water by Ru(bpy)s>* ions
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of [Rulbpyl’a*~]. Over the pH range 3-5 the initial raie is largely
independent of pH end the kinetics of Rulbpy)=®- reduction are first order
with respect {o [Ru(bpy’la®] and [RuOs. yHo0*}, witn an activation energy of
26 z 1 kJ mol~'. At pH vaiues beliow 3 the initial rate of reaction
decreases with decreasing pH and the kinetics appear 10 be i.6 order with
regpect to [Rulbpyl)a®"! although first order with resgect to [RuC,. yH071
tn an ectivation energy of 34 =z . kKJ mol~'. An electrochez:cal mode
y)a>~ and the

of redox catelyers, in which the reduction of Ruibp

concumitent oxidetion of weter toc O, are considered as two elecirochenicel

-y
©

versible processes coupied together via the redox catalyst, is used to

Introduction
H There are many redox reactions of the type:
0%y + naRed, -—--——---—- > n;Red: + n30x%, 1
s
= which, elthough thermcdynaemically feasible. do not proceed at & discernibis
= rete under uambient conditions i1l. For example, in the oxidstion of water

=
-
g
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to oxygen by a suitably strong oxidising agent, Ox, i.e.

40x + 2H,0 -=-——=-~ > 4Red + 4H" + O, 2)
(where Ox = Ru(bpy)a™*, MnO,~ or Ce?V ions for erample) reaction (2) does
not usually proceed. Lack of reaction in (2) has the advantage that
aqueous acidic solutions of the oxidents named above are stable over long
periods of time and, in the case of Mn0O,~ and Ce*V ions, this sattractive
feature, amongst others, nas led to their widespread use in aqueous redox
analytical chemistry (23,

In other sitvations, however, the lack of reaction in a
thermodynamically feasible reaction can be an undesirable feature. For
example, & great deal of solar energy research has been directed towards
the development of en efficient photosystem for the cleavage -~  ‘ter [3].
In such a system reaction (2) must occur at some stage using an oxidising
agent, 1i.e. Ox, which has been photogenerated directly or indirectly.

Thus, the recognised improbability of reaction (2) occuring in homogeneous
solution for most oxidants poses a major problem to the development of an
overall water-splitting photochemical system [4,5].

It is possible to facilitate many of the redox reactions described by
reaction (1) through the use of a redox catalyst [1,6]. Research carried
out by our group has shown that reaction (2), with Ox = Ce®¥ ions, is
mediated by a partially dehydrated form of ruthenium dioxide hydrate (%H-0
ca. 10%), which we have called 'thermally activated ruthenium dioxide
hydrate', or RuO,. yH.0* tor short [7). RuO.. yH-.O* is prepared by annealing
highly hydrated ruthenium dioxide hydrate (the usual form of this oxide
hydrate available commercially; %H 0 ? 24%) in eir (or nitrogen for that 1
matter) for 5h at 144°C.

The results of a detailed study of the kinetics of reaction (2),
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mediated by RuOs. yH,0" with Ox = Ce!V ions, were interpreted using an

electrochemical model in which the redox catalyst particles were considered
to act as microelectrcdes mediating electron transfer between a Nernstisn

reduction reaction (Ce*V --) Ce*!I) and an irreversible oxidation reaction

(H0 --> 2H* + %0, (8]. |
One of the most popular photosensitisers todate used in solar energy
to chemical energy conversion systems, including both sacrificial and
'true' water-splitting photosystems in which 0, is evolved, is Ru(bpy)s*~
and simple derivatives thereof FQJ. In its use as a photosensitiiser for
water splitting invariably the oxidised form of Ru(bpy),*", i.e
Ru(bpy)5=*, 1is the species Ox in reaction (2) and the O, catalyst is eitlher
heterogeneous, such as RuO, or Ir0,, or homogeneous, such as Co(il) ions or N
certain Ru oxo-bridged dimers.
Despite the widespread use of Ru(bpy):>* as the oxidant in the redox-
catalysed reaction (2), there have been few studies of the kinetics of this
reaction. 1In this paper we report the resulis of a detailed study of the

kinetics of reaction (2), where Ox = Rulbpy)a®*, mediated by RuO.. yH.O0*.

Experimental

Materlais

The oxygen catalyst, RuO..yH,0*, was prepared from highly hydrated
ruthenium dioxide hydrate obtained from Johnson Matthey. The Ru(bpy)>®*
was purchased as its hydrated chloride salt from Strem. All other
chemicals were obtained from BDH in AnalaR form. All water usad in the

preparation of solutions was doubly distilled and deionised. A

- >




Methods
The experimental syetem used to monitor the reduction of the oxidant, Ox,
and concomitant evolution of O,, as a function of time is illustrated in
fig. 1. The reaction vessel comprised a thermostated quartz cell (30 ¢
0.05°C) with an oxygen membrane polarcgraphic detector (O,-MPD)
incorporated into its base. A potentiostat was used to polarise the Pt
working electrode of the 0,~MPD at -0.8 V vs. the Ag/AzCl counter
electrode. Under these conditions the current which flows between the iwo
electrodes is proportional to the concentration of dissolved oxygen in the
liquid phase in the reaction vessel. The potentiostat converts this
current into a voltage which is then monitored continuously via an x/t
chart recorder (Servogore model 210J.

Each Ru(bpy).>~ stock solution used (typically 2.31x10"% mol dm~%,
with suffcient H.S50, so that the solution pH was 0.45) was made up from a
Ru(bpy)>*" solution of the same concentration, using PbO. as the oxidant.
PbO.-free aliquats of the stock solution, for use in the kinetic study,
were obtained through use of a syringe fitted with an in-line 0.2 um
membrane filter (Schleicher and Schllell). The kinetics of Rulbpy).®"
reduction were monitored spectrophotometrically via the disappearance of
its absorption band at 675 nm (¢ (Ru(bpy)s®lsys = 440 mol~' dm® cm™'). The
concentration of catalyst dispersion was, typically, 77 ug cm™*® made up in
an (acetic acid + acetate) buffer concentration with an overall
concentration of 0.025 mol dm~®, the desired pH of the final solution, 1I.e
after mixing with the injectad Ru(bpy)s,®" solution, determined the ratio of
acetic acid to acetate in the initial catalyst dispersion. The observed
kinetics of Rulbpy).™" reduction, with or without cstalysi, were largely

the same if no buffer was present and the solution pH was adjusted to the
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desired pH using strong solutions of H.S0, or NaOH.

In a typical experiment 65 cm® of & catalyst dispersion were placed in
the reaction vessel and nitrogen purged for 20 min. The kinetic run was
started by injecting, through the rubber septum, a small volume (typically
1.0 cm®) of the oxidant stock solution using a gas-tight syringe.
Spectrcphotometric monitoring of the oxidant concentration was achieved
using using the optical system illustrated in fig. 1, i.e. light source,
monochromator, amplifier and microcomputer; cell path length 3.2 cm. The
absorbance vs. time nrofile was recorded, stored and subsequently anslysed
using an Achimedes BBC microcomputer. The concentration cf dissolved O, in

the reaction vessel was monitored as a function (¢ time using the O,-MPD.

The electrochenical model of redox catalysis
In the catalysis of many redox reactions of the iype identified by reaction
(1), it has been found that the observed kinetics are readily rationalised
in terms of an electrochemical model of redox catalysis in wnich the redox
catelyst acts simply to provide a medium through which electron transfer
from the one redox couple to the other can take place [1,5,6). Provided
the two redox couples act independently of each other, the electrochemicsal
model of redox catalysis allows for the prediction of the kinetics of
reaction (1) from the current-voltage curves for the two contributing
couples (the Wagner-Traud Additivity Principle).

In the electrochemical model, at any time t during the course of
catalysis the redox catalyst adopts a mixture po*ential, E,;. « at which
the cathodic current, i_. ., due to the reduction of Ox. is exactly balanced
by the anodic current, i,,6 ., due to the oxidation of Red,. Although the

net current is zero, tne numerical magnitude of each component current is

- 5 -
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ne game and 16 ca..ed .= mixtiure current, 1i,.,,. -+, where

1, ..o = dae = -1

.t (3

pol

_ur study of the catalys:< of the redox reaction (2), with Ox. =
ke =y .*7. by particles of kuD,. yH,0* dispersed in solution, the particles
¢& i+ uvin-.saged &8s aciing &8 8 collection of micro-electrodes.

* Iurrent-voiiaze curve for the oxidation of Red, to Ox,, where Red,

= H.Q aar - = u,, Is, for most materials including RuO,, adequately
describec o Tafel-type equstion, I.e
la = lg.expla,Fn./RT) (4)

where o, is ‘e tran

u¥
(L

r coefficient and v, is the overpotential. The
overpotentia. is giver by
s = Emix - E\ 5

where E, is the equilibrium potential for the Ox,/Red, couple.

voeS3. t v.S. + ... + v,S;, + ne" =0 6>

where S, reprezentc 1ne fornula of species j and where the stoichiometric

(2]
Q
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o
0
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©
i
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1
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~os1tive for oxidants and negative for reductants. 1In

the pre=enie cf &n excess ¢! inert supporting electrolyte the corresponding
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he equilibrium potential, E, is then:
E = E= + (RT/nF)Zv;1ln(cy) 7
in tne comcomita™’ reduction of Ox, to Red, it is possible that the
reduction .s irreversidle for the case when Ox. = Ru(bpy)s®" and, as &
result, tne cu-rent-voltaege curve of interest is given by a Tafel-type
exXpression.
ic = igz€Xp’ Y2Fn2/RT) {85

The exchange - rren. dencities, i,. and ig», are given by the following two




respective expressions:

Inticy? = In(ige,) + (B8, + o, v,/n,01nlRed,] ()

In(igz) = 1n(igez) + (82 = azva/nz)lnliRed.l 1§00
where 8, and 6. are, respectively, the electrochemical reaction orders of
Red, and Ox» in the anodic and csthodic processes occuring on the surface
of the redox catalyst. The terms loo. and igex» are the standard exchange

current densities for the couples Ox,/Red, and Ox./Red., respectively.

Fig. 2(a) provides a schematic illustration of the current-voltage
curves when the two couples in reaction (1) are highly irreversible and
coupled together by & redox catalyst. Spiro has considered this particular
electrochemical model of redox catalysis [10] and shown thal the mixture
current at any time { during the reaction will be given by:

i, t = looi ™ doez"'. [Red, 10 % (0x,19%" ", exploa.rF(E;® - E;=)/RT} an
where r, and r, are as follows:

ry = o, /(ay; + az); r- = ax/f{a, + o) a2y
In the case of reaction (2), egn (11) reduces to:
liniv,+ = loo1"™ ioe2"". [0x21027 exp{a,r,F(E>® - E,°)/RT} a3
From eqn (13) it can be seen that one of the interesting features of this
particular elecirochemical model of a redox catalysed reaction is that when
the mixture current lies in the Tafel regions of both couples current-
voltage curves, the concentrations of products play no role in the forward
kinetics. Such kinetics are very different to those observed for reaction
{2) mediated by RuO.. yH,0* using Ce*V ions as the oxidant in 0.5 mol dm™=
H250,. 1In this latter case Ce'!’ jione had a marked inhibitory effect on
the rate of Ce*v reduction and, as noted earlier, the kinetics were

interpreted in terms of an electrochemical model in which the current-

voltage curve for the Ce’'v/Ce?’? couple was that for a Nernstian reaction

- 7 -
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and the current-voltage curve for the oxidation of water obeyed a Tafel-

type equation.
If the overpotential for the Ox./Red, couple is made sufficiently

large the current-voltage curve will level out and the cathodic current

srising from the reduction of Ox, at the microelecirode particles will
attain a limiting, diffusion-controlled value, 1., ,, where:

ltw = =ig, sy = nFDIOx21/(v:8) (a4
where D is the trsce diffusion constant of Ox, in the reaction medium and 6
is the thickness of the diffusion layer; the latter parameter depends upon
the hydrodynamic conditions within the reaction cell and, in our work,
these are fixed through the use of a constant stirring rate. Fig. 2(b)
provides a schematic illustration of the current-voltage curves for this
perticular example of redox catalysis.

For any kinetic run a [Ox,] vs. time decay trace is generated end the
rate of reduction of Ox, at any time t is r(t), where r(t) = -dOx./dt, and
this term is related directly to i,,., + by the expression:

r(t) = 1.4 +/F (15
In the electrochemical model of redox catalysis, if the kinetics of
reaction (1), or (2), ere controlled by the rate of diffusion of the
oxicant Ox, to the surface of the redox catalyst then the rate at any time
t will be given by:

r{t) = k,[0x3) (16
whare k, is the first crder rate constant. 1If the kinetics of Ox.
reduction are diffusion-controlled the gradient of a first order plot of
the data from a kinetic run, Z.e. 1nlOx,) ve. time, is = -k, and

equivalent to n FD/ (v,;58).
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Results

The Rulbpy?s**/Rulbpy)a*™ couple has a formal redox potential of 1.26 V vs.
NHE in aqueous solution and thus the oxidstion of water by Ru(bpy);®

4Rutbpy)a®™ + 2H,0 -—----—-- > 4Rulbpyls=™ + 4HY + O an
is thermodynamically feasible even at pH O and becomes increasingly
feasible ac the pH is increased. However, in practice, aquecus solutions
of Rulbpy).= at pH 0 to 1 are kinetically stable (i.e. reaction (17) does
not proceed at a measurable rate) in the absence of a redox catalyst and
this allows for the preparation and handling of Ru(bpy)s®* stock solutions,
such as the ones used in our kinetic study.

In a first set of experiments, the initial rate of Ru(bpy)a®"
reduction ([Ru(bpy)a®*l.uo = 3.55x107° mol dm~3), in the absence and
presence of RuO,. pHL0" (77 ug cm™=), was monitored as a function of pH
(varied by altering the acetic acid/acetate ratio, with l[acetic acid +
acetatel = 0.025 mol dm~3) over the range pH 0.5 to pH ca.5.5; the results
of this work are illustrated in fig. 3(a) by curves (i) and (ii),
respectively.

In e second set of experiments, using identical reaction conditions as
above and in the presence of RuO.. yH,0%*, the overell %0, yields (i.e. at
the end of reaction) were determined as a function of pH and the results
are illustrated in fig. 3(b). In this latter work, in all cases the
kinetics of O, generation were that of Ru(bpy)s®* reduction. It was

further observed that at all pH's the kinetics of Ru(bpy)s2~ reduction were

unaffected by the initisl concentration of Ru(bpy),®~ present even when

using [Ru(bpy).**1's upto ten times that ci the initiel [Ru(bpy) ;=*].

From the data illustrated in fig. 3, curve (b), it appears that at pH

values from ca. 3 to 5 the kinetics of reaction (17) are largely pH

- g -
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independent and rapic; above pH 5 the homogeneous reduction of Ru(bpy),*~
to Ru(bpy)s?*, via the hydroxide- or water-initiated oxidative degradation
of a small fraction of the Ru(bpy)s® present, becomes increasingly
important with increasing pH. From the same results it also appears that
as the pH of the reaction mixture is decreased from pH 3 to pH 0.5, the
kinetics of reaction (17) are slowed down markedly, even though the %0
yield remains quiie high (see fig. 3(b)). As & resull of this observation,
the kinetics of reaction (17), mediated by RuO,. yH.0*, were studied in
detail at two different pH's, I.e. pH 3.9 and pH 2, chosen to correspond to
the apparent two different types of kinetics.

Fig. 4(a) illustrates the change in absorbance spectrum due to
Rulbpy)-®~ (3.55x10"2 mol dm™®) as a funclion of time for a typical kinetic
run carried out et pH 3.9 after mixing with a RuO,. yH-0* catelyst
dispersion {(final concentration = 77 mg cm™=). For the same kinetic run,
fig. 4(b) illustrates the variation of absorbance due to Rudbpy)s®" (A =
675 nm, £ (Rulbpyls®*legrs = 440 mol™' dm®) cm™') and overail %0 yield as a
function of time. A first order analaysis of the absorbance-time drtg
contained in fig. 4(b) gives & gocd straight line, illustrated in fig.

4(c), indicating that the kinetics of reaction (17) are firsi-order with
respect to [Rulbpy)s=*]1 at phH 3.9.

Using a pH of 3.9, an initial [Rudbpy),®~] = 3.55x107< mol dm™= and &
reaction temperature of 30°C the kinetics of reaction (17) mediated by
RuQ.. yH,0* were studied as a function of [RuO,. 0] over the range 0 - 154
#g cm~2, In all cases the kinetics were found to be good first-order (i.e
r > 0.99390, over ai least 2 half-lives); the resultant plot of the first
order rate constant k, vs. [RuO.. 0] is illustrated in fig. 5.

Under the same conditions of pH and initial [Rulbpy)s®7l, the

-10_
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variation of k, for reaction (17) mediated by RuQ,. yH.0" was determined as

a function of temperature over the range 5°C to 50°C and fig. 6 illustrates
the subsequeat Arrhenius plot of the results, from the gradient of which an
activation energy of 20 ¢+ 1 kJ mol™' was calculated.

When reaction (17) was carried out at pH 2, the kinetics of Ru(bpy’a®*
(L Ru(bpy)®~] at =0 = 3,55x1072 mol dm =) were found not only to be slower
but alsc more complex than those found at pH 3.8. From the derivative of a
typical Ru(bpy)->" absorbance vs. time profile at pH 2 it apoears that the

rate of Ru(bpy),®~ reduction depends directly upon [Ru(bpy’)s3~1", where ¥

pH 2 gives quite & good fit to secund-order kinetics, & better fit is
obtained wusing a y velue in of ca. 1.6. In two subsequent pieces of work
the kinetics of Ru(bpy)z®" reduction in reaction (17), mediated by

Ru0,. yH,0*, at pH 2 were studied both as a function of [Pu0,. yH,0*] (0 to
300 pg cm™®) and temperature (5 to 60°C), respectively; the results of the
analysis cf the results of this work are discussed in detail in the

iscussion section.

The few reports [11-14] which provide some description of the kinetics of

reaction (17) medisted by a heterogeneous catalyst such as RuO,, are listed

5.5 and in the absence cf a O, caielyst, appear in broad sgreement with the
findings of others [14,15), I.e. (i) no O, evolution over the entire pH

renge studied and (11) above pH 5, Ru(bpy) ™+ reduction increasing rapidly

Thus, although the reduction of Rulbpy)s®* via reaction (17) at

Discussion

1. The results illustrated in fig. 3¢a) for the pH range 0.5 -

with increasing pH (due to the previously mentioned homogeneous reduction

of Ru(bpy)=>~ to Rulbpy)s=*, vie a hydroxide- or water-initiated oxidative

_11—
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degradation of & small fraction of the Ru(bpy);®~ present.

The observed variation in %0, yield, arising from reaction (17) using
RuO,. yH,0% as the redox calalyst, as a function of pH is 1llustrated in
fig. 3(b) end shows that although the %0. yield remains high {(i.e. > 50%)
over the pH range studied, it peaks at ca. pH 4. The decrease in %0, yield
with both increesing and decreasing pH from pH 4 is most likely due to
competing, possibly redox-catalysed, acid and base catalysed oxidative
degradation reactions involving Ru(bpy)5;®". The resulis of this work are
supported by the findings of others [16-18].

The reports on the variation in the kinetics of reaction (1) mediated
by & heterogeneous O, catalyst as a function of pH are disparate. For
example, Minero and his co-workers, using an RuO, colloid, supported by
polybrene, report tha® the kinetics are 'not simply first order';
interestlingly, however, their reported trend in initial rete as & function
of pH is not dissimilar to that illustrated in fig. 3(a), i.e. decreasing
rate with decreasing pH below pH 3, and, approximately, ph independent
kinetics over the pH range 3-5. However, in the same paper, Minero et al.
also indicete that the kinetics of reaction (17) mediated by a TiO,/Ru0;
collcid are simple firsi order and pH independent over the renge pH 1 to pH
6 [111. A similar trend, with much lower rates (70-80 fold less) was also
observed by these workers in the absence of & redox catalyst [11]l. Juris
and Moggi (14} also report s parallel trend in k, vs. pH with, and withcut,
an RuO, catalysti; nowever, in this case k, appears tc increase nearly

exponentially with increasing pH over the pH range 0.5 to 6, and the

addition of the the redox cataiyst does not have a marked effect on the
rate (ca. 2 fold increase).

It is worth noting at this stage that in none of the kinetic studies
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er:: zed asbove or in teble 1 were the kinetics and overall %0, yields
aiso monitored as a function of pH;, 1I.e. 0, evolution was slways assumed
to proceed with the same kinetics as Ru(bpy);>* reduction and with an
overgll stoichiometric yield. However, on occasions this assumption cen
prove to be invelid, as we have demonstrated recently from the results of a
study of the 'apparent' catalysis of reaction (2), with Ox = Ce?V, using
the RuD,/polybrene colloid of Minero et al. {1i}J. 1In a previous peper
Minero et al. had reported the results of a similar kinetic siudy of Ce?Vv

2

educiion in which stoichiometric O, evolution was assumed [11j. From the

-

results of our work, however, carried out under the same reaction

conditions as used by Minero et al. [11] we were unable to observe any O,

evciution and it appeared that the kinetics of Ce?V reduction were those

ey

or the oxidetion of the polybrene support and not water.
Thus, although Ru(bpy).®* is not as sirong an oxidising agent as Ce®™V
ione (and, therefore, less likely to oxidise the support, catalyst or any

aiZventitious impurities) the kinetics of Ruibpyls®* reduction should not

sutomaiically be essumed to be due to reaction (17). For example,

mn
«
w
nhy
Pos
3

ovich and Sirelets have studied reaction (17) as & funciion of ph,

collioid as the redox catslyst ancd found that the

-
-

3

%0, yield was only 16% at pH 1.8 and decreased to 3% at.pH 1.2 [18

-

. in

bt

addition, over this same pH range, they found that the amount of CO,
liberated due to the 'deep' disintegration of a small fraction of
Ru(bpy)a®* increased markedly with decreasing pH. These workers also nectecd

that Ru(opy’).®> was able to oxidise some, albeit only ca. 1%, of the RuQ;

o

ic Ru0, even at pH vaiues H 2.8. Although, in our work no evidence

«

~
w

e

»
-
-

=

was found for this lslter reaction this may simply reflect the greater

efficacy of RuQ,. 3H,0" as & O- catalyst.
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From the results illustrated in fig. 3 and our previous genera:

observation thet atv ell pH's tested the kinetics of O, generalion appeared
to parsllei those of Ru(bpy)a®™ reduction it appears that RuO.. 3H.0™ is
able to mediste reaction (i7). The general shape of the variation in
initial rate of Ru(bpy)z=* reduction vs. pH, with redox catalyst present,
illustirated in fig. 3 (a), can be readily interpreted using the specific

elecirochemical model described earlier. In this model of redox catalysis

the initial rate of reduction of Ru{bpy)>®~ will reach a limiting,

diffusicon conirolied value when the two current-voltege curves are well
seperated. The formal redox potential of the 0./H,0 coupie decreases with

increasing pH, i.e. E= = (1.23 -0.059xphH) ¥ vs. NHE and, since the formsl

o
(14

poteniial of the Rullpy);®*/Rulbpy)s®~ couple is pH independeni, it can
seen thal as the solulion pH is increased so will the separetion in the
ecuilibrium potentials for the two redox couples involved increase, and
eventuslly diffusion-controlled kinetics will bé achieved. Given the

eiectrochemical model, from the resulis illustrated in fig. 3(a} it appesrs

that over the pH range 3-5 the kinetics are diffusion-controlled and, as &

resuli, the rate is directly related to i,.., where i,,, is given by ecn

it aiso appears from the resuits iilustirated in fig. 3(a) that at p=

values below pH 3, the separation in eguilibrium potentiais for the iwo

]

* 3 ae .
vd B

s

redox coupies (which decreases with decreasing pH) is not suificien
iarge to render the kinetics of Ru(bpy),®* diffusion controlled. It is

suggesied that at pH veiues <K pH 3, such as pH 2, the rate of Ruibpy)o™®~ 3

reduction at any time t during the course of the resction is reiated

=

H

directly to i,;.. ., Where i,;.. . iS given by egn (i3)>. In order to test i
these idees further the kinetics of reacticn (17) were studied al pH 3.6 2
: 2
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25-0 —=mm———m > 25 + O, 2m
where S is the active site, with reaction (19) as the rate determining
step, f.e. o, = 2. In our study of the kinetics of reaction (2) with Ox =
Ce’, mediated by RuO.. yH,0* the same mechanism and rate determing step for
water oxidation appeared applicable. Thus, it appears reasonable to assume
that this is also the case for reaction (17) mediated by RuO.. yH-O* and, as
a result, we can take o, = 2 in eqn (12), It can be seen that the term
6.r, will equal the desired value of 1.6 if o, = ¥ and 6, = 2. One scheme

in which this would be the case is as follows:

2RuCbpy)o® L’ D @
D + e === > D- 22)
_ R > el
D— + e D= @3
( ————————
o e >
DF7 oo 2Ru(bpy) 5=+ 24)

with eqn (22) as the rate determining step. In this latter case the
current-voltage curve would be given by:

ic = FkaoKe:[Rulbpy)s®*1=. exp (~BFE.1./RT) {25)
where kz; is the rate constant for the rate determining step, Kz, is an
equilibrium constant for reaction (21) and B = symmetry factor, which may
be taken as = %.

In the above reaction scheme the electroactive species in the
oxidation of water is a dimeric form of Ru(bpy)s®*. The formation of
dimers in acid solution is not unknown in the chemistfy of derivatives of
Ru(bpy)«®*. Thus, Grétzel and his co-workers have found that thermolysis

(at 80°C) or photolysis of a solution of RulL;®** (where L = 2,2/-bipyridyl-
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5,57-dicarboxylic acid) in 0.5 mol dm~= H,S0, in the presence of
persulphate generates oxo-bridged dimers of the type

L2 (H;0)Ru***-0-Ru***(OH;)L, which can act as homogeneous O. catalysts
{19, 201.

Dimerisat:on of Ru(bpy),®* does not appear to occur to any measurable
extent in bulk solution under the experimental conditions of our work,
since the Ru(bpy)x®* solutions were found to exhibit no deviation from
Beer's law. No evidence was found in the bulk solution for the formation
of a permanent homogeneous O catalyst; Ru(bpy)s®* solutions arising from
the catalysed decay of a Ru(bpy)z=* solution were very stable at pH 2 when
separated from the RuO,. yH,0* catalyst and then re-oxidised to Ru(bpy)z=~
with PbO..

An important feature of the kinetics at pH 2 which is also predicted
by the electrochemical model is the independence of the rate upon
[Ru(bpy)a®*l. In this respect the kinetics of reaction (17) mediated by
RuO,. yH-0% are quite different to those reported by Sutin and his co-
workers for the same reaction catalysed by aquocobalt (II) ions; in this
latter case r{t) was found to depend not only upon [Ru(bpy)3®*1= and
[Co(II)], but also [Rulbpy)a=*1—' at low [Rulbpy)a®+1/[Co(II)] ratios and
low [Co(II)I.

Since the kinetics of reaction (17) at pH 2 eppear to depend upon
[Ru(bpy)32*1'-%, a measure of the rate constant can be gleaned from the
gradient, = k/, ¢,.0f a plot of A~®-€vs. time. From the electrochamical
model, i,4.. + 1s directly related to i¢o1"2. 1oo=2"". exp{loaar,F(Ezx® - E,®)/RT}
which in turn should be directly related to k’, s Despite the complexity
of the kinetics predicted by the electrochemical model via eqn (13), 1., «

will still depend directly upon the total electrode area and, therefore,

-17_
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{RuO>. yH,0%). Thus, according to the electrochemical model, at pH 2 a plot
of k7, . vs. [RuO.. yH20%) should be a straight line and this prediction is
confirmed by the results illusirated in fig. 8. From the gradient of the
Arrhenius plot illustrated in fig. 9 an activation energy of 34 * 1 kJ mol-
' for reaction (17), cerried out at pH 2 and mediated by RuO.. yH.0*, was

calculsted.

Conclusion
RuO.. yH,0* is able to mediate the oxidation of water by Rulbpy)a™ ions
with high %0, yields, over a wide pH range. Over the pH range 3-5 the
initial rate is largely independent of pH and the kinetics of Ru(bpy)a®*
reduction are first order with respect to [Rulbpy)s®*] and [RuQ,. yH 0%}
with an activation energy of 20 * 1 kJ mol~'. At pH values below 3 the
initial rate of reaction decreases with decreasing pH and the kinetics
appear to be 1.6 order with respect to {Rulbpy)s®+] although firsi order
with respect to [RuO,. yH,0%] and with an activation energy of 34 * 1 kJ
mol='. An electrochemical model of redox catalysis, in which the reduction
of Ru(bpy);®* and the concomitant oxidation of water to O, are considered
as two electrochemical irreversible processes coupled together via the
redox catalyst, can be used to rationalise the findings.. Using this model
to interepret the results at low pH (pH 2) it appears that electron
transfer from a dimer of Ru(bpy)s®* to the redox catalyst may be the rate
determining step. .Over the pH range 3 < pH < 5 the kinetics of Ru(bpy)o="
reduction are diffusion-controlled. As predicted by the electrochemical
model the kinetics of Ru(bpy}s®* reduction were always found to be R
independent of (Ru(bpy)a2*]. The same electrochemical model can be used to ;

interpret the kinetics of catalysis of reaction (2) with Ox = MnO,~ (211,
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Figure Legends

Schematic illustration of the experimental system used to monitor
simultaneously the reduction of Ru(bpy),®*'ions and the oxidation of
water to O>. The system comprised the following: (&) quartz-iodide
light source, (b) monochromator (set at 675 nm), (c) photomultiplier,
(d) amplifier, (e) Teflon-coated stirrer flea, (f) stirrer motor, (g
O,-MPD base, (h) potentiostat and (1) syringe. The effective path

length of the reaction vessel was 3.2 cm.

Schematic illustrations of the relevant current-voltage curves for
the redox couples Ox,/Red; and Ox»/Red. using the redox catalyst as
the working electrode. In the case of redox catalysis of reaction
(2) the redox catalyst adopts a mixture potentisl at which i, = ~-i. =
1, In {(a) the mixture current lies in the Tafel region of both
current-voltage curves, whereas in (b) i,.;. lies in the diffusion-
controlled region of the current-voltage curve for the Ox./Red.

couple.

(a) Initial rate of Rulbpy);®~ reduction vs. pH profile deternined
using: [Ru(bpy)o®*liuo = 3.55%x107% mol dm™3, [RuO.. yHo0*] = 77 pg cm~
3, ([HOAcl + [AcO™) = 0.025 mol dm™= and T = 30°C.

(b) %0, yield vs. pH profile recorded using the same conditions as in

(8).
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Figure Legends (Contd.?

(a) Changes the visible absorption spectrum due to Rulbpy)a®* as a
function of time using the same reaction conditions as in fig. 3 (a)
but with the pH = 3.9 and using a 1 cm quartz cell; the spectra were
recorded (from top to bottom) at the following times after initiation
of the reaction: O, 18, 45, 80, 115, 300, 400 s.

(b) Plots of Absorbance (at 675 nm) due to Ru(bpy),®* and dissoived
[02] as a function of time using the same reaction conditions as in
(a) ; e(Rubpy)=®lers = 440 mol~® dm® cm~’. At t = 500 s the %0
yield is ca. 67%.

(¢) First-order plot over 2% half-lives of the absorbance-time data
illustrated in (b’; the results of a least squares analysis are as
follows: gradient (m) = -(1.04 % 0.02)x107= s~', intercept (c) = -

0.77 * 0.02 and correlation coefficient {(r; = 0.9982.

Plot of k, vs. [RuO.. yH,0*). The different values for k, were
determined using the reaction condtions described for for fig. 4, but
with [RuO.. yH.0*) varied over the range 0 -154 pg cm™2; the results
of & least squares analysis are as follows: m = 0..121 % 0.005 s~ mg~

V'em®, c = (1.2 ¢ 0.4)x1072 g~ and r = 0. 9958.

Arrhenius plot of 1ln(k,) vs. T-'. The different values for k, were
determined using the reaction condtions described for fig.4, but with
T varied over the range 5 - 50°C; the results of a least squares
analysis are as follows: m = -(2.4 ¢ 0.2)x10® K, ¢ = 3.6 #0.5 and r =

0. 9948,
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Figure Legends (Contd.)

() FPlots of Absorbance (at 675 nm) due to Ru(bpv),** and dissolved
(021 as & function of time using the same reaction cecnditions as in
fig. 3(a) but with at pH 2; e(Rulbpy)a®*lgrys = 440 mol~' dm® cm™’.

At t = 500 s the %0, yield is ca. 55%

(b) 1.6-order plot (I.e. (absorbance)~©-¢ vs. t) over 2% half-lives
of the absorbance-time data illustrated in (a); the results of a
leasl squares analysis are as follows: m (= k7,;) = (1.13 % 0.02)x107%
(absorbance units)e-© g~', ¢ = 1.50 $0.02 (absorbance units)®-€ and r

= 0.9988.

Plot of k7, vs. [RuO.. $H.0*). The different values for k7, were
determined using the reaction condtions described for fig.7, but with
[Ru0.. yH.0*] varied over the range ¢ —-300 pg cm™=; the results of a
least squares anslysis asre as follows: m = 1.27 ¢ 0,03 {(sbscrbance
units)e-€ g7 mg~' cm®, c = (1.7 £ 0.7)x10"* (absorbance units)©-€ s~

' and r = 0.8880.

Arrhenius plot of 1n(k”,) vs. T-'. The different.values for k7, were
determined using the reaction condtions described for fig. 8, but
with T varied over the range 5 - £60°C; the results of a least squares
analysis are as follows: m = -(4.1 ¢ 0.2)x10®2 K, ¢ = 8.9 ¢ 0.7 and r

= 0. 5364.
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Table 1: Kinetic Studies of the Heterogeneous Redox-catalysed

Oxidation of H 0 by Ru(bpy)s>~

Method of Catalyst Kinetic pH range Ref.
Ru(bpy) 5>~ Technique™
Generation
electrochemically RuO./polybrene rapid mixing 1-12 11
colloid & stopped flow
electrochemically Ru0./Ti0, rapid mixing 1-12 11
colloid & stopped flow
photochemically Ru0,/TiO- ps flash 2-7 12
(Ru(bpy?a="/52027) colloid photolysis
photochemically RuO. and Ru0D,/TiO. photochemical - 13
(Ru(bpy)==+/5205=") colloids ~alaxetion method

photochemicelly RuO% rapid mixing 2-7 14
(Ru(bpy) =~ powder
/Co(NH3) £C12)

#: 1in all cases the {Ru(bpy)x®"] was monitored spectrphotometrically.
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. mgj Synthesis and photoelectrochemical reactions
of Cadmium Sulfide in micellar solutions:

M.P.Pilenii+2, L. Motte2, T.Jain!, C.Petit!+2 and F.Billoudet!

1- Université P. et M. Curie, Laboratoire S.R.I. batiment de Chimie Physique
11 rue P. et M. Curie 75005 Paris, France

2- CEN. Saclay, DRECAM.-S8.C.M, 91191 Gif sur Yvette, France

Abstract: In this paper it is presented the results obtained by using either reverse
or normal to control the size of the CdS semiconductor particles. The use of mixed
sodium and cadmium di ethyl-2-hexyl sulfosuccinate (sodium and cadmium AOT)
reverse micelles favours the formation of monodispersed particles. By increasing
the water content, the size of the particle increases. Phototlectron transfer reactions

depend on the relative amount of cadmium and sulphur ions (x=[Cd2+1/[52']). At

low water content, reverse micelles prevent CdS semiconductor against

photocorrosion. By increasing the water content, photocorrosion process depends
on x value
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Introduction
The use of dispersed media to solubilize or synthesise microparticles in situ has
made considerable progress in the last few years: Langmuir-Blodget films, vesicles,

polymerised vesicles, double layers or reverse micelles have been used as the
incorporation media for microparticles, colloids or semiconductors0.

Surfactants dissolved in organic solvents, form spheroidal aggregates called reverse
micelles(!), Water is readily solubilized in the polar core, forming a so called "water
pool", characterised by w, w=[H20]/[AOT]. For AOT as a surfactant, the
maximura amount of bound water in the micelle corresponds to a water-surfactant
molar ratio w = [HyO] /TAOT] of about 10. Above w 15, the water pool radius is

found linearly dependent on the water contentO, Another property of reverse
micelles is their dynamic characters(1). They can exchange the content of their water
pools by a collision process.

Cadmium sulphide has been synthesised in AOT reverse micellesO, with very high
concentrations of surfactant (AOT = 0.5M) and in the presence of small quantities
of water. These authorsO were able to observe a reduced size distribution and an
increase of the size of the particles by increasing the amount of water solubilized in
the reverse micelle. The value of the ratio w = [HyOJ/[AOT] is always low (w<10).

Photocorrosion, observed in the presence of oxygen, is due to the photodissolution
of CdS particles. The photochemical reaction is the following:

hv

O, +CdS +2ht —

>Cd 2+ + S +H,y0,

Such process can be blocked by trapping the holes,h*, formed during the
irradiation of the particles either by adding an external electron donor or by the
presence of an excess of sulphur ions which is oxidised by the holes.

In the present paper we compare the micellar effect in the formation of CdS
semiconductors. It is shown that using reverse micelles, the size of the particle
increases with the size of the droplet whereas one size of particle is observed by
using oil in water micellar solution.

Experimental section:
1. Products:
Sodium di (ethyl-2-hexyl) sulfosuccinate is produced by Fluka and sodium
sulphide Na5S by Janssen. The synthesis of functionalized surfactant has been

previously described(7). The various dialkylviologens have been synthetized as
described previously(8).

2-Synthesis of CdS in reverse micelles:

i) water in oil micellar solution: The synthesis is carried out by mixing two
micellar solutions with the same ratio of water (w=[H,O)/[AOT]) , one containing a

solution in which the sulphur ions

2 17/06/91
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(Nay§) are solubilized and the other in which cadmium ions are present. The
cadmium ions are obtained from cadmium di ethyl-2- hexyl sulfossucinate. The
respective concentrations are, in general, the same, 3.10 4 mole.l -1 The mixing is
produced by rapid injection of a variable volume of solutions of cadmium ions and
sulphide ions of the same concentration.A mixed sodium and cadmium AOT in
isooctazic reverse micelles were prepared. The concentrations are 0.1M and 3 .10 -4
mole.l™".

ii) oil in water micellar solution: A micellar solution of cadmium lauryl
sulfate is formed and sulphur ions solution is added.

3- Preparation of samples for electron microscopy experiments:
i)reverse micelles:

An equal volume of water-acetone is added to the mixed micellar solution
containing CdS particles. A two phases transition takes place and CdS particles
migrate to the interface. A drop of a ion of extracted CdS particles in
acetone is pull on a copper plate with a carbon film The solvent is removed by
vacuum.

ii) Oil in water micelles: Acetonitrile is added to the micellar solution. A
precipitation takes place and the CdS particles are dried under vacuum. The powder
1s then dispersed in aqueous solution and a pull on a copper plate with carbon film.

4- Apparatus:

The small-angle X-ray scattering was done on a GDPA30 goniometer with copper
Ka radiation (1.54 A). The experimental arrangement used has been described
previously(9).

The absorption spectra were obtained with a Perkin-Elmer lambda 5 and Hewlett
Packard spectrophotometer and the fluorescence spectra with 2 Perkin-Elmer LSS
spectrofluorimeter.

A Philips electron microscope (mcdel CM 20,200 kV) was used to obtain pictures.
Continuous irradiation was performed using 1000watts Oriel lamp with 20cm water
filter and 385nm cutoff filter.

Flash photolysis experiments were performed using an Applied Photophysics
apparatus.

§- Stuctural study of mixed sodium-cadmium 4i ethyl-2-hexyl
sulfosuccinate:

Using sodium AOT reverse micelles it has been shownOa lincar dependence of the
water pool radius with the water content (R, =1.5 W) previously. In pure

Cadmium AOT i . it has besn shown() verv srong chances in the
phnsc dlngrm ﬁfxﬁq ')z-ﬁs:ocmc-watcr. Using mixcd micclics (sodium-
oadmium AOT, in the oxporimental conditions in whith QIO pmtitles ai
synthetized, no structural changes comparcd o sodium AQT roverse micclics is
observed: a linear relationchip hetween the water poo! and the water content R, =

M “;';'“i|‘||l|I|ii‘Ii|iiiIii!!iI'iIi|ii|i=I‘|5|iiiI|i||l!)!I’ll",|lI|vIllv||vl||||nnnmmmv"""" »
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Results ana Discussions:

) I Ip reverse micelles:
The nynthesis &f QW0 in ADT suvese micelles ac obualued for vardous water

contents (w-[II,01/JAOT]) and various a (a=[0d2"]/[82']) values.

1aSi7e determinntion:

In the presence of an excess of cadmium ion (x=2), figure 1 shows a red shift in the
absorption spectra by increasing w, Below the absorption onset several bumps are
observed (figure 1) and can be clearly recognised in the second derivative (inserts
ﬁgure.l). These weak absorption bands correspond to the excitonic transitions and
result in a perturbation of electron structure of the semiconductor due to the change
in the particles size. This gives a widening of the forbidden band and therefore a
shift of the absorption threshold as the size decreases.The average size of the

particles is then deduced from the absorption onsetO, At low water content the first
excitonic pic is well resolved and is followed by a bump (figure 1A). The second
derivative shows a very high intensity of this bump (insert 1A). With small

crystallite, according to the data previously publishedo, several bumps due to
several excitonic pics are expected. Insert fi 1A shows only one bump. This is
due to the fact that the others are blue shifted and are not observable in our
experimental conditions. By increasing the water content, that is to say by
increasing the size of the particles, several bumps are observed (insert figure 1B).
This confirms the fact that, at w=5, the bumps are blue shifted and indicates a very
narrow distribution in the size of the particles.The intensity of these bumps
decreases with the water content, w (inserts figure 1), This indicates a decrease in
the number of excitonic transitions with the size of the particle. This is in agreement

to the theoretical calculations previously published for the Q-particles.
The size of CdS particle, the average radius, r, is deduced. Figure 3 shows a
change in the size of the particle with the relative ratio of cadmium and sulphide

ions (x = [Cd2+]/[82’]). The biggest sizes are obtained for x=1 and the smallest
for x=2. It can be noticed that the size of CdS is always smaller when one of the
two reactants are in excess (x=1/4, 1/2, 2). This confirm that the crystallisation

process is faster when one of the l?eu s is in excessO.

Electron microscopy has been performed using a sample synthesised at w=10, x=2,
in mixed reverse micelles, characterised by 430 nm absorotion onset corresponding
to a CdS radius equal to 25A. The micrograph picture (f: ;ure 2A) shows spherical
and monodispersid particles. From micrograph picture the average size is in the
range of 40 + 20A. The electron rays diffraction shows concentrical circles (figure
2B). This is compared to a simulated diffractogram of bulk CdS and a good
agreement between the two spectra is obtained indicating the particles keep ZnS
crystalline structure ( c.c.f) with a lattice constant equal to 5.83A. From the
simulated curve, it can be noticed the absence of (200) line. The microanalysis
study shows the characteristic line of sulphur and cadmium ions indicating that the
observed particles are CdS semiconductor cristallites. The radius of the particle can
be deduced from the line widening of the diffraction signals given by the following

4 17/06/91
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determined from such calculation is equal to 41A . The differences in the size of the
particles deduced from the absorption onset and obtawned trom electron microscopy
are probably due to the extraction of CdS from the droplets with formation of

aggregates.

2- Polydispersity:

As the fluorescence is dependent on the size of the particles a shift of the excitation
threshold with the emission wavelength indicates the presence of particles of
different sizes in the solution: this is then a measurement of the polydispersion of

the aggregatesO. In the case where this excitation spectrum is analogous to the
absqr;;ﬁon spectrum, the threshold is a measure of the average size of the emitting
articles.

igure 4 C,D shows the fluorescence spectra at various water content. The

unchanged spectra ( AA = 2 nm) with the excitation wavelength indicates strong
monodispersity. The shift of the maximum of the emission with the water content,
w, can be related to the average size of the particles. For a sample synthetized in
the given experimental condition (fixed w and x value) the fluorescence excitation
spectra obtained are unchanged with the emission wavelength. This confirms the
monodispersity in the size of the CdS particles.

oy

3- Photochemical reaction:

i- Photocorrosion:

The yield of photocorrosion is followed by observing the change in the absorption

spectrum of CdS particles at 300nm. Figure 5 shows the relative photocorrosion

yield determined under continuous irradiation at various water content.

In the presence of an excess of sulphur ions (x=1/2) a shift of the absorption |
threshold to longer wavelengths is observed showing an increase in the size of the

aggregates. This phenomenon favouring the formation of large particles correspond

t0 a greater thermodynamic stability (Ostwald’s ripening0). Figure 5A shows an
increase in the photocorrosion yield with the water content.
In the presence of an excess of cadmium ions (x=2), figure 5B shows the high

value of the photocorrosion yield. Because of the sulphur vacancies the holes (h)
can easily react with CdS particles, in the presence of oxygen. However at low
water content micelles play the role of protecting agent: at w=5, the size of the CdS
particles and the water cioplets are similar. This indicates that the surfactants
molecules totally surrounds the CdS particles. By increasing the water content, the
photocorrosion yield is very large

B- Photoelectron Transfer:

The photoelectron transfer from CdS to various dialkylviologens, {(Cn)2V2+},
has been studied by flash photolysis. The size of the particles remains unchanged
either by adding viologen before or after CdS synthesis.

In the presence of an excess of sulphur (x=1/2), figure 6 shows a decrease in the
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yield of reduced dialkylviologen with the water content. This can be related to the
fact that, at low water content, figure 2 shows a change in the absorption spectrum
probably due to sulphur aggregates adsorbed at the CdS interface. Such sulphur
ions are able to give an electron to the hole formed by light excitation and then
prevent the back electron transfer reaction.The yield of reduced viologen increases
with chain length of viologen. It can be attributed to an increase in the amount of
viologen anchored the CdS semiconductor surface.

The photoelectron transfer rate constant increases with the water content and with
the chain length of dialkylviologen. This can be explained in term of size effect:
figure 2 shows that , at x=1/2, thisizc of CdS particle is strongly changed between
w=5 (R=12A) to w=10 (R=13A). By increasing the wat‘ir content, no drastic
change in the size is obtained (for 15<w<40, Rpyg #16A). The photoelectron

transfer rate constant is more efficient by using small particle and long chain
dialkylviologen.

In the presence of an excess of cadmium ions (x=<2), the photoelectron transfer rate
constant and the reduced viologen yield are constant and independent on the length
of the alkylchain and to the water content. This can be attributed to the fact that there
are no internal electron donor to prevent the back electron transfer reaction as it
takes place in the presence of an excess of sulphide in which the latter play a role.

The addition of an external electron donor such as cysteine, adenine
benzylnicotinamide does not prevent the back reaction. This could be explained in
term on accessibility of the electron donor to the holes formed by CdS excitation.
t'glhe&flgl;ciecuon transfer takes place before the external electron donor can reach

¢ ole.
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Figures:

Figure 1: Vanation of the absorption spectrum of CdS in reverse micelles with
dic waiet woci. [AOT- Na] =8,AM, (AT, O] =2.10"1M, & = 2, Alw=3), B
(w=10); C (w=20); D (w=40)

Figure 2:Variation of the absorptiorn onset and the CdS radius with the water
content [AOT- Na] =0.1M, for x value equal to1/4; 1/2; and [(AOT)Cd] = 10° 4

M and for x=2 [(AOT),Cd]=310"M
[x=1/4: (©)]; [x=1/2; (®)]; [x=1; ()]; [x=2; (@)]

Figure 3:

-A- Electron microscopy of a sample after extraction from a micellar solution
-B- tketwonidiffraction spectrum of CdS particle

Figure 4: Variation of the relative fluorescence spectra (normalized at the emission
maximum) with the water content at various excitation wavelength;

[AOT] =01 M, x =2; [(AOT),Cd] =2.10°M, (Aexc:A = 380 nm ; B = 400
nm; + = 420 nm) w=10 (A); w=10 (B); w=20 (C) and w=40 (D)

Figure 5:Variation of the relative photocorrosion yield with time at various water
content w=S (ll ); w=10(O); w=20 4 ); and w=40 (+)

Figure 6: Variation of the reduced viologen yield (A x=1/2; B x=2) and the rate

constant of the electron transfer (C X=1/2; D X=2) with the lcngth of various alkyl
chain at various water content.
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Abstract

The mechanistic and kinetic details of charge injection into
the conduction band of TiO, and ZnO colloids from the exicted thio-
nine and CdS colloids are investigated. The participation of
singlet and triplet excited states of thionine in sensitizing Ti0,
and 2n0 colloids are elucidated with picosecond and nanosecond
laser flash photolysis. The reverse electron transfer between the
injected charge and the dye cation radical is the major limiting
factor in controlling the efficiency net charge transfer. Better
charge separaticn can be achieved by coupling the two semiconductor

systems,
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1. Introduction

Photosensitization of & stable, large-bandgap semiconductor
has important applications in imaging science and photcelectrochem-
ical conversion of solar energy. This phenomenon often serves the
purpcse of selectively extending the absorptive range of the semi-
conductor materials. The principle of a dye sensitization process
is illustrated in Figure 1 {1,2). One of the intriguing aspects of
the photosensitization process is the poor efficiency (often less
than 1%) of net charge transfer although some recent reports have
indicated efficiencies of 30-80% [3-6). 1In recent years several
researchers have investigated the charge injection from excited dye
into the semiconductor particles and electrodes by employing vari-
ous fast kinetic spectroscopy techniques. These include, emission
{7-10], nanosecond [8-11] and picosecond [12-15] laser flash pho-
tolysis, resonance Raman [16,17], microwave absorption [18]), dif-
fuse reflectance laser flash photolysis [19,20), and internal
reflection flash photolysis {2ij.

Another interesting approach for achieving photosensitization
would be to replace the sensitizing dye with a short bandgap semi-
conductor. Coupling with a short bandgap semiconductcr would thus
enable sensitization of a large bandgap semiconductor. For
example, in a Cd$-TiC, system, CdS (Eg = 2.4 eV) can be excited
with visibie light and photogenerated electrons can then be
injected into the TiO, semiconductor [22,23]. The difference in :
energy levels of the two semiconductor systems plays an important B
role in controlling the charge injection process. In recent years, 7

charge injection processes in several mixed semiconductor colloids,

zZ7- 12/
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Cds-TiO, [23~25), CdS-ZnO (25]), Cd3P,~Ti0, and Cd3P,-Zn0O [26], AgI-
Ag,S [27] and ZnO-2nS [28] have been reported.

Both dye-sensitized and short bandgap semiconductor sensitized
charge injection into a large bandgap semiconductor have now been
carried out by us to elucidate the mechanistic and kinetic details
of charge injection processes in colloidal semiconductor suspen-
sions. In the present study, we have chosen thionine dye and Cds
semiconductor colloid as sensitizers and TiO, and Zn0O colloids as
large bandgap semiconductors. The transparency of the c¢olloidal
suspension facilitates direct detection of transients by picosecond
and nanosecond laser flash photolysis. Ultrafast charge transfer
processes that control the efficiency of photosensitization will be

addressed here,

2. Experimental

2.1 Materials:

Thionine (Fluka) was purified over a chromatography column of
neutral alumina. Colloidal Ti0, was prepared by the hydrolysis of
Titanium(IV)-2-propoxide (Alfa products) in acetonitrile [29]. 2ZnoO
¢olloids were prepared by the hydrolysis of a Zn-complex precursor

with LiOH as described by the method of Spanhel and Anderson [30].

2.2 Optical Measurements

Absorption and emission spectra were recorded with a Perkin-
Elmer 3840 diode array spectrophotometer., Emission spectra were

recorded with a SLM 8-8000 spectrofluorometer. -

e
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Nanosecond laser flash experiments were performed with a 532-
nm laser pulse (8 mJ, pulse width 6 ns) from a Quanta Ray Nd:YAG
laser system. The experiments were performed in a rectangular
quartz cell and all the solutions were deaerated with high purity
nitrogen.

Picosecond laser flash photolysis were performed in a flow
cell using a mode~locked 355-nm laser pulse from Quantel Y¥YG-501 DP
Nd:YAG laser system (2-3 mJ/pulse, pulse width ~ 18 ps) as the
excitation source. The white continuum was generated by passing
the residual fundamental output through a D,0/H,0 solution. The
time zero in these experiments corresponds to the end of the exci-
tation pulse. All the experiments were performed at room tempera-

ture (296 ¢ 1 K).

3. Results and Discussion

3.1 Dye Semiconductor System:

Recently, there have been several reports which address the
interfacial charge transfer at the excited dye and the semicon-
ductor [12-21). As indicated in Fig. 1, both triplet and singlet
excited states of a sensitizing dye are capable of injecting charge
into the semiconductor. Most of the earlier studies have indicated
that excited singlet state of the dye is the major species that
participate in the charge injection process and the rate coastant
for the charge injection process is greater than 5 x 1010 g-1,
However, little effort has been made to elucidate the role of trip-
let excited state as the donor in the dye sensitization process.

Because of the longer lifetime (often in microseconds) it should be

ad~r/73
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advantageous to utilize the triplet excited state in injecting
charge into the semiconductor. We now discuss the role of singlet
and triplet excited states of the dye in governing the mechanism of
photosensitization process. We have chosen a thiazine dye as the
sensitizing dye since it yields both singlet and triplet excited

states in detectable amounts. Also its energetics (Eggy = 1.25 V vs

NHE) facilitate charge injection into the conduction band of the

semiconductor.,

3.1.1 Thionine-Tiog System:

The absorption and emisgion spectra of thionine in aceto-
nitrile and in colloidal TiO, suspension are shown in Figure 2. A
red shift in the absorption maximum of thionine was observed in
colloidal TiO, suspension. As shown carlier [29]), such a red shift
represents charge transfer interaction between Ti0, surface ang
thionine. The negatively charged -OH™ groups on the Ti0, surface
influences the interaction between TiO, and positively charged
dye. The equilibrium constant for such a charge transfer inter-
action is found to be quite high (K, = 2.75 x 105 M~ [29]),

Such a charge transfer interaction between thionine and Tio2
colleid resulted in the decrease of the fluoresc¢ence yield. This
is evident from the emission spectra recorded in Fig. 2B, This
decrease in fluorescence yield (> 60%) is attributed to the quench-
) ing of singlet excited state. As shown earlier, the quenching of
excited singlet state proceeds by charge transfer to the semicon-

ductor colloid (reaction 1). -

27~ /29
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let* ¢ mic, —> a2 + mio,(e) (1)

Picosecond laser 1 photolysis experiments were carried out

to probe the ultrafa: charge transfer events that might occur on
the surface of colloidal TiO,. Figure 3 shows transient absorption
spectra of thionine in acetonitrile and in colloidal TiO, suspen-
sion recorded immediately after the 532-nm laser pulse (pulse dura-
tion, 18 ps) excitation. The transient absorption spectrum in
acetonitrile which is attributed to singlet excited state exhibits
maximum at 450 nm and a shoulder around 500 nm. The lifetime of
lpg** as determined from the first order decay of the 450 nm
absorption was 450 ps in ethanol. However, in c¢olloidal TiO, sus-
pension a similar absorption spectrum but with decreased intensity
was observed. It is likely that the excited singlet state of the
unassociated dye dominates the absorption in spectrum b (Figure

3). Although one would have expected to see formation of THZZ'*
with absorption in the region of 500 nm, such a transient absorp-
tion is likely to be buried in the singlet-singlet absorption of
free dye. If the lifetime of dye cation-radical is very short
(i.e. less than the lifetime of singlet excited state) it will be
difficult to time-resolve the transient absorption spectra for
characterizing lrg* ana TRZ* species. We have recently shown (15]
in the case of TiO,~sqQuaraine that the dye cation radical formed

: _ during the charge injection process was short lived (270 ps) than

: the singlet excited state (3 ns). A high rate constant (3.7 x 109
s'l) for the reverse electron transfer between injected charge and

dye cation-radical was a limiting factor in controlling the effi-

-
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ciency of net charge transfer,

While the quenching of thionine fluorescence by Ti05 ¢olloid

was efficient, we failed to detect any transient absorption of

cation-radical in the laser flash photolysis experiments. This

shows that the reverse electron transfer (reaction 2)

TH2+'

+ Ti0,(e) —> TH' + Ti0, (2)

occurs faster than the decay of the excited singlet state. Because
of the strong interaction between the dye and Ti0,, static quench-

ing processes dominate both the forward and reverse electron trans-

fer processes.

3.1.2 Thionine-ZnO System:

Zn0 colloids prepared in ethanol have pH around 9.0, We main-
tained a pH of 8.2 in our 2n0 suspension so that the surface is
slightly positive. As a result of this, no direct interaction
between TH' and ZnO ¢olloid was seen. The absorption spectrum of
thionine remained unaltered when Zn0 colloids were added to the dye
solution. Similarly, no change in the fluorescence yield was seen
in colloidal ZnO suspensions. Hence, the participation of excited
singlet state in the charge Injiaction process can be ruled out.

A more interesting picture emerged when the laser flash pho-

. tolysis experiment was carried out with a nanosecond laser. The
transient absorption gpectra recorded 5 us after 532-nm laser pulse
excitation are shown in Figure 4. In neat ethanol, we observe

transient absorption with a maximum around 420 nm arising as a

Z~ /38
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result of triplet-triplet absorption. However, a growth of a new
transient with a maximum at 500 nm is seen in 2n0O suspensions., The
spectral features as observed in earlier studies confirm this

g2*., The nonophotonic formation of TH2*: (see

transient to be T
dose dependence in the insert of Figure 4) is the result of a
charge transfer interaction between 3TH2+* and Zn0 (reaction 3).

3ra** 4 200 —> THZT

+ ZnO(e) (3)

The growth in the 500 nm absorption matched well with the
decavy of dye triplet at 420 nm. The rate constant for the quench-
ing of 3ppt* by 2n0 was 6.8 x 104 71, control experiments were
carried out to rule out the possibility of TH2*: formation via
excited state annihilation and self quenching processes.

These experiments clearly confirm the participation of triplet
excited state in the charge injection process. Because of the
excess positive charge on the ZnO surface, TH* are located away
from the 2nO surface, across the double layer (Figure 5). In order
to interact with the 2n0 colloid, it is necessary for the dye to
diffuse through the double layer. The lifetime of singlet excited
state is too short to promote a diffusional charge transfer
process. However, the triplet dye which is gufficiently long-lived
(t = 88 us) interacts with 2n0 via diffusional process. Other
parameters, such as surface potential of the semiconductor ¢olloid,
and charge of the dye molecule could well influence such a diffu-
sion controlled charge transfer mechanism. Further studiesto

understand these aspects are currently being undertaken in our

Z ~-/32
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laboratory.

The reverse electron transfer between injected electron and
TH2*+ was rather slow, but was dependent on the concentration of
Zn0 colloids. The rate constant for the decay of TH2*+ increased
from 8.6 x 10% s71 to 3.2 x 10° 5”1 when colloidal ZnO concentra-
tion was increased from 50 uM to 2 mM, Interparticle recombination
process is expected to dominate at high ZnO concentrations. Con-
tributions of intraparticle and interparticle recombination
processes to the decay of dye cation radical has been illustrated
earlier for the TiQOp-eosin system {8].

We have presented here two examples in which the participation
of singlet and triplet excited states of the dye in the charge
injection process are described. The interaction between the dye
and the semiconductor, as described in Figure 5, is an important
factor that governs the mechanism of photosensitization. 1In the
case of thionine-TiO, system, the strong interaction between the
dye and semiconductor leads to the static quenching of singlet
excited state. However, in the absence of any direct interaction
between the dye and semiconductor (e.g. thionine-Zn0O system), trip-

let excited state can participate in the charge injection process,

3.2 Semiconductor-Semiconductor Systems:

By coupling a large bandgap semiconductor colloid with a short
bandgap semiconductor colloid it should be possible to extend its
photoresponse into the visible, The feasibility of this approach
has been demonstrated with Cd$-TiQO, and several other semicgnductor

systems. Such systems not only extend the photoresponse into the

T~ Jifp
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vigible but also improve the efficiency of charge separation (see
Fig. 6). An enhancement in the efficiency of methyl viologen
reduction has been observed upon increasing the colloidal TiO,
content in a Cds-TiO, system,

We have recently made an effort to probe the charge transfer
processes in colloidal CdS-TiO, system [23]., The interaction
between the two colloidal semiconductor systems can be studied by
monitoring the emission spectra. CdS colloids prepared in aceto-
nitrile exhibit red emission at wavelengths greater than 550 nm.
The red emission which arises as a result of sulfur vacancy can be
readily quenched by electron acceptors such as thiazine dyes
[31]. One would also expect to see quenching of CAdS emigsion in a
Cds-TiO, system if the interaction between the two semiconductor
colloid results in the transfer of photogenerated electron from C4s
to TiO,. Figure 7 shows the dependence of CdS emission yield on
the the concentrations of colloidal TiQ, and AgI. Only a small
amount of TiO, (or AgI) is sufficient to quench nearly 90% of the
CdS emission. This raises the possibility of a single TiO, par-
ticle being able to quench many excited CdS molecules . TEM
analysis have confirmed that several of small size CdS particles
(<50 &) can interact with a single TiO, particle (~ 300 3) and
participate in the charge injection process [23].

Picosecond laser flash photolysis experiments were performed
to probe the injected charge in TiO, colloids. The transient
absorption spectra recorded immediately after 355-nm laser pulse

excitation (At = 0 ps) are shown in Figure 8. The excitatidn of

€dS colleids in the presence of TiO, colloids led to the transient

Z-r29
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absorption in the region of 550-750 nm., These absorption features
matched well with the absorption of trapped electrons at the TiO,
surface. The absorption spectrum of trapped charge carriers was
recorded separately by direct excitation of TiO, colloids with 266-
nm laser pulse. The absorption in the 550+~760 nm region increased
with increasing concentration of colloidal TiO, as an increasing
amount of colloidal CdS interacted with TiO, colloids. No such
transient absorption was detected when C4S alone or Tio, alone was
excited with 355-nm laser pulse.

The trapping of charge carriers at the TiO, surface was com-
pleted within the laser pulse duration. This indicated that the
charge injection process from excited CdS into TiO, occurs with a
rate constant greater than 5 x 1019 571, These trapped charge
carriers were also found to survive for a long period of time
{~ 1 us). Charge transfer processes in other coupled senmi-
conductors and semiconductor triads are currently being inves-

tigated.

3.3 Dye Sensitization of Coupled Semiconductors

In the earlier sections we described two modes of achieving
sensitization of large bandgap semiconductors with a dye and a
short bandgap semiconductor. The guestion now arises whether one
could incorporate both these principles and design a system such as
) TiO,-CdS-dye. Attachment of a red sensitive dye to the ghort band-
gap semiconductor would then extend the photoresponse of the large

bandgap semiconductor further into the red region. The principle

of such a configuration is illustrated in Pigure 9.
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Figure 1G6(a) shows the emission spectra ¢of thionine in the
absence and presence of 2n0O colloids. As described earlier (sec-
tion 3.1.2) the Zn0 colloids do not quench the emission of thio-
nine. However, CdS colloids are able to interact with the dye
thionine and quench its fluorescence emission. &As can be seen in
Pigure 10{b), this quenching is partial, but the quenching effi-
ciency increases if we add a small amount of 2nO colloids. Since
ZnO colloids interact with €3S, the electrons injected from excited
thionine into C4dS would then migrate into 2Zn0 colloids. This is
indicated by the fact that quenching efficiency observed in the
2n0-CdS-thionine is greater than CdS-thionine system. These pre-
liminary experiments demonstrate the feasibility of sensitizing
coupled semiconductors with dyes. Rectification properties of
coupled semiconductor system is expected to achieve better charge
separation, thereby retarding the process of reverse electron
transfer. Ultrafast charge transfer events associated with ZnO-

TiO,~thionine system are currently being investigated.

Conclusions

Ultrafast photochemical events associated with dye sensitiza-
tion ané short-bandgap semiconductor sensitization have been
elucidated. The dye sensitization proceeds via singlet excited
gstate when the dye interacts directly with the semiconductor sur-
face. The participation of triplet excited state in the sensitiza-
tion of a large bandgap semiconductor can be seen when the semi-

conductor-dye interaction is poor. Large bandgap semiconductors

can also be sensitized with a short bandgap semiconductor and such

7= ry
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systems can also be coupled with red sensitive dyes to improve the

overall efficiency of photosensitization.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Schematic diagram illustrating the principle of dye sensi-

tization process.

A. Absorption and B. emission spectra of 5 uM thionine in
acetonitrile containing (a) 0 M and (b) 0.45 mM colloidal

TiOZ -

Transient absorption spectra recorded immediately (At = 0
ps) after 532-nm laser pulse excitation of 10 uM thionine
in 70% acetonitrile, 20% ethanol and 5% 2-propanol: (a) no
collecidal TiO, and (b) 1 mM colloidal TiO,.

Transient absorption spectra recorded 5 us after 532-mm
laser pulse excitation of thionine (-o-) and thionine +
Zn0 (-4-~) in ethanol. 1Insert shows the dependence cof

Gy: Tl yield on the excitation intensity.

Two possible modes of interaction between semiconductor

and the sensitizing dye.

Sensitization of large bandgap semiconductor by coupling

it with a short bandgap semiconductor.

Quenching of colloidal €4S emission by (a) TiO; and

(b) Agi colloids in acetonitrile ([CdS] = 2 mM).

7 %
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Fig. 8: Transient absorption spectra recorded immediately after

Fig. §:

rig. 10

27746

355~nm laser pulse excitation of 0.75 mM CdS colloids in
acetonitrile containing (a) 0, (b, 0.63 and (c¢) 1.75 mM

Tioz ¢olloids.

Sengitization of a <oupled semiconductor system with a

dye.

A. Emission spectra of 10 uM thionine in the presence and
in the absence of Zn0O colloids. B. Emission spectra of
10 uM thionine in acetonitrile (a) No colloids; (b) after
adding CdS colloids to solution in (a); and (¢) after

addition of Zn0 colloids to solution in (b).
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qz:> Diffusion- and Activation—-controlled Photoredox Reactions Sensitised by

Colloidal Semiconductors

Andrew Mills®, P. Douglas, M. Garley, A. Green and G. Williams
Department of Chemistry, University College of Swanses,

Singleton Park, Swansea, SA2 8PP, U.K.

Abstract
The recent application of two specific but related kinetic models to
interpret the kinetics of photo-induced electron transfer between a
semiconductor and & redox agent, observed in ps flash-photolysis studies of
colloidal TiO, and CdS, is reviewed. A central feature of both kinetic
models is the assumption that the distribution of colloid particle sizes
fits a log-normal distribution law. The first kinetic model further
assumes that the electron-transfer reaction is activetion-controlled, the
redox quencher is in large excess and that for any particle the rate
depends directly upon its surface area. The activation-controlled, log-
normal kinetic model can be used to interpret the complex kinetics observed
upon flash-photolysis of colloidal TiO. in the presence of methyl viologen

and, those for colloidal CdS in the presence of O; or Cd** ions. The

second kinetic model assumes that the electron transfer reaction is
diffusion-controlled and that the number of trapped electrons
photogenerated on a CdS particle directly after flash is much greater than
unity. The diffusion-controlled, log-normal kinetic model can be used to
interpret the very different to activation-controlled kinetics observed
upon flash-photolysis of colloidal CdS in the presence of methyl viologen

or methyl orange.
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Introduction

Thé area of photoredox reactions sensitised by semiconductor dispersions
has attracted a great deal of attention over the last decade. In the early
eighties research centred on their use as sensitisers in solar to chemical
energy conversion systems, eg. for water splitting (1], or carbon dioxide
fixation {2). Although work in this area continues, other research themes,
such as the use of semiconductor dispersions as photosensitisers in organic
synthesis [3], or water purification [4], have become increasingly
important. In this work, a better understanding of the processes involved
can be gained if the photoinduced redox reactions which occur at the
semiconductor-electrolyte interface can be monitored directly. In the case
of semiconductor powders this is often not possible. However, wiih
optically transparent semiconductor colloids, the fundamental reactions can
often be monitored using the well-established time-resolved techniques,
such as flash-photolysis [5], fluorescence {61 and resonance Raman
spectroscopy [7].

A number of studies have been carried using such techniques out on the
photochemistry of semiconductor colloids. In some cases it has proved
possible to observe one or more of the products of photo-induced electron
transfer from the semiconductor to the quencher, eg. reduced methyl
viologen (MV-™) in the flash photolysis of colloidal TiO; [{8~10). 1In other
cases, transient absorptions or bleachings have been assigned to trapped
photogenerated holes [8, 11, 12}, or electrons (8, 13-16), eg. the photo-
induced transient bleaching in absorption spectrum of colleoidal CdS hes
been assigned to trapped photogenerated electrons [13-15]. On the whole,

however, most investigators have confined themselves to & qualitative

-2 -




interpretation of the results of their time-resolved work and not attempted
a more rigorous interpretation of the often complex kinetics. 1n this
paeper we review the recent and very successful use of & simple kinetic
model, developed initially for the interpretation of dispersed kinetics in
heterogeneous systiems [16], in the anslysis of the kinetics of the
transients generated upon flash-photolysis of colloidal semiconductor
dispersions, such as Ti0; or CdS, in the presence or absence of various

redox quenchers [10Q, 13~16].

Colloid kinetics: some genersl points

Ir a large number of flash-photolysis studies of semiconductor colloids the
central photo-induced reaction often involves the transfer of eiectrons

from the colloidsl particles to redox quenchers, 1.e.

Q + e —————— > @ ¢}

This process can be considered to occur via two stages, i.e. the diffusion
of Q to the colloidel particle, foliowed by the tranfer of an eleciron
across the semiconductor/electrolyte interfacz. The kinetics for this
sequence of events has been considered by seversl workers [17-18] and the
following expression has been derived for the overail bimolecular rate

constant for electron transfer

17kcoes = 1/kree + 1/Kases @)

ZZ =/59




where, Kne: = Kae dnr®L and kgy¢e = 4nrlD.  The term ke. is the rate
constant for the transfer of an electron from the conduction band of the
semiconductor particle across the Helmholtz layer to Q and has units of m
s~'; L is Avogadros number and D is the sum of the diffusion coefficients
for the CdS particle and Q, and, effectively, is the diffusion coefficient
of Q typically 107 m= s,

If the overall electron transfer reaction is activation~controlled

then k.« << D/r and, therefore,

Kooma = Krwt = Koo dnrl 3

From the Tafel equation, a2t 25°C,

108 (Kas/Kar®) = =(1-c).1/0.059 4)

where ¥k,.® is the rate constant when n = 0, a is the transfer coefficient
(usually taken as 0.5) and n is the overpotential, I.e. the difference
between the redox potentiel of the conduction band of the semiconductor end

the Q/Q -couple
N = Ecg(SC) = E=(Q/Q™ 5)
Thus the value of k., &nd, therefore, Kopuo, will depend upon the

overvoltage available to drive the interfacial electron-transfer process.

1f the overall electron transfer reaction is diffusion-controlled then

Kev »> D/r and, therefore,




Kotbwa = kgige = 4nrDL (6)

Given the large value for kg,,, for most colloids (eg. Kasre = 6.1%10%°
mol=' dm® s~' for colloid particles of 8 nm) it is often considered most
likely that a photo~-induced redox reaction, such as reaction (1), will be
activation-controlled and, therefore, the bimolecular rate constant for the
rate~determining step will be dependent upon particle area (see eqn. (3))
{9, 10, 13].

In typical flash-photolysis experiments involving TiO, or CdS colloids
and methyl viologen as the redox quencher the number of moles of reduced
nethyl viologen photogenerated generated has usually been found to be much
gre r than the number of moles of colloid particles, thereby implying
that the average number of photogenerated elecirons produced on flashing
either colloidal Ti0, or CdS is much greater than unity; typical values of
500 and 800 per average particle of TiO, and CdS, respectively, have been
reported (10, 13}. Other relevant characteristics of the Ti0, and CdS
colloids which form the basis of this review are given in table 1 [20].

The number of moles of photogenerated electrons, &, produced on
flashing a semiconductor particle of radius r will depend in some way upon
flash intensity, I. 1If a very efficient sacrificial elect:on donor is
present it can be shown that & would be « I [10]} whereas if charge
recombination is the dominant process occuring within the flash then & wil
be « I'72 [14]. In addition, if the semiconductor particles are opticelly
dilute, as is often the case, then the amount of light absorbed by a
typical semiconductor particle (and, therefore, it value of &) will be
proportional to the volume of the particle (= 4rr=/3).

It follows from the above arguments that directly after the flash,

_5..
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i.e. at t=0, the total concentration of electrons photogenerated by n

semiconductor particles of radius r will be given by [16]

[eml, = K,r3I>n/Vg 7

where X, is a proportionality constant, Vg is the volume of solution and «
is the power term for flash intensity (a = 1 for the TiO,/PVA colloids, and
a = % for the CdS/hexametaphosphate colloids). The term K,r® is = &, the

number of moles of photogenerated electrons on each of the n semiconductor

particles of radius r directly after flash.
Simple activation—controlled kinetics and initial observations

If the semiconductor colloid was a monodispere and the interfacial electron
transfer quenching reaction was activation-controlled, then at any time t
the rate of reaction would be given by

-dle~l,./dt = ke d4nurZLie=].0[Q] 8>
In the presence of a large excess of quencher the kinetics of reaction will
be pseudo first-order and, therefore, the modified and integrated form of
eqn (8) becomes

leml, = le ]l exp(-kat) 1¢=))

where k, 1s the pseudo-first-order rate constant and is equal to

Ko o4nr=LIQ].




Detailed us flash photelysis kinetic studies have been carried out on
two different semiconductor colloids in particular, i1.e. TiO, and CdS (10,
14-161, and different quenchers, but under conditions in which it was
considered likely that the kinetics of photoinduced electron transfer would
be activation-controlled. 1In the flash~photolysis of a TiO»/PVA colloid
using methyl viologen a quencher, the kinetics of MV-~ were usually
nonitored [10, 16], whereas in the {lash-photolysis of a
CdS/hexametaphosphate colloid, using O, as & quencher, the kinetics of
recovery of the CdS absorption spectrum were monitored (and assumed to
provide a direct measure of the kinetics of photoinduced electron transfer)
{14,15). 1In both cases a plot of the data in the form 1n(AA/8A .o) vs. t
did not give a good straight line as expected for a simple first-order
reaction and eqn (9). However, for each of the two different semiconductor
systems the plots of the kinetic data derived from a series of experiments
using the same conditions as before but in which the initial flash
intensity was varied, when plotted in the form of 1n(AA/BA..o) vs. t,
generated a series of superimposable curves which are illustrated in figs.
1 110) and 2 [15]. The ability to superimpose these plots is typical of
first-order kinetics even if the kinetics appear initially not to be first-
order. In a higher order reaction, i.e. > 1, any increase in JAimo
(initisl absorbance change) would decresse the initial hslf-life thus

making the 1ln(AA/DA..o) vs. t plots non-superimposable.

Activation-controlled kinetics and the log-normal model

It is possible to rationalise the curved, normelised first-order plots of

the observed data for TiO, and CdS colloids, illustrseted in figs. i and 2,
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respectively, by assuming not only that the reactions are activation-
controlled, bui also that the semiconductor colloids are polydispersed with

a distribution in particle size adequately described by the log-normal

distribution law, I1.e

n = fexp(~x*) 1o
and

px = 1ln(r/f) an

where, n is the number of particles of radius r, 7 is the number of
particles with the average radius ¥, and p is a measure of the width of the
distribution. The variation in the shape of the distribution as & function
of p is illustrsted in fig. 3.

It follows from eqns. (7) and (11) that for n particles of

semiconductor of radius r, the concentration of electrons in the solution
directly after flash, 1.e. t=0, will be

{emlico = Ko P2 exp3px). I A.exp(-x2)/V, (12>

with the total concentration of photogenerated e™'s given by

¥= ®
Cemo(Total) = 3 [e~l4uo (13
Y=o

In addition, the total concentration of e~'s in the solution at any time,

t, after the flash, f.e. C,.(Total), will be

ZZ= 6




X= ©
C.(Total) = 3 (e-l, (14)
X=~®
where, {e”], is given by
lemly = le )iao. expl-ko 4nlQIL. 7%, exp(2px)t} (1%

Using equations (12), (13), (i4) and (15) it can be shown that

¥x= @
C.(Total) > exp (3px). exp(-x*). exp(-1. exp(2px))

8_‘ = | me—m————— = -)-S--_':g —————————————————— (16

X= @«
Cowo(Total) 2 exp(3px). exp(-x=)
X=—&
where,

T T KeudnlQIL.F=. ¢ a7n

A useful parameter to introduce at this stage is y., the ratio at
time, 1, of the concentration of electrons per unit volﬂme of solution gdue
to n particles of semiconductor, of radius r, to the total concentration of
electrons directly after flash, i.e. y. = le”], /C.ac(Total). Fig. 4
provides & typical illustration of the model predicted variation in y. as &
function of time (1) and r/F for p is = 0,75.

Fig. 5(a) illustrates a sectioned version of the same plot as fig. 4.

Given that the area under each section in fig. 5(a), corresponding to a
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particular 1 value, is = 6., il is possible, therefore, to plot 8, vs. 1
for p = 0.75 or, for that matter, for .ny value of p, as illustrated by the
modelled curves in fig. 5(b). Assuming the applicability ol the kinetic
model to the flash photolysis of semiconductor colloids, since 1 and time
are directly related, vis eqn. (17), the parameter 8. has physical

significance as it is equivalent to the normalised kinetic duta at time t,

1. e.

BAL/BAs o - = Co(Total)/Cowa(Total) = C.(Totalld/C..o(Total) (18)

Thus, if the kinetic model is applicable, then the distribution width of
the semiconductor colloid under investigastion can be obtained by piotting
BAL/BAsuo or = VS. 1n(i) and then matching up the curve obtained with &
theoretical 8, vs. 1n(1) curve calculated for a certain value of p, such as
one of those illustrated in fig.5(b). After matching the two curves, at
any common values of 8. and 0A/AA.-o the rate constant for particles with
the number average radius f, i.e. ka, can be obtsined from the difference

between the two x-co-ordinated (ln(1) and 1n(t), respectively), i.e
In(kg) = 1n(ke 4n[QILF2) = 1n(1) - 1n() 19
In fact, from the theoretical plots, for a wide range of p, it appears that

when 8. = exp(-1), t.exp(3p®) = 1. Thus, for an observed kinetic trace,

ko can be estimated via the expression

ke = exp(=3p3)/t,,a 20




where, t,,, is the time taken for JA./DAi_o o, - tO fall from 1 to exp(-1).

An importent feature of this kinetic model is the curvature (with a
positive deviation) in the first-order plots of the predicted, normalised
kinetic data for moderate to large p values. The solid lines in figs. 1
and ¢ correspond to the best fit model predicted curves for the TiO, and
CdS cviloids, respectively, using the p values given in table 1. In a very
elegant piece of work Darwen! et sl. showed that the p values fer two
different TiO, colloids (F = 18 and 6 nm), given in table ! and derived
from kinetic dats asrising from their fiash-photolysis in the presence of
methyl vioclogen as the redox quencher and assuming the above, log-normal
kinetic model, were in very close agreement to those predicted for the same
cclleoids from dynamic light scattering experiments [10].

Probabliy the most Important feature of the model is the predicted
invariance in shape of the plot of 8, vs. 1 as a function of flash
intensity for any given p value. Thus, for a particular semiconductor
colloid and, therfore, a set p value, the different kinetic traces obiained
as a function of flash intensity, once normslised should be superimposable,
according to the kinetic model. This feature was, of course, one of the
most striking details associated with the flash-photolysis kinelic studies
of the Ti0- and CdS colioids [10, 14-16]), as iilusirated py the datsa
contained in figs. 1 and 2, and thus provides confirmaton of the

applicability of the kinetic model to these two semiconductor photosystems.

Diffusion-controlled kinetics &nd the log—normal model

In some recent work on the ps flash~photolysis of colloidal Cd5 using

methyl viologen, or methyl orange, as & quencher [14,15], the kinetics of
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recovery in CdS absorption spectrum appeared much faster than those usually

found for activetion-controlled reactions. 1In addition, the condition of
superimposability for the normalised first-order plots of the kinetic data
obtained as a function of flash intensity, which is usually assumed, via
the kinetic model, as indicotive of activation-controlled kinetics, was not
satisfied as illustrated by the kinetic data contained in fig. 6 [15].
These results led us to develop the following diffusion-controlled, log-
normal kinetic model which helps to provide a rationale [15].

For some reactions, involving photogenerated electrons and an added
redox quencher, the rate of reaction will depend upor the rate of diffusion
of the quercher to the semiconductor colloidal particles. Under these
conditions, for s semiconductor particle of radius r, kg will depend

directly upon its radius, 1i.e.

ke = kgirr.[Q} = 4nrDLIQ] @n

where Kg,¢s is the diffusion-controlled rate constant for particles of
radius r. If the number of electrons generated per semiconductor particie |

is »> 1 then, for a diffusion-controlled reaction, the rate of loss of e™'s

on a CdS particle will be zero order with respect to the concentration of
e 's on that particle. Thus, for n semiconductor particles of radius r,
the rate of change in the number of moles of photogenerated e~'s per unit

volume of éolution will be

dle~1/dt = KaseelQn/V L = 4nDIQIn/V_ N, 22)

Integration of this equation generates the following equation

_12..
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[e”ly = (e lius — 4urDnt/vV, 23

for 0<t<le Jeuo/{4nrDlQIN/V,). Using eqns. (11) and (12) the above

equation can be rewritten as

Ueml /el ne) = 1 - T.exp(-2px) 24)

where,

T = 4nDIQIt/ (2. K,I™) 25>

For the full distribution of radii, equation (24) coupled with equations

(13) and (14) yields the following:

X= @
C.(total) S exp(3px). exp(-x2). (1 - T. exp{-2px))
Y — = X2Z% 26>
X= @
Como (Totald > exp(3px). exp (-x3)
X=~-©

Since T &nd the real time, t, for any decay trace sre directly related,
then the experimentally measurable quantity AA./8A..o will be equal to 6.,
i.e

B8; = BAL/ARtas or o = Co(Total)/Cono(Total) = C,.(Total)/C,.o{Total) 27)

Fig. 7 i1llustrates how, y., the ratio of the concentration of electrons on
the semiconductor particles, of radius, r,to the total concentration of
electrons at time, T, 1.e. y, = le”],, ,/C,.(Total), varies with T and r/f,

for p = 0.75. Once again, the area under the y, vs. r/F curve at any time,

-13_
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T, is 8,, which is proportional to C,(Total)/C,.o(Total). Thus, at Tt = 0,

6, =1 and at T =, 8, is zero. Fig. 8(a) illustrates a sectioned version
of the 3D peofile illustrated in fig. 7 and fig. 8(b) illustrates the plot
of 6. vs. In(t) for p velues from (a) 1 to (e) C in steps of 0.25. One way
in which the the distribution width of the CdS colloid, p, may be found is
to plot BA./bAceo vs. 1In(t) and to metch up the curve obtained with a
theoretical 6, vs. 1ln(t) curve, calculated for a certain value of p, such
as one of those illustrated in fig.8.

The rate constant for particles with the number average radius 7 is Kaqu,

where

Kqe = 4nDIQI/(F=.K,I=) = T/t 28

Once the experimental decay data has been plotfed in the form AA{/DAtmo on
- vs. In(t) and matched up with s theoretical curve for a particular value
of p, of the type illustrated in fig.8, then kq. may be determined by the
difference between the 1n(t) and 1n(t) velues, since, from equation (28),
In(T) - In(t) = 1ndkgs).

We have already seen that for an activation-controlled reaction the
DA /8Ayo vs., time profiles will be independent of flas§ intensity and the
piots will be superimposable, since 1, is independent of I. However, for a
diffusion-controlled reaction v and, therefore, [e”l./lle im0, Will be
dependent upon I*, via equations (12) and (23). As a result, the predicted
different plots of 8., (and, therefore, 8A./BA..o) vs. time T (or, t) for
the different flash intensities should not be superimposable. In practical
terms the rate constant for the decay of [e~] will appear to decrease with

increasing I, i.e. the time-scale of the decay will eppear to increase with
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increasing flash intensity. This predicted behaviour in kinetics provides
a good description of the observed kinetics for the colloidal CdS-methyl
viologen (or methyl orange) photosystem (see fig. 6). However, according
to the diffusion-controlied, log-normal model although the plots of
In(8A./8A..5) vs. t will not be superimposeable, plots of 1n(BA./8A..o) vs.
1n(t) will be superimposable and this prediction is confirmed for the

kinetics of the CdS-methyl viologen system, as illustrated by the plot in

fig. 9 (151,

Conclusion
Activation-controlled, and diffusion-controlled, log-normal kin. :c models
can be used to interpret the kinetics for interfacial electron transfer,
observed upon flashing colloids of TiO, and CdS in the presence of a
variety of different electron acceptors. Table ! summarises the major
findings reported revealed using the appropriate log-normal kinetic model
to analyse dete arising from different flash photolysis studies carried out
on colloidal Ti0- and Cd5. Both log-normal kinetic models are likely to
find increasing application as more semiconductor photosysteumc are
investigated. 1In this respect, the recent application of the activation-
controlled, log-normal model in the analysis of the kinetics of
photooxidation of thiocyerste, seusitised by a TiO. powder dispersion and
monitored by diffuse reflactance spectrosccpy appears to be a particularly

important recent development {21].
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Colloid Characterigtics

TiO, Cds
method of TiCls hydrolysis Cd(C10,)
preparation  (ammonia {51, or cold water [20}) + NaxS [14]
typical 5x10~4 5x10—4 \
concentration (mol dm==) (mel dm™)
support PVA (M. 72000)

sodium hexsmetaphosphaie

0.1 w/'v % (5x107% mol dm~*)

average 18 nm (ammonia} or 8 nm
particle 6 nm (co:d water) (electron microscopy [141)
radius (dynamic light scattering [10])
particle size® 0.55 (18 nm> or 0.9-1,0
distriiution 0.9 (6 nm E
(p)

determined from an analysis of the flash-photolysis kinetic data using the

activation-controlled (TiO., [10]) or diffusion-controlled (CdS {14, 151), log-
normal models and methyl viologen as the quencher.
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Table 2: Quenching Rate Constants and Activation Energies*

Quencher l—(,-..-g Rdsff E.
UM e~ M- 7Y (/kJ mol=")
Ti10> (10}
My=~ 1.8x10% (18 nm - -
g
| Mv2~ 1.0x10% (6 nm)
Cds (14,151}
; Oz 3.8x104 - 82 ¢ 6
Ca=~ 3.0x10° - -
My=-~ - 1. 1x10M} 21 £ 1
methyl orange - 2. 1x10%° 18 ¢+ 1
LH arising from an analysis of the kinetics using either the activation-

controlled, log-normal model (gives Kn.+) Or the diffusion-controlled,

log-normal model (gives Kkasr¢) (10, 14, 151,

Kret ¢ heterogeneous rate constant for the number average particle.
Kusise : diffusion-controlled rate constnat for the number average particle.
..20...
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Figure Legends

Typical time profiles for a TiO; cclloid (r = 18 nm), chowing electron
transfer to methyl viologen for a range of flash intensity with the final
concentration of MV-* = (&) 0.4, @) 1.2, {0) 2.4, and (a) 4.8x10"% mol
dm==. Reprinted with permission from Brown, G.T.; Darwent, J.R.; Fletcher,

P.D.I. I. Am. Chem. Soc., 1985, 107, 6446-6451. Coryright 1985 American

Chemical Society.

Transient decay curves recorded using different flash energies on a
colloid of CdS containing ascorbic acid (1072 mol dm~) as the sacrificial

electron donor and O, as the quencher (1.3x107¢ mol dm~*). The decay

curves are plotted in the form of -1n(AA./BA..o) vs. t. The flash
energies used were as follows: ® 28 J, 0 61 J, 4 113 J, ® 153 J, & 200 J.
The solid line is a plct of 1n{C.(Total)/C..o(Total)} vs. t, calculated

390. 1.

using eqn (11) of the *first-order' model for p = 1.0 and t (ms)

Reprinted with permission from Mills, A.; Douglas, P.; Williams, J.

O

Photochem. Photobiol., A: Chem. 1989, 48, 387-417. Copyright 1989

Elsevier Sequoia S. A.

Log-normal distributions predicted using egns. (10) and (11) for the

following p values: (a) 0, (b) 0.5, (¢) 1 and (d) 2.

Activation-controlled, log-normal rodel: calculated variation of y, (= (e~

1., «/C.(Total)) with 1, for p = 0.75 using egns. (13) and (15).
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Figure Legends (contd.)

\a. Section=d version of the plot in fig. 4 and (b) subsequent plots of 6.
vs. 1 for p = (a) 1, (b) 0.75, () 0.5, (d> 0.25 and (e) O calculated for

the activation~contirelled, log-normal model.

Transient gecay curves recorded using different flash energies on a
colloic of CdS containing cysteine (10~% mol dm™=) as the sacrificial
eleciron denor and methylviologen as the quencher (107% mol dm™=). The
decay curves are plotted in the form of 1In(AA,/8A4uo vs.) t. The flash
energles used were as follows: A 32 J, 066 J, 4 105 J, e 145 J, ® 200 J.

Reprinted with permission from Mills, A.; Green, A.; Douglas, P. J.

Photochem. Photobiol., A: Chem. 1990, 53, 127-137. Copyright 1830

Elsevier Sequoias S, A.

Diffusion-controlled, log-normal model: calculated variation of y. (= (e~

1.y T+(Total) with 7, for p = 0.75 using eqns. (13) and (23).

(a) Sectioned version of the plot in fig. 4 and (b) subsequent plots of 6.
vs. in(1) for the following values of p: (a) 1, (b) 0.75, (c) 0.5, (d)

0.25 and (e) O calculaeted for the diffusion-controlled, log-normal model.
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Figure Legends (contd.?

Same transient decay data as illustrated in fig. 6 but plotted in the form
of AA¢/BAceo vs. INT (or (x + Int) where x = 1In{4nDIQ1/ (r=K,I1'/=*}; see eqgn
28). The solid line is a plot of C+(Total)/Cy.o(Total) wvs. 1InT,
calculated using eqn (26) of the diffusion-controlled, log-normal kinetic
model for p = 0.9. Reprinted with permission from Mills, A.; Green, A.;

Dougles, P. J. Photochem. Photobiol., A: Chem. 1980, 53, 127-137.

Copyright 1880 Elsevier Sequoia S. A.
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@ INFLUENCE OF SURFACE PROPERTIES ON CHARGE CARRIER DYNAMICS OF

QUANTIZED SEMICONDUCTOR COLLOIDS

Olga 1.Mi¢i¢, Tijana Rajh, and Mirjana V.Comor

Boris Kidri¢ Institute, Vinga, P.O.Box 522, 11001 Belgrade, Yugoslavia
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ABSTRACT. Electron transfer reactions between different electron donors end metal
chalcogenide semiconductor colloidal particles were studied by the pulse radiolysis technique.
Equilibrium concentrations of the reactants were exploited to derive the potential of the lowest
empty electronic state of the quantized semiconductor colloids. For metal chalcogenide particles
which contain a small number of molecules in microcrystallites, empty coordination sites at the
crystal boundaries can be filled by OH" or other complexing agents. This kind of chemical
modification of the surface affects the nature and density of the trapped sites on the surface.
Electron transfer reactions from hydrous titanium oxides to different strong oxidizing agents
such as SO,’, OH and T12* were also studied. Different spectroscopic properties were found for
OH and hole adducts of hydrous titanium oxides in the alkaline colloidal solution. The
potentials of holes located in mid-gap levels of TiO, colloids were determined in solutions of

different pH.
INTRODUCTION

In recent years there has been much interest in the nature of nanometer-scale
semiconductor particles that exhibit quantization effects (1-4). Due to the confinement of the
electron and hole in small clusters the physical and chemical properties are appreciably modified
from their bulk beiiaviour. Of particular interest is their ability to enhance photoredox chemistry
(5)- A large increase of several eV in the effective band gap in quantized particles leads to an
undesirable inherent instability of the particles, since cathodic and anodic corrosicn potentials
have new positions relative the band edges; the cathodic corrosicn potential lies below the
lowest empty electronic state and the anodic above the highest filied state. Information about
the energy levels of the semiconductor particles in the solution can be obtained by studying

interfacial charge transfer reactions in these microheterogeneous systems (6,7).
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In this work the pulse radiolysis technique was used to study the chemical reaction on
the surface. Radicals produced by the pulse radiolysis can accept or donate electrons to the
semiconductor particles. The potentials of the lowest empty electronic state of a number of

quantized metal chalcogenide particles was determined. Hole injection into titanium hydrous

oxide colloids was also studied.
REDOX DEGRADATION POTENTIAL OF EXTREMELY SMALL PARTICLES

The physical nature of the particles prevents the investigation of the electronic energy
levels by impedance measurements such as have been used for single crystal semicond -tor
electrodes. Radiation chemical processes,however, enable the electronic energy levels in the
particulate semiconductor to be determined, since transient species with strong negative redox

potentials can be created in the solutions, resulting in a charge transfer between the redox

couple and the semiconductor particles:
M D* 4 coll —, M™ + (€)coll 1)

In reaction (1), (¢')coll represents electrons injected into the semiconductor colloid. M("D* is
produced by the radiation chemistry processes following the electron pulse, and electron transfer
to the colloids is followed via transient spectrophotometry.

In the presence of the M™*/ M(™D* couple, the lowest available energy level in the
particle equilibrates in time with the redox potential of the couple. This potential is a measure
of the reducing power of the semiconductor material, and is related to the electron affinity of
the semiconductor and the charge density at the surface.

The potential of the particles, E(e’)coll, and that of the solution are equilibrated.

3
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E(e’)coll = ESM™ /M D*)4 0.059 iog{[MP* M D*;} )

For large particles at equilibrium this potential should be equal to the Fermi-level
potential of the particles (7,8). Although identity is only valid if the particles retain the band
structure of the bulk material, it is generally accepted that semiconductor particles with
relatively large effective masses and with diameters above 50 A do exhibit bulk properties (1).

The quantized particles have no conduction and valence states near the Brillouin zone
center, which is associated with long range cristallinity (9). For these particles the potential of
the lowest empty electronic state is equilibrated with the redox couple in the solution; all bulk
and surface traps that lie below this state are filled. The lowest empty electronic state of
quantized colloids was determined by observing which redox couples could inject electrons into
the semiconductor particles. The results are summarized in Figure 1, which shows the redox
couples studied and the deduced positions of the empty electronic states for CdTe (10), CdSe
(11), CdS (12), PbSe (5), HgSe (5) and PbS (13). In this figure, only- redox couples above the
indicated energy levels of the measured semiconductors could inject electx;ons into the respective
colloids; the uncertainty in the electronic energy levels of the semiconductors is also indicated
in the figure.

Size quantization in small particles creates energy levels that lie above the corrosion
level. All colloids presented in Figure 1, with exception of 40-A PbS, undergo cathodic corrosion
by injection of electrons. For 40-A PbS the redox potential of a particle was found to be -0.07

V (vs.NHE) which is more positive than the cathodic corrosion potential of PbS, -0.91 V (vs.

NHE).

We chose zwitterionic viologen radicals, ZV'(E° = -0.37 V), to determine the position
of the lowest empty electronic states of 40-A PbS. For example, the variation of redox potential

with the concentration of injected electrons is shown in Figure 2. The density of the electrons
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in our experiments (10"°-10% & fem®) is sufficiently large to fill all bulk and surface traps that
lie below the band edge. At the same time,trapped electrons slightly increase the band gap

(14,9), which we observed as band edge movement in the cathodic direction.
EXCESS CHARGE ON QUANTIZED PARTICLES

The nature of the electrons injected into the semiconductor colloids is of general
interest. In large particles, electrons move freely in the conduction band. However, in quantized
particles the situation is different since the exciton only is formed and this is trapped as an
electron/hole pair at random positions on the particle surface (9). Excess electrons or holes
which are injected into particle are also localized at different defect sites on the surface. On the
other hand, the methods used for preparation of extremely small particles usually create high
densities of defects and disorder on the surface as well as imperfection in lattice. Corrosion
processes on the semiconductor begin with localization of electrons c;r holes at defect sites on
surface. In order to suppress corrosion and non- radiative recombination itris important to block
the defect sites on surface and to ailow the excitonic recombination to occur.

The semiconductor CdTe is a promising material for use in op:oelectronics (16). We
prepared quantized CdTe colloidal particles with a very sharp excitonic peak (Figure 3, curve
a) in the presence of thiol which is a complexing agent for Cd** ions (15). The cclloids were
prepared in two different ways and have the onset of absorption shifted towards the UV region.
The absorption spectrum with sharp peak (Curve a) is associated with 35 A particles, prepared
in the presence of thiols. For these colloids partial passivation with thiols and OH’ ions can be
achieved and luminescence with a high quantum yield of 0.2 was observed. Some ions which are
strongly bound to surface can cover defect sites on the surface. In very small particles containing

a small number of molecules, empty coordination sites at the crystal boundaries are filled by

5
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species present in the environment. For example, CdTe particles with the cubic zinc blende
structure and a diameter of 35 A contain 90 cell units and about 250 cadmium atoms on surface,
which can be bound by species present in the solution. In an alkaline medium, the small OH’
ions can enter the crystal faces and bind to these sites. As a result, the layer of cadmium
hydroxide on the CdTe surface removes the surface sites at which non-radiative recombination
of charge carriers takes place, increases the luminescence quantum yield and shifts the emission
towards higher energy. Jt was found for CdS (14), PbS (13) and CdTe (10) colloids that
long-lived bleaching created by trapped charge disappeared :n alkaline solution. However, CdTe
particles with a diameter of about 35 A are very sensitive to corrosion due to large shifts in the
position of the lowest empty electronic state to a very negative value grater then -1.9 V (Figure
1) which favours the reductive corrosion process. The formation of free cadmium atoms by
injection of excess electrons into 20-A CdTe was observed in pulse radiolysis experiments (10).
The first step involves an intermediate state which equilibrates with the level of lowest empty

electronic state that is a precursor to a second- step reduction of CdTe to Cd’.
HOLE INJECTION INTO TiO, COLLOIDS

Hole injection into semiconductor particies was observed via interfacial electron transfer
from titanium oxide colloids to strong oxidizing agents. We chose titanium oxide because it has
good properties for the photooxidation of a wide variety of organic and inorganic substrates
(17). SO, OH and TI** were used as oxidizing agents because of their large positive redox
potentials. SO, is an oxidizing radical with a potential E(SO,/ SO,%) = 2.4 V (vs. NHE) (18)
which is even higher than that of OH radical [E(OH/OH’) = 1.9 V (vs. NHE)] (19). In a
solution of 2.75x10° M TiO, (average diameter 25 A, particle concentrationt ~1.2 x 107 M) at

pH 10, SO, radicals inject holes directly into particles. The transparent solution of TiO, with
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a particle size of 25 A in water shows a small spectral blue-shift which corresponds to a band
gap of 3.4 eV, slightly higher than the 3.2 eV for bulk anatase TiO,. Bahnemann et al. (20)
found that these small particles also have the anatase titanium dioxide structure. It is known that
hydrous titanium oxide is slightly soluble in water (21). However, in neutral and alkaline
solutions the reaction of monomers or low weight aggregates of titanium hydroxide is negligible
since the particle concentration is higher. In acidic solution (pH < 3), the concentration of
TiO?* ions and oligomers is higher than the concentration of particles, and they can also react
with oxidizing radicals (22).

In neutral and alkaline solutions hydroxylated TiO, is dissociated on the surface as
=TiO

SO, + =TiO" —, (= TiO)* + SO* A3)

(= TIO)" — =TiO 4)
Brown and Darwent (23) assumed that surface radicals =TiO are form-ed during photooxidation
of colloidal TiO,. This radical should also be formed by he reaction of the SO, radical. The
reaction of SO, with TiO, is very fast and we obtained k; = 3.75x10'" M's? at pH 10, which
is very close to the rate predicted for diffusion-controlled reactions. In these experiments the
concentration of SO, species was 2.7 x 10 M and, on average, every fifth particle reacts with
one hole. However, the transient absorption spectrum is the same even when two holes react
with one particle. Figure 4a ~hows the broad absorption spectrum of the transient formed by
the SO, reaction, which has an onset at about 460 nm and rises steeply towards the UV region.
This absorption spectrum shows a slight tlue shift if compared with the spectrum for trapped
holes reported by Henglein and co-workers (24) and obtained by flash photolysis, but it is in
close agreement with the spectrurii for the product of the OH reaction with TiO, at pH 3 (25).

The same absorption spectrum as that in Figure 4a was found at pH 3 and 6. We also found

7
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that the absorption spectrum is not sensitive to the method of the colloid preparation. However,
the halflife of the transient decay was found to be of poor reproducibility due to the difficulty
of strictly controlling the surface chemistry during the colloid preparation. Halflife ranging from
tens of microseconds to several milliseconds were observed, depending on the mode of colloid
preparation.

Figure 4b shows the absorption spectrum of the hydroxyl adduct which formed in the
reaction of OH radicals with titanium hydrous oxide at pH 10. The initial absorption spectrum,
observed 10 ps after the pulse, has a band in the visible wavelength range with a maximum at
620 nm. It can be seen that the OH adduct has a completely different absorption spectrum than

that of the hole adduct formed in the SO, reaction.

We assume that OH can be added as a ligand at one of the vacant position of the

=TiQ groups on surface.

OH + TiO" —. =TiO"..OH )

The observed growth in the absorption yields ky=1.8x10"" M1s%.

The transient absorption shown in Figure 4b changes in a complex manner in time. For
the absorption spectrum with a maximum at 620 nm two transients with different kinetics (7
= 25 ps and 160 ps) are probably responsible for resulting decay at 620 nm. The transient with

Tip = 350 ps which absorbs below 460 nm is very similar to the absorption of the product

formed in the reaction of SO, with TiO,.

=TiO"..OH —. =TiO + OH" ©)

=~/ ”l 8
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However, the absorption below 460 nm is very weak and precise identification of the product
is very difficult. Here again the decay lifetimes are poorly reproducible due to difficulty to
strictly controlling the surface chemistry. Completely different decay rates were obtained when
Ti(CIO), was replaced by TiCl, as the starting material for the preparation of TiO,. All decay
processes are signifcantly slower (~millisecond) in the presence of Cl" ions (2x10>M). Both OH

and SO, reactions with TiO, lead to anodic dissolution of TiO, (E’ = 1.4 V vs. NHE).
2h* + TiO, — TiIO** + 120, 0

The position of the level in which holes can be injected into the 25-A TiO, colloid was
determined by observing which redox couples could accept electrons from the semiconductor
particles. These resuits are summarized in Figure 5 which shows the redox couples studied and
the deduced position of the highest electronic filled state of TiO, colloids. Only oxidizing species
whose potential is below the indicated energy levels could accept cie.ctrons from the colloids.
Thus, for example SO, and Ti** can inject hole, where as Br,, (SCN}, and 1, radicals cannot
do that. The OH radical and the TIOH™ ion reacts with TiO, to form an OH adduct which can
in the presence of H*aq at pH 3, be transformed to a product that is the same as that formed
in the SO, reaction. The pH variation of the valence band edge of the bulk anatase TiO, is also
presented in Figure 5. This variation shows a normal protonic equilibrium that occurs on oxide
surfaces in aqueous solution. It can be seen that the 25-A titanium hydrous oxide has a less
positive potential than the TiO, anatase crystal. The photoelectrochemistry of the bulk anatase
TiO, has been interpreted in terms of the ciassical band model which was originally developed
for highly ordered macrocrystallline materials. This treatment is not valid for small colloids
which have a large surface to bulk ratio and surface states may therefore be especially important

in the interpretation of thc photeelectrochemical behaviour of colioids. The intermediate state
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where hole injection occurs lics in mid-gap level. This intermediate state equilibrates relatively

rapidly with oxidizing agents and then provides holes at a slower rate for the oxidation step of

TiO, (reaction (7) ).
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Energy level diagram for equilibration of quantized metal chalcogenide semiconductor

particles with redox couple potentials in aqueous solution.

Redox potential of PbS colloids as a function of electron number injected into
particles. Solutions contained 0.1 M 2-propanol, 5x10>M ZV, and PbS$ colloids with
different concentrations: (e) 4.5x10*M, (A) 3.5x10* M, (x) 2x10"*M. and (o) 1x 10**

M. The concentration of ZV" was 2.2x10° - 7.2x10° M.

Absorption and emis:ion spectra of CdTe colloids. (a) 2x10* M CdTe prepared in
the presence of 3-mercapto- 1,2 propanediol, 510 M hexamethaphosphate, pH=10
and excess of cadmium ions; (b) 2.5x10* M CdTe in the presence of 0.1% poly(vinyl

alcohol).

(a) Absorption spectrum of excess holes on titanium hydrous oxide measured in argon
saturated solution of TiO, (2.75x10*M) at pH 10 in the presence of 5x10°°M Na,$,0;
and 0.01 M tert-butanol after 10 us. The concentration of SO, was 2.8 x 10°M. (b)
Absorption spectrum of OH adduct of titanium hydrous oxide measured in N,O
saturated solution of TiO,(2.75x10"*M) at pH 10 and different times after the pulse.

The concentration of OH was 1.1x10™ M.

Energy level diagram for equilibration of 25-A TiO, with redox couple potentials in

aqueous solution.
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INTRODUCTION
Electrostatic interactions between charged solution species have significant effects on rates of
chemical reactions. The diffusional encounter of the reacting ionic species is given (in units of M-1

s'1) by: (1]
kgifr = 47Ny a;; (D + Dy) ¥y x 10-3 3)

In this equation, a;; is the distance of closest approach of the reaction partners i and j, D; and
D; are the corresponding diffusion coefficients, and Ny is Avogadro's number. The function ®;;
depends on the potential of interaction between i and j, zieowj, and is given by:

- . ) 1
Q= ajj J‘ex 4-&%%)% @
ajj

4

In a solution containing a background electrolyte, the Debye-Hiickel treatment for the

potential energy of interaction yields:

Vilt) = o Sxp(-¥) )

For a 1:1 electrolyte and at 25°C, x = 0.329¢1/2 (A-1), where ¢ is the concentration (in
mole/l) of the elecrolyte. The Debye length, 1/, is the distance at which the interaction potential
between the reactive charged species has fallen to 1/e of the value at contact. For e 1:1 electrolyte
at a concentration of 0.001M 1/ is about 100 A, At higher clecirolyte concentrations the
interaction range between charged reactants is of course reduced due to increased screening of the

potcial by the counter-ions. At a 1:1 electrolyte concentration of 0.1 M, 1/x of about 10 A is

Z7 = 270
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obtained. The rate constant of the elementary reaction between hydrated electrons and protons, for
example, decreases by approximately 20% over the electrolyte concentration mentioned [2),

Perhaps a more interesting area in which to consider the effects of Coulombic interactions is
in reactions occurring in microheterogeneous systems, i.c., reactions between charged colloids and
ionic oxidants of reductants. Due to the larger interaction potentials that can exist between charged
colloids and charged reactants, electrostatic effects can be far more pronounced than for simple ion-
ion interactions.

Generally, a colloid can be considered to be a globular polymer, micelle, or a solid metallic or
semiconductor particle particle. The random generation of reactive species by, say, an excitation
light pulse or a pulse of ionizing radiation, in a colloidal dispersion can Icad to chemical reactions
between the colloid and the reactive solution species. The rate of these reactions are highly
dependent on the charge on the colloid, the charge on the reactant and on the background
electrolyte concentration of the dispersion. If the chemical reactions in question are diffusion
controlled, then the above parameters are quantitatively taken into account in equation (3). The one
modification that needs to be made is that the potential profile between the colloid and the jon must

be found from the numerical solution of the Poisson-Boltzmann equation:

V2y = 25 rz%ry)-—. 20 Ginh (%Y) ©)

where r is the distance from the surface and the other symbols have their usual mca'ning.
Although equations (4) and (6) are clumsy to work with, they can nevertheless be readily solved
numerically. The influence of Coulombic interactions between a colloid and a charged reactant has
been recognized in micellar systems [3.4], polyelectrolyte solutions [5] and semiconductor particle
dispersions [6-10),

Often the reaction between the solution species and the solid particle is slower than the
diffusion controlled limit, i.e. the diffusional encounter between the colloidal particle and the

solution species docs not lcad to a reaction on each encounter. Electron transfer, between the

-2/
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semiconductor particle and solution species is in general activation controlled. To treat activation

controlled reactions and still allow for Coulombic interactions between the colloid and solution
reactant requires a significant embellishment to equation (3). To illustrate the consequences of this
treatment, we will concentrate in the forthcoming discussion on electron transfer réactions between
semiconductor colloids and charged redox reactants in solution.
INTERFACIAL ELECTRON TRANSFER REACTIONS

Before developing the equations involved in electron transfer across the colloid-solution
interface, it is necessary to adopt & model describing the electrostatic potential profile (y(r))
between the charged particle surface and the bulk solution. A uscful and widely used model is the
Gouy-Chapman-Stern (GCS) mode! which is depicted in Figure 1. The diagram shows that for a
negatively charged surface with a surface potential, v, there will be an immobile layer of
oppositely charged ions immediately next to the surface (the Stern layer), and a diffuse distribution
of mobile ions at further distance from the surface. In this electrical double layer (EDL) there is
overall, of course, an equal number of positive and negative charges. The electrostatic potential

extending from the surface into the bulk solutior will have the profile as shown in the figure.

| / Stern layer Wo

o®.@ °

OHP
o

1
P diffuse | bulk
layer solution

1 =l
i

O Snonra
| diffuse charge region ]
negative surface charge distance from surface

Figure 1. Schemaric diagram of the GCS model for the EDL of 2 charged surface in an agueous
electrolyte solution, with the commesponding clecirostatic potential profile.

E JUN 22 '8! 15:48 ANl CHMNZBE AR-WING PRGE ., BB2




i

Z7-/99
R R RO IE—,

JUIN-26-'S1 TrU 13:48  ID:ANL CHYZ288 A-WINS TEL N3: 7589724553

'23
A
&
(9]

“MWM%»H

6/20/91 DRAFT 5

e dibogy

For a colloidal semiconductor metal oxide, the elestrostatic surface potential is controlled by
the net surface charge density, composed of positive -OH, and negative -Or sites. Since these sites
are in equilibrium with solution protons, a change in the pH of the solution will affect the surface
charge density and hence the electrostatic surface potential. The pH at which there is an equal
number of positive and negative sites on the oxide is known as the pzc; at this point the ejectrostasic
surface potential will be 2ero. At a pH above the pzc, the surface will be negative, and below the
pzc the surface will be positive.

Armed with this model of the eiectrostatic surface of a colloidal semiconductor metal oxide,
electron trausfer reactions can now be considered. For anodic clectron transfer (electron transfer
from a solution species to the colloid) the rate constant, using the electrochemical Tafel

approximation, ¢an be expressed as:

ko= o] B Erdn] 0

where k° is the rate constant when the system is at equilibrium, i.¢, Ef - Epagox =0. Efis the
electrochemical potential of the Fermi level of the semiconductor and is assurned 1o lic at the bottom
of the conduction band. Epegox is the electrochemical reduction potential of the reactive solution
species. In the treatment followed in this article, both these potentials arc taken relative 1o the
NHE.

»

At the pzc, the rate constant for electron transfer is

BRET"Ereidon)
km =k RT (8)
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As indicated earlier, a change in pH will affect the electrostatic potential at the surface of the
semiconductor oxide. This can be incorporated into equation (8) by using the following two

equations:

By=Ep +¥o ©
¥o =23 8L Gl - pHppo) )

Substmting equations (9) and (10) into equation (8) gives:

log{ L )= - B (pH - e an

Equation (11) assumes that the reaction occurs at ihe surface. It is commonly believed,
however, that the plane at which electron transfer ocours is at the Quter Helmholtz Plane (OHP)
{1, At this plane the electrostatic potential is no longer ¥, but rather ¥opp. Only at high ionic
strength (or, trivially, at the pzc) will the two coincide. For a finite potential at the OHP and taking
into account that the concentration of reactive species (of charge zg) at the OHP is now determined

by a Boltzmann distribution, produces equation {12) (:10),

lo ﬁ)‘ - B(oH - PHpao) - (B + 3 S (12

The validity of this equation has been iested for the reaction of both negatively and positively
charged radicals, reducing colloidal iron oxide 910}, To show its more universal application we
now turn to the case of electron transfer from the colloid to a solution species. For a cathodic

electron transfer process, P in equation (12) is replaced by -(1-B), and this gives equation (13).

log({i)= (1-B)(pH-pHpze) - (2R + B- 13 SR a3

&2/
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Although a number of reactions have been studied involving electron transfer from a
semiconductor colloid to a solution species, EDL cffects b~ve not in general been recognized.
Linle data actually exists in the literature that allows the treatment of the data by equation (13). An
exception is the work of Darwent and co-workers (6-8] using TiO2 as the electron donor and

methylviologen (MV+) as the solution acceptor. Their rate constant data at diferent pH is plotted

in Figure 2 relative to the value at the pHpsc.

2 —~——
®0(
A Q01 M
S~ 1
i} 0 |
v d
& R 04M ]
g; -1 o 049M/06M
..2 3
.3 4 e

28 -.1.5 -0.5 0.5 1.5 2.5
A pH

Figure 2. Experimental and theoretical plots of iog(&) vs. ApH (= pH - pHpzc) for
electron transfer from TiO9 to MV+*, Daia points are from references 6 and 7. Solid lines have
been calculated using equation (13) and { values taken from Figure 3. In thesc celcnlations, P =
0.5 and zg = 2,

The overlap of the data in Figure 2 for the different higher electrolyte concentrations implies
that Woup = 0 in this concentration regime. The solid line passing through the data points for
0.4M, 0.49M and 0.6M, 1:1 electrolyte has thersfore been generated using the cathodic version of

equation (11), i.c., equation “13) with woup = 0. The choice of £ = 0.5 is consistent with other
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measurements on TiO3 colloids [9:10.12.13), In order to calculate theoretical lines through the other
data points shown requires a knowledge of the variation in the OHP potential of TiO2. Accepting
that Wopp is equal to the § potential [14), the data of Wiese and Healy [15] can be used to generate
the two curves shown in Figure 3. The original data of Wicse and Healy reports only { potentials
at pH values greater than the pHp,.. However, since electropharetic potentials are symmetric about
the pzc (provided no specific ion adsorption occurs) the full curves, as shown, can be generated.

ApH

Figure 3. The electrophoretic { potential on TiO; colloids as a function of ApH and
background electrolyte (KNO3) concentration. Data from reference 15.

Using the data of Figure 3 and equation (13) generates the solid lines in Figure 2, which
essentially follow the 0.0 M and 0.001 M data. As can be seen, there is excellant correspondence
between theory and the 0.01 M experimental data and a reasonably good correlation betwoen the
two data sets for 0.001 M. A possible reason that the experimental points at pH values greater than
the pHp,. for the 0.001 M data are slightly higher than the theoreticel line may be due to specific
adsorptior: of MV*+ onto colloidal iron oxide 1101 under similar conditions. At higher electrolyte
levels, as with the 0.01 M data, ion exchange effects reduce the amount of adsorbed MV++ as we
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have observed on colloidal SnO; [16], and consequently in this case, theory and experiment agree

very well,
A final point to discuss is the situation in which activation controlled reactions overlap with

diffusion limited reactions, a situation that can occur if an electron transfer reaction is followed
over a wide pH range. The appropriate rate constant, k, is then give by:

1 1 (4

1
K~ FKar * ket
An example of a system in which this was found to occur was in our study of the reduction

of colloidal iron oxide {10],
SUMMARY

Electrostatic field effects around a colloidal semiconductor metal oxide can have a
pronounced effect on the rate of interfacial electron transfer, both 10 and from the colloid. A
quantitative understanding of the effect can be gained based on available models of the clectrical
double layer surrounding a colloid in solution and the treatment of interfacial electron transfer uging

athe electrochemical Tafel approach.
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