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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

19 ZZzZ /5

]




ZL_—

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




e
‘ol

L]

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).
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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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