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Abstract

A STUDY OF THE PHOTOPHYSICAL AND PHOTOREDOX PROPERTIES

OF RUTHENIUM(II) COMPLEXES WITH PI-ACCEPTOR LIGANDS

by

Steven M. Wolfgang
Advisor: Professor Harry D. Gafney

The photophysical and photoredox properties of
Ru(bPY)§+ ionically bound to porous Vycor glass,

PVG, are investigated. The complex cation is adsorbed from
agueous solution to the glass., The latter is transparent
and therefore, amenable to spectroscopic techniques.
Absorption, emission, and resonance Raman spectra of
RU(bpY)§+ adsorbed to the glass, designated

RU(bpy)§+ads, resemble spectra of the complex in

aqueous or alcoholic solutions.

The quantum yield for the luminescence from the adsorbed
complex is 0.12+0.01. When excited at room temperature,
22*1°C, with a low intensity pulse, the luminescence
decay of the LMCT state, designated
*Ru(bpy)§+ads, is exponential and the
luminescence lifetime is T40+20 nsec.

Both the intensity and the lifetime of the luminescence

.
from Ru(bpy)%*ads are quenched by N,o0,

iid



SO0,, and 0,, and gquenching ﬁarallels adsorption of
the gases onto PVG. Based upon energetic considerations,
502 and N20 quench via electron transfer, however, a
mechanistic distinction among energy transfer and electron
transfer quenching by O2 along these lines is not
possible.

*Ru(bpy)§+ cannot be completely quenched by
any of tﬁese three gases, which implie§ that only a certain
fraction of the adsorbed complex is accessible to the
coadsorbed quencher. This fraction, designated fmax’
and the nature of the dominant guenching process, i.e.,

static or dynamie, parallel the relative adsorption

coefficients of the gases N20<02<302. Thus,

N20, the weakest adsorbed among the 3 gases, quenches
entirely via a dynamic mechanism, and exhibits the lowest

value for fmax’ 0.28+0.02. 0, and S0, are more

strongly adsorbed than N20 and therefore, exhibit

predominately static quenching and much larger values for

fmax, 0.74+0.02 and 0.94+0.01, respectively.

The initial slopes of plots of to/t vs. the number

of moles of adsorbed quencher per gram of PVG, mads’

yield bimolecular quenching rate constants, kb’ of

1.120.2 x 10'7, 7.6%1.3 x 10'7, and 5.3+1.0 «x
109 gm PVG/mole-sec¢ for dynamic quenching by 02,
SOZ' and NZO’ respectively. Dynamic quenching of

the adsorbed complex is attributed to diffusion by

coadsorbed quencher molecules along the PVG surface.

iv



Static quenching does not arise from ground state
donor-quencher complexation but rather, is ascribed to the
presence of adsorbed gas molecules within sufficient
proximity of Ru(bpY)§+ads to quench the latter.

Analysis of the static quehching data yields a quenching
distance, r, of 11+1<r<17+2 A° for 0,. Since

502 quenches by an electron transfer mechanism, similar
analysis suggests the occurance of long range, 27+2 A°,
electron transfer in PVG.

Laser photolysis at 457.9-nm of Ru(bpy)%*ads in
the presence of a codeposited transparent, conducting
Sn0, film doped with 1% Sb, results in
disproportionation of the dication, i.e.,

Ru(bpy)Z*ads—sRu(bpy)3* + [Ru(bpy),(bpy™)]1".
The rate of formation of [Ru(bpy)z(bpy-)]+ is
second order in light intensity, consistent with a
previously reported disproportionation in PVG, where the
mechanism involves biphotonic ionization of
Ru(bpy)§+ads. The photoionized electron is capable
of 50 A° migration along the PVG surface to another
Ru(bpy)%*ads which gets reduced. Whether or not
Sn02 is present, the maximum quantum efficiency of
disproportionation is attained when the amount of
Ru(bpy)2* is 2.7 x 107% moles/gm PVG.  This
observation suggests that, at higher loading levels,
disproportionation is complemented by a thermal back

reaction, i.e.,



[Ru(bpy) ,(bpy™)]* + Rulbpy)3* —>Rulbpy)™.
The presence of a conducting SnO2 film resulted in an
increased quantum yield of disproportionation, although only
at Ru(bpy)§+ads loading levels exceeding ca. 2.5 x

106

moles/gm PVG. The latter observation is an
indication of the enhanced conductivity of the PVG medium
due to Sn0O,, where the lack of an increase in quantum

-6 moles/gm PVG

efficiency at loading levels 2.5 x 10
may reflect a need for Ru(bpy)g*ads and the
semiconductor to be in direct contact.

Resonance Raman and emission spectra are reported for a
series of complexes, Ru(azpy)zLn+ (n = 0-2), where
azpy represents 2-(phenylazo)pyridine and L various
monodentate or a bidentate ligand. The resonance Raman
spectra reveal a relatively localized MLCT excited state
with large distortions of the N=N bond in the azpy ligand,
Emission maxima for the luminescent complexes are
significantly red-shifted relative to other Ru(II) diimine
complexes. These data along with previously measured
electrochemical data suggest an energy level ordering in
which the luminescent LMCT state is an exergonic oxidant and
endergonic reductant, Quenching by a series of related
oxidative and reductive quenchers is consistent with the

calculated energetics of the photoinduced redox process.
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I. Introduction

The excited state chemistry of ruthenium(II) compleies,
particularly those containing the pi-acceptor ligands
1,10-phenanthroliné (phen) and 2,2'-bipyridine(bpy), . has
been extensively studied during the last deeade.1
Among the many ruthenium(II) complexes which have been
investigated, RU(bpy)§+ has received by far the most
atteption in studies of this nature, and its excited state
properties are very well characterized. Ru(bpy)g+
is one of the most intensely luminescent of all metal
complexes, displaying strong emission even in roonm

temperature fluid solution,2

and with an excited state
lifetime ranging from 0.6-0.8 microseconds, depending upon
the solvent,3’4 it is a very effective sensitizer of

both energy transfer and electron transfer.5'9

A. Photophysics and Photochemistry of Ru(bpy)‘g+
(i) Assignment of the Emission

In room temperature, aqueous solution, Ru(bpy)g+
displays a broad structureless emission band with a maximum
at 620-nm. 1011 4t 779 in an
ether-pentane-alcohol(EPA) glass, the emission band consists
of a series of 3 vibrational progressions, with maxima
appearing at 580 nm, 633 nm, and 692 m.'2 g

considerable amount of controversy persisted for nearly a



decade concerning the assignment of both the spin and

orbital nature of this em:’Lssion.‘?’rj"17

Dispute over
whether the emission was a phosphorescence or a fluorescence
was due to the observed excited state lifetime of

Ru(bpy)%* in fluid solution of nearly a microsecond,

This falls well within the range between phosphorescent and
fluorescent lifetimes in organic molecules (milliseconds and
nanoseconds, respectively). The uncertainty regarding the
orbital nature of the emission was essentially a debate over
whether it was a metal-centered(d*—d) or a
charge-transfer(ﬂ*-d) transition. It is now firmly
established that the luminescence is a spin~forbidden,

charge-transfer type, at least at 77°9k.18

The ternm
luminescence is used rather than fluorescence or
phosphorescence to indicate that spin states are not as
well-~defined in this case as they would be for an organic
molecule. This lack of clarity arises from extensive

19 which mixes

spin~orbit coupling of the metal ion

singlets and triplets.

(ii) Characterization of the MLCT Excited State
Ruthenium(II) complexes with pi-acceptor ligands display

intense visible absorption bands which are attributed to

metal-to-ligand charge transfer(MLCT).20,2T

transition of this type can be envisioned as a transfer of

electronic charge from a ruthenium(II) t

22

2g orbital to a

#
ligand 7 antibonding orbital.



According to an early model proposed by Crosby and
cowor‘kers,23’2u the MLCT excited state of
Ru(bpy)%+ was pictured as a Ru 4d° core with an
excited electron delocalized amongst the w* antibonding
orbitals of three coupled bipyridine ligands. Later,
convincing evidence was presented for a revision of this
model, whereby the excited electron is confined to one of
the bipyridine ligands.?°-3% Thus, the MLCT state can
be viewed as a Ru ud5 core, two bpy ligands with vacant
antibonding orbitals, and one bpy ligand with an unpaired
electron in one of its antibonding orbitals, i.e.,
ﬁhuIII(bpy)g(bpy")]2+. This picture is
consistent with the behavior of the MLCT state as a powerful
chemical oxidant and reductant (vide supra).
(iii) Photochemical Properties of MLCT Excited State

The vast number of photochemical studies of

Ru(bpy)§+ suggest that the excited state is
substitutionally photoinert, and that the excited state
chemistry is limited solely to redox reactions. However,
more recently it has been found that the complex does
undergo photosubstitution, albeit at elevated

temperatures.31'35

This discovery led to the

development of the current modél of the Ru(bpy)%+

excited states by Van Houten and Watts.36 They
distinguish between two sets of excited state levels which
are separated by some 3600 cm'1, with the lower levels

giving rise to the observed luminescence, and the upper

levels accounting for substitutional photochemistry.



The luminescent MLCT excited state of Ru(bpy)§+,
hereafter denoted *Ru(bpy)§+, lies 2.12 ev37
greater in energy than the ground state, a quantity that is
determined spectroscopically from the 0-0 emission band.
*Ru(bpy)§+ displays chemical properties that are
so radically different from those of the ground state that
it can be considered as an entirely new molecule. Meyer
and coworkers have shown that the MLCT state can function as
either an oxidant or a reductant with very similar driving
force, via the calculation of excited state redox
potentials.38 This calculation, which is valid for any
molecule provided that all(of the excited state energy is
available as free energy for redox, can be made for
*Ru(bpy)§+ by taking the difference between the
excited state energy 'of 2.12 eV and the corresponding ground
state redox potentials. The variocus redox states of
Ru(bpy)§+ along with the energy quantities required
to proceed from one state to another can be summarized in an
energy level diagram (Figure 1). In this deseription,
endothermic and exothermic processes are represented by
arrows pointing in upward and downward directions,
respectively. In this scheme, oxidation and reduction of
Ru(bpy)%+ in the ground state are unfavorable by
greater than 1.2 V. Clearly, the absorption of a photon
with an energy that exceeds 2.12 eV, transforms a molecule
with no practical oxidizing or reducing capability into one

which is very potent in these respects. Consequently, a



Figure 1

Ground and excited state redox potentials of Ru(bpy)§+

in aqueous solution at 25%C (see text).
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vast number of studies of Ru(bpy)g+ have involved
its use as an excited state redox reagent, as either an
oxidant or a reductant.

In addition to its rich photoredox chemistry,
*Ru(bpy)§+ sensitizes the formation of triplet
excited states of inorganic and orgahic molecules via the
process of energy transfer. Thus, whenever the excited
state is rapidly deactivated in bimolecular reactions with
external additives, known as quenchers, one can visualize
three principal means:

a) excited state acts as a reductant (oxidative quenching)

"Ru(bpy)Z* + @ ——— Ru(bpy) 3t + @7 (1)

b) excited state acts as an oxidant (reductive quenching)

*Ru(bpy)§+ + Q ——— Ru(bpy)g + Q7 (2)

c) excited state acts as an energy donor (energy transfer)

*Ru(bpy)§+ + Q -——-———>-Ru(bpy)§'+ + *q (3)
The actual quenching mechanism that is operative for a
particular quencher can usually be distinguished via
thermodynamic considerations. The ability to undergo
gquenching by energy transfer is directly related to the 0-=0
spectroscopic energy levels (spectral overlap) of the donor-
acceptor pair, and that of electron transfer quenching to
the redox potentials. However, a clear-cut distinction
based upon energetics is not always possible and in many of
the following examples, a considerable amount of
experimental evidence was accumulated prior to resolving the

gquenching mechanism,



Electron transfer quenching of *Ru(bpy)§+ by
a variety of inorganic ions and molecules has been
investigated. Ions such as Fe3+,39'u5
Cu2+’46~48 Eu3+,49,50 Tl3+,u1,51
Ag*,52153 g2+ 5% ang 5 02755156

quench *Ru(bpy)§+ oxidatively to yield

Ru(bpy)g+ as the product (reaction 1). With

Eu2+,u3 SO%',57 and ascor'bate,58 as

well as the cyanide complexes,59'61 Fe(CN)g',

Mo(CN)g', and Ru(CN)g', the excited state is

photoreduced (reaction 2). Ru(bpy)g+ also

sensitizes the redox decomposition of metal complexes such

2+62,63

as Co(NH3)5c1 and

PtCli_.5’9’u8’6u’65

Among the organic molecules that quench

*
Ru(bpy)%*, nitroaromatics,38

"quinones,66 and bipyridinium ions
(Viologens)38’67-7u quench oxidatively, whereas aromatic

67,75 and dithioanions76

amines quench reductively.

A number of organic and inorganic molecules quench
*Ru(bpy)§+ by energy transfer (reaction 3).
Sensitizafion by *Ru(bpy)§+ of triplet states of
organic molecules,7’77 e.g. anthracene, stilbene, and
aromatic ketones, and of the emission of chromium

59’60’78‘81, have been reported. Both ehergy

83,84

complexes

82

transfer and electron transfer mechanisms

have been proposed for the quenching of



*Ru(bpy)§+ by molecular oxygen. Isolation of
102 reaction products when quenching of
*Ru(bpy)g* by 0, is carried out in the
presence of singlet oxygen traps has been interpreted as
evidence for energy transfer quenching. However, an
oxidative quenching mechanism has been postulated on the
basis of detection of Ru(bpy)g+ and 07 in
the flash photolysis of acidic oxygenated Ru(bpy)g+
solutions:

"Ru(opy)2* + 0, —> Ru(bpy)3* + 0}

Ru(bpy)3* + 05 —>Ru(bpy)5* + To, (1)
The initially formed Ru(bpy)g+ and superoxide ion,

0 react to give Ru(bpy)g+ and singlet

>
oxygen, 102. Thus, the net process appears as the
sensitization of ground state triplet molecular oxygen to
singlet oxygen, by *Ru(bpy)§+. An unequivocal

4 distinction between these two mechanisms is not currently
available,

To obtain bimolecular rate constants for a quenching
reaction a steady state approximation can be made and the
well~known Stern-Volmer relationship is obtained,

To/1 = 1 + KgylQ] (5)
where I ~and I refer to the unquenched and quenched
steady state emission intensities, respectively. The

Stern-Volmer constant, st, is kq X t,, where

t0 is the excited state lifetime in the absence of the

quencher, and kq is the bimolecular quenching rate



constant. Therefore, if the steady state emission intensity
is measured as a function of quencher concentrationi a plot
of I /I vs. [Q] has a slope equal to Kgy, with a
y=-intercept of 1.0. In a separate experiment to is
measured and the bimolecular quenching rate constant is the
ratio Kqu/t_, in units M~ 1sec™1.

Bimolecular quenching rates that approach the
theoretical diffusion controlled limit, 2 x 109
M'1sec’1, are found for many of the photoinduced
redox reactions of Ru(bpy)%*. Although kinetic
parameters are a necessary consideration, the thermodynamic
constréints imposed upon a particular quenching reaction
will determine its feasibility. Thus, aﬁ electron transfer
quenching mechanism can only be envisioned if the sum of the

relevant redox potentials of the donor and the quencher

exceeds zero volts.

B. Chemical Modification of Ru(II) Complexes with
Pi-acceptor Ligands for Tuning of Photoredox Chemistry
(i) Chemical Modification Strategies
As a means of obtaining metal complexes with desirable
photoredox properties one can tune the excited state redox
potentials via chemical modification of the ligands.39
One such method which has been very thoroughly investigated
involves the introduction of substituents on the bpy and

phen ligands.85'87
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The spectral and electrochemical properties for a series
of substituted bpy and phen complexes of Ru(II) in aqueous
solution appear in Tablé 1. Both the excited state energies
and the redox potentials (excited state and ground state) of
the substituted complexes are fairly similar to those
properties for the unsubstituted bpy and phen complexes.
From this data, it is evident that the introduction of
ligand substituents on bpy and phen provides a means of
chemically "fine-tuning" excited state energies and redox
potentials. An undesirable result of chemical modification
is that it can yield complexes with significantly shorter
excited state lifetimes than the parent unsubstituted
complexes. In fact, for several of the substituted
complexes appearing on Table 1, no emission is observed in
room temperature fluid solution.

An alternative to chemical modification of the bpy and

phen ligands involves the preparation of complexes of the

type Ru(bpY)zL or Ru(phen),L, where L can be
virtually any monodentate or bidentate ligand.18’31’86
However, so few of these complexes are luminescent in room
temperature fluid solution that essentially no data on
quenching or excited state redox potentials exists.

Ru(II) complexes of a number of bidentate and tridentate
nitrogen-donor ligands modeled after bpy and phen have been
synthesized, and their photophysical and photoredox
properties have been investigated.85’86’88 Table 2

summarizes the data obtained for several complexes of this

11



¢TI

Table 1 - Spectral and Electrochemical Properties of a Series of Substituted Bpy and Phen

Complexes of Ru(II) (RuL§+ Type) in Aqueous Solution

Ligand (L) Absozption Emission (298K) Ground State Redox Excited State Redox Ref
)\max € (1) )\max T (us) Potentials (V vs. NHE) Potentials (V vs. NHE)
(nm) (nm) EM/M+) E(M/M-) E#* (M/M+) E*(M/M-)
bpy 452 14.6 613,627 0.62 +1.26 -1.28 -0.86 +0.84 85
4,4"-Me,bpy 460 14.3 628 0.33 +1.10 -1.44 -0.94 +0.69 85
4-NO,bpy 462 17.0 +1.43 ~-1.06 86
4,4'—Clszy 480 20.4 +1.55 -0.55 86
4,4'—t-Bu2bpy 456 16.8 +1.11 86
phen 447 19.0 605,625 0.92 +1.26 -1,36 -0.87 +0,82 85
5-Mephen 450 19.4 605,625 1.33 +1.23 -1.31 -0.92 +1.00 85
5-Clphen 447 18.4 605,625 0.94 +1.36 -1.15 -0.77 85
5-NO,phen 449 20.0 606 0.005 +1.46 -0.67 85
5-Brphen 448 18.8 605,625 1.04 +1.37 -0.76 85
4,7-Me,phen 445 25.3 613,627 1.74 +1.09 -1.47 -0.94 +0.67 85
5,6-Me,phen 453 20.4 608,625 1.81 +1.20 -1.34 -0.93 +0.80 85
3,4,7,8-Me,phen 438 24.5 605,625 1.39 +1.02 -1.11 85
3,5,6,8-Me,phen 440 19.8 605,625 2.22 +1.09 -1.04 85
4,7—Ph2phen 462 32.8 605,625 +1.,22 -1.31 85



€T

Table 2 - Spectral and Electrochemical Properties of Ru(II) Complexes with
Pi-acceptor Ligands in Aqueous Solution

Ligand (1) Absorption Emission (298K) Ground State Redox Excited State Redox Ref .
)\max €(mM) )\max T (us) Potent%als (V vs. NHE) Potentials (V vs. NHE)
. (nm) (nm) E(M/M+) EM/M-) E*(M/M-)
%.(1), R=Ph 540 17.1 +1.42 ~0.90 86
n=2
%L(II), R=Me - 540  10.6 +1.26 -0.90 86
n=2
SL(III), R=H 540  9.63 +1.43 -0.76 86
n=2
b 2+
Ru(bpz)3 443 15.0 603 1.04 -0.80 +1.30 88
“Ru(terpy) ;J’ 473 16.2 628 0.005 +1.25 -1.36 85
dRu(TPTZ)g+ 501 19.2 505 0.005 +1.49 -0.77 85

a) L =

(oY 3X0)

b) bpz = bipyrazyl
c) terpy = terpyridyl

d) TPTZ = 2,4,6-tri-(2-pyridyl)-s—-triazine



type. Note that for the tris-bipyrazyl(bpz) and
bis-terpyridyl(terpy) complexes the lowest energy absorption
maxima and the emission maxima are found in the region of
the spectrum associated with the MLCT absorption, and
charge-transfer luminescence, respectively, in ruthenium(II)
bpy and phen complexes. This is not a surprising
consequence, considering the similarity in structure of the
bpz and terpy ligands to that of bpy. On the other hand,
the 2,4,6~tri-(2-pyridyl)=-s-triazine(TPTZ) and the L
complexes listed on Table 2 display absorption and
luminescence properties rather unlike those exhibited by bpy
and phen complexes. For example, none of the L coﬁplexes
display emission at 298K. The TPTZ complex emits, although
with a relatively short lifetime and from an excited state
that is of considerably higher energy than the MLCT states
of bpy and phen complexes of ruthenium(II). The sharp
contrast between the properties of the TPTZ and L complexes
and those of Ru(II) complexes of bpy and phen and their
substituted analogs implies the potency of synthesis of new
pi~acceptor ligands for coupling to Ru(II) as a chemical
modification strategy.

The variation in properties of the metal complex with
the nature of the 1igand.suggests that metal-ligand bonding
is important in determining properties. If that is the
case, then identifying the nature of key metal-ligand
interactions and the evaluation of their role in determining

properties is a prerequisite for devising a rational

14



chemical modification strategy. Unfortunately, until now
the establishment of clear-cut relationships of this nature
has proved elusive. For example, several workers have
unsuccessfully attempted to correlate MLCT absorption band

89 and ground state redox potentialsgo'91 of

energies
ruthenium(II) complexes with the degree of metal-ligand
pi-bonding. This failure is due, in part, to the inability
to develop a reliable method for assessing metal-=ligand
pi-bonding. Factors other than pi-bonding may be involved
in determining properties such as luminescence, excited
state energy, and redox potentials of both the ground and
excited states.

Therefore, it is worthwhile to synthesize new
pi-acceptor ligands to be coupled to Ru(II) as well as to
other transition metals, in order to identify the factors
responsible for spectral, electrochemical, and photohysical
properties'in transition metal complexes. Ultimately, the
intention is to be able to tune these properties to meet
specific requirements. Chemical modification via the
synthesis of new pi-acceptor ligands is potentially a very
powerful tool if it allows for the tuning of properties over
a broader range than that which is accessible through the
addition of various substituents on the periphery of the bpy
and phen ligands.

Data that is available for a large number of
ruthenium(II) complexes with many different pi-acceptor

ligands suggest that, for the most part, these complexes are
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distinguished by their ability to function either as
oxidizing or réducing agents in the excited state. Simply
by designing a ligand with the appropriate characteristics,
one can, in principle, synthesize a ruthenium(II) complex
which behaves as either an excited state oxidant or
reductant, but not as both., This can be accomplished by a
suitable chemical modification to obtain a complex with the
desired excited state redox potentials, The two criteria
which determine excited state redox potentials are (1) the
ground state redox potentials and (2) the excited state
energy.

Ground state reduction of ruthenium(II) complexes can be
perceived as the addition of an electron to a
ligand-centered n* orbital. Consequently, the relative
stability of the w* orbital will be a determinant of the
reduction potential, and the lower this orbital is in
energy, the more easily the complex is reduced. Ground
state oxidation of ruthenium(II) complexes involves the
removal of an electron from a metal centered tzg
orbital. Since the relative stability of this orbital
depends upon the ligands that are present, oxidation
potentials are more sensitive to the ligand field strength
than are the reduction potentials. Metal-ligand bonding
will undoubtedly be an important determinant of oxidation
potentials, however, the individual sigma and pi-bonding

contributions cannot be readily evaluated.92
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In the excited state, oxidizing and reducing power will
bé enhanced by, in essence, the excited state energy. Since
the lowest lying excited state of a ruthenium(II) complex is
the emissive LMCT state, in determining the excited state
energy, the difference between the relastive energies of the
metal tZg and ligand w* orbitals will be important.

In addition, the excited state energy is largely influenced
by the degree of distortion from ground state geometry
incurred in the emitting state. The latter, referred to as
the Stokes shift, is the difference between the
Franck-Condon maxima of the two states in absorption and

emission,22

and its magnitude increases with increasing
distortion in the excited state. Consequently, decreasing
the energy gap between the t2g and w* orbitals,

and/or increasing the magnitude of the Stokes shift, tends
to lower the excited state energy, and vice versa.

For a molecule to function in the excited state as
either an oxidant or a reductant, but not both, it must be
very difficulf either to oxidize or reduce such a molecule
in the ground state. A second requirement is for the
excited state to be sufficiently low-lying such that the
additional free energy that is provided for redox via
excitation does not convert a poor oxidant or reductant into
a powerful one in the excited state.

(ii) Ruthenium(II) Complexes with 2-(Phenylazo)pyridine

(a) Structure of the 2-(Phenylazo)pyridine Ligand

17



Recently, Krause and Krause reported the synthesis of
ruthenium(II) complexes with the ligand
2—(pheny1azo)pyridine or azpy, a bidentate nitrogen donor
with a conjugated pi system.93’94 In these respects,
azpy can be considered as either a bpy or phen analog
although, as shown in Figure 2, there are several structural
dissimilarities to distinguish azpy from the latter two.
Unlike bpy or phen, azpy possesses an azo (N=N) linkage.

In addition, whereas bpy and phen are confined to being

completely planar pi systems, azpy is a much less rigid

ligand and appears capable of a larger degree of excited
state distortion.

(b) Properties of Ru(azpy)zx_,n+ Complexes

The spectral and electrochemical properties of a series
of mixed-ligand ruthenium(II) complexes,

Ru(azpy)zLn+ (n=0~2), where L denotes a sequence of
monodentate and bidentate coligands, are rather unique. A
band appears in the IR spectra of all of the complexes, the
frequency of which depends upon the coligand that is
present. An apparent correlation of the frequency of this
band, assigned to the N=N stretch of the azpy ligand, to the
pi-acidity of the coligand suggests that the N=N stretching
frequency is a useful probe of Ru(II)=-azpy pi-bonding. The
sensitivity of the N=N stretch to the nature of the coligand
and profound differences between the spectral and
electrochemical properties of these new Ru(II) complexes and

their bpy and phen analogs are evidence for extensive
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Figure 2

Structures of N-bidentate pi-acceptor ligands.
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Ru(II)-azpy pi-bonding. This can be accounted for if azpy
is a better pi-acceptor than both bpy and phen. The
spectral and electrochemical properties of the

.Ru(azpy)2Ln+ eomplexeé,gu

listed in Table 3,

also suggest a very unique photoinduced redox chemistry. A
near-IR emission is displayed by most of the complexes at
298°K in the solid state, while four members of the

series emit, albeit weakly, in room temperature fluid
solution. The energies of the emission maxima indicate an
unusually low=-lying luminescent level for ruthenium(II)
complexes of ca. 1.5 eV. Furthermore, oxidations of the
Ru(II) azpy complexes are extremely unfavorable, while
reductions are only mildly unfavorable (Table 3).
Comparison of the redox potentials of the Ru(II)
tris-complexes of azpy and bpy in aqueous solution at room
temperature shows how a significant structural modification
on the bpy ligand radically changes redox properties of the

respective complexes. The Ru(azpy

)§+/+ potential is

-0.30 V vs. NHE whereas that for the 2+/+ couple in the

v. 49,59

tris-bpy complex is -~1.28 The oxidation

potential for the Ru(bpy couple is +1.26 V vs.

NHE,95’96

)2+/3+
3

while no oxidation of Ru(azpy)§+ was
observed for applied potentials of up to +1.8 V vs. NHE.
(c) Prediction and Verification of Excited State Redox
Properties of Ru(azpy)zLn+ Complexes
From calculation of the excited state redox potentials

of Ru(aZPY)§+ an energy level situation where the
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Table 3

Spectral and Electrochemical Properties of Ru(azpy)zLn+ Complexes

E, V vs. sce? Visible absorptiona
coligand (L) IIT—>TI II—>1 )\max, nm (10-3€, M-lcm—l)

azpy 0.06 498 (13.5)
btz 1.8P -0.43° 515

bpy -0.07 517 (11.6)
en -0.31° 537

2N0; -0.46 538 (9.93)
acac 1.5 -0.38 565 (12.1)
208 -0.48 577 (16.4)
2tu 1.14°  -0.32° 585 (6.42)°
2Br~ 1.19 -0.54 590 (8.41)
2N; 0.96 -0.52 615 (7.17)

a) in CH2012, unless otherwise indicated.

b) in CHBCN.
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excited state is bracketed by the 3+ and 1+ redox states is
predicted. Thus, oxidation of the excited state will be

endergonic and Ru(azpy should behave only as an

)2t
excited state oxidant. Since the ground state oxidation
potential exceeds +1.8 V, and the excited state energy is
nearly 1.5 eV, oxidative quenching of

*Ru(azpy)§+ demands a quencher with a reduction

potential of greater than +0.3 V. On the other hand,
reductive quenching of the excited state will be
'thermodynamically feasible for a quencher whose oxidation
potential is less than +1.2 V. Experiments designed to
test the calculated energy relationships between the various
redox states of Ru(azpy)3 involve investigation of
luminescence quenching of the dicationic complex in fluid
solution by both members of a series of one-electron
reversible redox couples, e.g. the Fe2+/Fe3+ couple,

The so-called quencher pairs were chosen such that quenching
can only occur via an electron transfer mechanism (oxidative
or reductive), i.e. the lowest lying excited state of the
quencher must lie well in excess of 1.5 eV above the
gquencher ground state, which is the approximate excited
state energy of fRu(azpy)%*, thus precluding an

enérgy transfer quenching mechanism. The quencher couples
range in reduction potential from -0.4% V (MVZ*/My*)

to +1.61 V (Ce4+/Ce3+), therefore the data obtained

from these quenching experiments provide some indication of
the excited state redox potentials of

'Ru(azpy)%*.
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(d) Chemiluminescent Redox Reactions
Ru(bPY)§+ in its oxidized and reduced forms
undergoes thermally activated eléctron transfer reactions in
solution, with subsequent light emission from the LMCT
state, a phenomencon known as chemiluminescence.97'108
Chemiluminescent reductions of Ru(bpy)g+ by
N,H,, NaBH,, OH™, and EDTA, to name a few,
have been reported. Similar observations have been made for
the action of oxidants upon Ru(bpy)g. In
chemiluminescent reéctions of Ru(bpy)%* and
Ru(bpy)Y, a significant thermodynahic barrier has to
be overcome in order to generate the LMCT state through
which the emission is observed. Another requirement to
observe chemiluminesce is that the redox reaction be very
rapid such that a significant population of excited states
is achieved within the lifetime thereof. If
Ru(azpy)—;’+ is indeed unstable with respect to the
Ru(azpy)§+ LMCT excited state, the thermodynamic
criterion for chemiluminescence is satisfied by even the
weakest of reducing agents. The only remaining requirement
for the chemiluminescent reduction of Ru(azpy)g+ is
favorable kineties. Reductive chemiluminescence of
Ru(azpy)g+ can be investigated by generating the
oxidized complex and reducing it in situ.
(e) Resonance Raman Spectra of Ru(azpy)zLn+ Complexes
Resonance Raman spectroscopy is very useful in the

structural characterization of molecular excited states.
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The resonance effectvprovides intensity enhancement of Raman
bands assignable to the molecular coordinates which undergo
the most distortion in an electronic transition associated
with a visible absorption band that is "pumped" via laser

excitation.109

Ru(II) complexes with bpy and phen and
their analogs typically exhibit very intense visible
absorption bands assigned to MLCT transitions from the
Ru(II) tzg orbital to the ligand n orbital.

Therefore, the resonance Raman spectra obtained on
excitation into the visible absorption band in these
complexes reveal that electron density is transferred from
the metal to the ligand in the MLCT excited state and is
distributed throughout the periphery of the pyridyl

rings.11o

The resonance Raman spectra of the
Ru(azpy)an+ complekes not only draw a picture of

the excited state, but also aid in assigning the nature of
the transition which gives rise to the intense, visible
absorptidns. On the basis of their high extinction
coefficients and comparison to spectra of Ru(II) complexes
with bpy and phen, these are presumably MLCT transitions,

#
Ru(II) t,_—>azpy w , although the distribution of

2g
electron density in the excited states of the azpy complexes
is found to be somewhat different from that in the bpy and

phen complexes.

c. Ru(bpy)g+ as a Photosensitizer in Solar Energy Conversion

of H20 into H2 and 02
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(i) Water Cleavage with Visible Light

The extensive photoinduced redox chemistry exhibited by
Ru(bpY)§+ has prompted a number of investigations
concerning the utilization of this complex as a

photosensitizer in the conversion and storage of visible

111

light energy. The bulk of the studies of this nature

involve the photodissociation of Hzo into H2 and

02. This decomposition process can be divided into two

half-cell reactions:

2e + Hzo > 20H + H2 (6)

2H,0 —> 3pt + 0, + le” (7)

As indicated in reactions 6 and 7, the generation of a

molecule of hydrogen or oxygen involves multielectgon
transfers (2e~ per H2 and 4e” per 02) and

the redox potentials for the above processes are =-0.41 V and
-0.82 V vs. NHE, respectively, at pH 7. From the
thermodynamic standpoint, cleavage of H20 should be

possible with light of <1000 nm, using 4 photons to oxidize

HZO to one molecule of 02.111

Since H20 is

transparent to visible and near-UV light, a suitable system
which utilizes solar energy to carry out H20

decomposition requires the presence of a dye sensitizer to
capture light energy énd transfer it to the aqueous medium.
(ii) Types of Light Harvesting Units

(a) Sensitizer-Relay System

Three suitable light-harvesting units which employ a

photosensitizer have been investigated and are depicted in
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Figures 3 and 4. Figure 3 shows a two-component system
cénsisting of a sensitizer (S) and an electron relay (R).
Absorption of a photon by S with subsequent electron
transfer to R results in the formation of 2 very energetic
radical ions, S* and R”. Thus, light functions as
a pump which operates against a chemical potential gradient.
Alternatively, the excited state of the sensitizer can
oxidize a relay to produce S~ and RY. If the
driving force exceeds +0.3 V, the photoinduced redox
reaction between S and the relay is expected to nearly
diffusion controlled. On the other hand, the thermal back
electron transfer reactions,

S¥ + R ——> S + R (8)
or

S” + RF——> s + R (9)

which are extremely exergonic, are almost always diffusion
controlled. This tendency to back-react to regenerate the
original S-R pair imposes severe limitations upon solar
energy conversion in that the lifetimes of the radical ion
intermediates are at most several milliseconds under solar
irradiation. Thus, only the net conversion of solar energy
into heat is accomplished. Methods which aim to retard
undesirable thermal electron traqsfer reactions can involve
well-conceived heterogeneous systems.

(b) Colloidal Semiconductor System

A typical heterogeneous light harvesting unit suitable

for H,0 cleavage is depicted in Figure 3. In this
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Figure 3

Sensitizer-relay system for water cleavage with visible

light.
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Figure 3
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system, the sensitizer is adsorbed directly onto a colloidal
semiconductor particle, and no electron relay is necessary.
A wide bandgap semiconductor is desirable in order to suit
the thermodynamic requirements for water cleavage (vide
infra). Since such a material is normally tranparent to
visible and near-UV light, a dye sensitizer is needed to
absorb solar energy and transfer it to the semiconductor
particle. The excited state of the sensitizer injects an
electron into the conduction band (CB) of the semiconductor
where it is channeled to a catalytic site for H2
generation. At a'separate site on the semiconductor
particle, a second catalyst mediates the formation of oxygen
from the oxidized sensitizer, whereby the original
sensitizer is regenerated.
(¢) Dye-Sensitized Electrode System

An alternative to the use of dye sensitized colloidal
semiconductors to carry out water photolysis, involves the
adsorption of dye molecules onto an electrode surface. A
thin surface coating of the dye improves the response of a
wide~bandgap semiconductor (>3 eV) electrode to visible
light. The individual electron transfer processes in this
system are analogous to those of the colloidal system, where
a semiconductor electrode replaces the semiconductor
particle in Figure 4.
(iii) Energetic Constraints upon Selection of Sensitizer

and Electron Relay or Semiconductor
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Figure 4

Sensitizer-colloidal semiconductor system for water

cleavage with visible light.
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Figure 4
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For any of the situations outlined above the choice of
sensitizer and acceptor (relay or semiconductor) is subject
to certain thermodynamic requirements. In a
sensitizer/relay system, the redox properties of the
sensitizer and the relay must be suitable for each of the
fuel producing transformation steps. At pH 7, the redox
potentials for the H, and 0, half-reactions are
-0.41 V and ~0.82 V vs. NHE, respectively. If the reduced
relay is to function as H,0 reductant, E° (R7/R)
must be >+0.41 V. Similarly, for the oxidized sensitizer
to oxidize H,0, E° (5%/S) must be >+0.82 V. In
addition, the excited state oxidation botential of the
sensitizer must be compatible with the reduction potential
of the relay for oxidative quenching to be realized. In
systems which utilize a sémiconductor particle or electrode,
the sensitizer excited state must lie energetically above
the conduction band of the semiconductor for electron
injection to occur. Furthermore, the oxidized sensitizer
must satisfy the identical criteria for redox potentials as
in the sensitizer/relay system, and the conduction band of
the semconductor must lie at a potential more negative than
the redox potential of the (2H+/H2) couple for the
simultaneous oxidation and reduction of H20 to be
thermodynamically feasible.

In addition to meeting the thermodynamic requirements
outlined above, Ru(bpy)‘g+ features other properties

which make it an ideal sensitizer of visible light energy.
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The complex displays a broad, intense absorption in the
visible spectrum, and can thus capture a large portion of
the incident radiant energy. The LMCT state is formed with

nearly unit effieieney18’29

and is sufficiently
long=-lived in room-temperature aqueous solution (t = 620-ns)
for quenching by electron transfer reagents to occur
readily.
(iv) Review of Previous Studies of Ru(bpy)§+ in Water Photolysis
(a) Sensitizer-Relay Systems |

A number of electron relay molecules can be employed
with Ru(bpy)§+ as the sensitizer. Since
Ru(bpy)§+ and Ru(bpy); can oxidize and
reduce H20, respectively,'sensitizer/relay systems based
upon either oxidative or reductive quenching of
*Ru(bpy)§+ can be envisioned. Among the
Ru(bpy)%*/relay systems investigated, the relay
compounds include most notably, the viologens,112‘11u,
Eu3+ and V3+, and their respective salicylate
complexes, 1 1? Ru(bpy)g+,116’117 and cobalt
complexes.118

In a typical sensitizer/relay system, Ru(bpy)§+
is excited by visible light and subsequently reduces
methylviologen (MV2+)=

hv
2+———>Ru(bpy)§* + Myt (10)

Ru(bpy)g+ + MV
In the presence of a colloidal Pt catalyst water reduction

occurs :

MV* + Hyo —EE—s-yy2* + OH™ + 0.5H, (11)
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An excess of an electron donor, e.g.
ethylenediaminetetraacetate (EDTA), is needed not only to
regenerate Ru(bpy)?*, but also to prevent the

diffusion controlled thermal back reaction between
photoproduced Ru(bpy)g+ and MV'Y (reaction 10).

EDTA is, therefore, a sacrificial reagent, acting as the
ultimate electron source for photoreduction of H20,
thereby being irreversibly consumed. Despite their
sacrificial character, these systems provided useful
information concerning the optimization of the water
reduction catalyst. Catalytic activity was found to
increase as the dimensions of the Pt particle decrease, and
this knowledge was important for obtaining ultrafine Pt

119

particles which are excellent catalysts in the

colloidal semiconductor water photolysis systems.120
{(b) Colloidal Systems

The greatest advantage of the sensitizer/colloidal
semiconductor system over the S/R system is in the ability
to assemble the reagents and catalysts within a highly
ordered and confined reaction volume. In such an
environment, the goal of light-induced charge separation can
be achieved without the need for diffusion of redox relays
into and out of a solvent cage. Thus,'undesirable thermal
electron transfer reactions can be avoided by spatially
arranging the reactants and catalysts to form reactiop sites
where H20 cleavage can take place very efficiently.

The employment of very active, highly selective catalysts
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enhances the rates of desirable reactions, which then
dominate over undesirable ones.

With regard to the semiconductors which can be used in
colloidal systems, TiO, and SrTiO3 powders show the

most promise.121’122

For efficient water photolysis

with visible light in such a system, a sensitizer which is
strongly adsorbed to the particle surface is required.
Gratzel, et al, have reported cyclic water cleavage with
visible light using a bifunctional redox catalyst, Pt and
Ru02, loaded onto the surface of a colloidal TiO2

particle which contains an adsorbed Ru(bpy)g+
surfactant derivative as a sensitizer.23-125
(c) Photoelectrochemical Cells

Spectral sensitization by Ru(bpy)§+ and its
126,127

surfactant derivatives of n-Sn02,

n-1i0,, 128 and n-Sr710,129 electrodes has
been verified by the observation of an anodic photocurrent
whose action spectrum matches the absorption spectrum of the
dye. These reports generated interest in the utilization of
surface-modified electrodes in photoelectrochemical cells
(PEC) that convert visible light energy into storeable
chemical fuels. Cyclic water cleavage in a
photoelectrochemical cell is ideal for the spatial
separation of the two product gases, H2 and 02, in

that the water oxidafion and reduction half-cell reactions

can take place in individual compartments. The failure to

observe water cleavage in a PEC employing a dye-sensitized
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electrode with no electron relay and in the absence of an
externally applied potential is attributed to a poor match
between the energy of the electrode conduction band and both
the sensitizer excited state energy and the potential of the
(2H+/H2) redox couple. The dye/semiconductor

systems are ideal in that an electron relay is unnecessary
since electrons are transferred between the dye molecule and
the semiconductor in only one direction, and thus, thermal

back transfer of. electrons cannot occur.

D. Ru(bpy)§+ in Heterogeneous Media

(i) Controlling Thermal Reversibility of Photoredox Reactions
In an attempt to control the thermal reversibility of

photoinduced redox reactions of Ru(bpy)%*, there has

been a movement towards examining the photophysical

properties of the complex in heterogeneous media, where the

underlying strétegy involves the physical separation of

Ru(bpy)§+ and quencher molecules. In addition to

the studies involving semiconductor powders and electrode

surfaces outlined above, there have been a number of

investigations of Ru(bpy)g+ in a wide diversity of

heterogeneous media, including cation exchange

resins,13o Zeolites,131’132 micelles,133’134

135,136 and membranes.137

clays, The photophysical
properties and luminescence quenching behavior in several of
these media is observed to be quite different from fluid

solution. Although it remains to be seen whether or not
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heterogeneous media are the soclution to the dilemma of
control of reaction reversibility, it is worthwhile to
consider Ru(bpy)‘;:+ in new environments.
(ii) Nature of the Porous Vycor Support

An ideal medium in which to study the photophysics and
photochemistry of a supported metal complex, e.g.
Ru(bpy)%*, is one that is transparent to visible
light, The support should permit easy access of reagents
to Ru(bpy)%* so that photochemical properties, e.g.
luminescence quenching, can be readily investigated.
Preferably, the support should be inert such that, on
adsorption to the support, the primary coordination sphere
of the metal complex remains intact.

Porous Vycor glass (PVG) satisfies all of the above
criteria, and is best described as a surface ‘hydroxylated,
transparent (A>290 nm), support material containing a
myriad of 7020 A° cavities .or pores interéonnected
throughout the glass in a random three-dimensional

array.138’139

Although they are manufactured by

different processes, PVG and silica gel are alike in many
respects. Both materials possess similar pore sizes and
surface silanol groups, although the number of silanol
groups per unit area (silénol number) depends upon hydration

and prior heating.140

141

The silanol groups of PVG are

slightly acidic and cation exchange with ions in

142,143

fluid solution occurs readily. While the intent

of this comparison is not to suggest that the two materials
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are equivélent, there are many structural similarities
between porous Vycor and silica gel so that, in a general
sense, porous Vycor can be viewed as a transparent form of
silica gel.
(iii) Photophysical Properties of Ru(bpy)§+ Bound to PVG
Earlier studies in this laboratory established that
Ru(bpy)g* cation exchanges onto PVG by binding to
anionic silanol sites.1uu UV=VIS absorption,
luminescence, and resonance Raman spectra of the adsorbed
complex are quite similar to spectra of the complex in
either aqueous or alcoholic solutions, These observations
are consistent with the presence of silanol sites from PVG
in the secondary coordination sphere of the adsorbed coﬁplex
and furthermore, establish that the structural integrity of
the complex remains intact upon adsorption onto PVG.
Despite the apparent similarities in properties of
Ru(bpy)§+ in PVG to those in fluid solution, the
adsorbed complex does exhibit several unique characteristics
which are directly attributable to the nature of the PVG
environment. On excitation in vacuo with a low intensity
pulse of visible light, the luminescence of the adsorbed
complex decays exponentially with a lifetime of T740+20 ns,
which is well within the range of lifetimes found for |
*Ru(bpy)§+ in deaerated fluid solution.38:63
However, if excited via a high intensity source, the
observed emission spectrum of Ru(bpy)§+ is quite

different from that in fluid solution, displaying what
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appear to be two bands instead of one.145

Furthermore,

under high intensity irradiation the luminescence decay of

the LMCT state in PVG is non-exponential.

(iv) Photoinduced Disproportionation of Ru(bpy)g+ in PVG
The photoinduced disproportionation of Ru(bpy)§+

in pvglhe

proceeds via a mechanism that involves a
biphotonic ionization of Ru(bpy)5* with subsequent
reduction of another molecule of Ru(bpy)%* by
e (aq):

(a) Ru(bpy)‘g*--—zh”-?'ﬁu(bpy)g+ + e"(aq)

(b) e"(aq) + Ru(bpy)§+-—%>Ru(bpy);

2Ru(bpy)§+ 2hy >Ru(bpy)§ + Ru(bpy)g+ (12)
A biphotonic ionization of Ru(bpy)g+ has already
been observed in flash photolysis and pulse radiolysis of
agqueous solutions of the complex, although most of the
effective photolyzing light was found to be in the range
300-340 nm.96 Alternative mechanisms have been
postulated for the disproportionation of the dication in
other heterogeneous media. For instance, the fast
component of a non-exponential decay for

147

# 24 . . .
Ru(bpy)3 in cellulose is attributed to

triplet=triplet annihilation, which is followed by electron

transfer leading to disproportionation of the dication:

(a) 2Ru(bpy)§+ ---ul’—ebz'nu(bpy)g+

(b) 2*Ru(bpy)§+-—e>Ru<bpy)§ + Ru(bpy)g+

2Ru(bpy)g*——zhl—e-nu(bpy)g + Ru(bPY)g+ (13)
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Rabani et al proposed triplet-~triplet annihilation in

148 occuring this time by energy

anionic SDS micelles,
transfer. This was later confirmed by the observation of a
very similar non-exponential decay exhibited by

’Ru(bpy)%* in this medium.'*% apparently,

the high local concentrations of reactants that are required
for annihilation can be achieved in cellulose and in
micelles. In contrast to the latter media, once adsorbed to
PVG, Ru(bpy)g+ exhibits no evidence of macroscopic

diffusion and thus, spatial separation of reactants via
anchoring to the support probably accounts for the absence
of a triplet-triplet annihilation mechanism for the
disproportion in PVG.

The limitations imposed by the glass envircnment upon
diffusion is evidenced by the unusual stabilities of the
photoproducts of the disproportionation. Thus, the
spectrally quantitated lifetime of Ru(bpy); in PVG

146

is >36 hours in vacuo, which is considerably longer

than its lifetime of milliseconds in fluid solution.96
Since Ru(bpy)g+ absorbs only very weakly,

1 150
’

= 436 M~ ten” a spectral

€6750m
determinantion of its lifetime is difficult. With diffusion
virtually nonexistent, species which tend to react at
diffusion controlled rates in fluid environments display

unusually long lifetimes in PVG. Consequently, PVG can

function as a room temperature isolation matrix.
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The quantum yield for the formation of Ru(bpy)?,
which is determined spectrally, depends critically upon the
amount of adsorbed Ru(bpy)%*, attaining a maximum at
a concentration where the mean separétion between the
Ru(bpy)%+ molecules in PVG is ca. 50 A, 146
If the reacting centers are situated in closer proximity,
the thermal back electron transfer between the products of
the disproportionation reaction to regenerate the 2
Ru(bpy)g+ molecules (reaction 12) becomes
significant, and the quantum yield of Ru(bpy)g
declines, On the other hand if the reacting centers are
further apart than 50 A°, tye available driving force is
insufficient to promote electron migration from the donor to
the acceptor. Since the adsorbed photoproducts are
cationic, they are probably unable to diffuse due to
electrostatic interaction with silanol sites. Thus, a
means is established whereby, in PVG, the rate of a
thermally activated reaction can be retarded by physically
separating the reactants by an appropriate distance.
Ideally, one may be able to construct a reactive site within
the cavities of PVG which meets desired specifications.for
spatial arrangement of the reactants. A situation can be
envisioned in which a reaction center which mimics the
lamellae of plants carries out the photosynthesis of energy

rich molecules.111

Since Ru(bpy)g+ and
Ru(bpy)g are powerful oxidant and reductant,

respectively, which, when bound within the PVG environment
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at a suitable distance apart, are stable for many hours, it
is worthwhile to investigate this system for its enormous
potential in the conversion of solar energy.

A method to further enhance the photoinduced electron
transfer, and at the same time retard the back reaction is
to combine the strategies of the
dye~sensitizer/semiconductor electrode system with that of
the diffusion free environment of PVG. As mentioned above,
Ru(bpy)g+ photosensitizes wide bandgap semiconductor
electrodes, e.g. n=Sno via electron injection into the

2’
conduction band of the latter, 20127

Since the

electron transfer occurs only in the light-driven direction,
i.e. there is no reverse electron transfer from the
semiconductor to the dye, a semiconductor is an ideal
mediator of photoredox reactions. The thermal back
reaction can be avoided by separating the donor and acceptor
by a suitable distance. This effect has already been

domonstrated in the photoinduced disproportionation of -

Ru(bpy , where the quantum yield of

2+
)3
Ru(bpy)g is very sensitive to the spacing of the

146

reacting molecules. This quantum yield as a function

centers in PVG has

of the distance between Ru(bpy)§+

been determined in the presence of n-SnO2 conducting
thin films which were deposited on the PVG surface via a

151,152 Since the redox

spray pyrolysis technique.
reaction between the two excited states presumably involves

electron migration it was anticipated that the amount of
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adsorbed complex giving the maximal quantum yield of

Ru(bpy)g would remain essentially the same.

However, at lower impregnation levels where the mean

separation between adsorbed Ru(bpy).g+ molecules

exceeds 50 A°, the quantum yield was expected to be

increased due to the enhanced conductivity of the PVG

surface, in tandem with the decreased facility of the

thermal back reaction at larger reactant separation

distance.

(v) Quenching of *Ru(bpy)§+ Luminescence in Heterogeneous Media
(a) Diffusional (Dynamic) vs. Non-diffusional (Static) Quenching

Luminescence quenching of Ru(bpy)%* by various
redox reagents has been investigated in a number of
heterogeneous media.130’131’13u’135’137 The quenchers
which have been studied include primarily the more familiar
quenchers of the complex in fluid solution, i.e. viologens,
metal cations, and molecular oxygen.

In heterogeneous media, two types of quenching
mechanisms can be envisioned.153a’154 If the relative
positions of the donor and acceptor are fixed at the instant
quenching occurs, the mechanism is said to be static. Since
static quenching occurs without diffusion, it exhibits no
time deﬁendence, i.e. there is no change in the excitéd
state lifetime, Diffusional type quenching requires a
collisional encounter between the donor and acceptor, and
the ﬁechanism is referred to as dynamic, For dynamic

quenching to occur, the quencher and donor must meet within
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the lifetime of the excited state, and therefore the
lifetime of the donor emission is curtailed. Both static
and dynamic quenching reduce the steady state eiission
intensity, since both decrease the number.of molecules in
the excited state. Thus, it is possible to distinguish
between the two quenching mechanisms by measuring both the
emission intensity and the emission lifetime for a given
amount of quencher, Although the nature of heterogeneous
media is such that adsorbed molecules can be fixed to the
support, there are also diffusional processes taking place,
If the supported species is in equilibrium with another
phése (liquid or gas), there is constant diffusion of
molecules to and from the solid phasehfrom the surrounding

medium.155a As

a result, both static and dynamic

gquenching can be envisioned for a quencher in equilibrium
between an adsorbed and a non-adsorbed state. Molecules
which are adsorbed can diffuse within the support if the
binding interaction is weak. AIndeed, two independent
groups of investigators have observed dynamic quenching of
Ru(bpy)g+ luminescence in cation exchange resins by
co-adsorbed ions, which quite possibly suggests the mobility

of the ions in the resin phase.13o’156

Quenching of
*Ru(bpy)§+ by metal ions in colloidal clays

proceeds via a purely dynamic mechanism.157 It is
surprising, particularly in cation-exchange resin, where
electrostatic attraction to the support should severely

restrict diffusion of adsorbed metal cations, that no

component attributable to static quenching was found.
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(b) Kinetics of Quenching in Heterogeneous Media

The kinetics of quenching of *Ru(bpy)§+ are
sensitive to the nature of the surrounding medium. In both
membranes and micelles, non-homogeneous gquenching behavior
occurs as the rate of quenching approaches the difquion
controlled limit, and deviations from Stern-Volmer behavior

d.137’158'160 These results suggest that the

are observe
presence of a phase boundary separating donor and acceptor
molecules leads to unusual types of quenching behavior,
reflecting the constraints imposed upon accessibility of
quencher molecules to excited molecules.

It is worthwhile to investigate quenching of
*Ru(bpy)§+ in different media. Being strongly
luminescent in virtually all of the media in which it has
been investigated, Ru(bpy)§+ can serve as a useful
probe of excited state quenching phenomena in heterogeneous
systems.

(e) Quenching by Gases

The quenching of *Ru(bby)§+ in a support

medium by gaseous molecules is one type of investigation
which one might like to undertake. Quenching of an excited
molecule by gases in fluid solution is limited not only by
diffusion, but more importantly by the solubility of the
gas. Furthermore, solvolysis can radically change the
properties of the gas molecule. Since gases are readily
adsorbed to porous solids, reactions which are difficult to

effect in soluftion can be more efficiently carried out in a

porous support medium,
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Quenching of the MLCT state of Ru(bpy)§+
adsorbed to porous Vycor by the gases 02, 302, and
N20 have been examined, in .the hopes of observing a
reactive quenching encounter. Molecular oxygen is a
well=studied efficient quencher of the MLCT state in fluid

64,82,84,161-163

solution. Investigation of quenching

by NZO is worthwhile since it is a rather unreactive

gas16u which can function as an electron

165,166
! 802

scavenger., is an air-pollutant which

originates primarily from the combustion of

sulfur-containing fossil fuels.167

Quenching by SO2

via electron transfer suggests a possible route towards the
photoconversion of this undesirable air pollutant to the
more useful sulfuric acid.

In order to establish the nature of the quenching
process for each gas, intensity and lifetime quenching
measurements have been made. The data from adsorption
measurements for the complex and the gases provide valuable
information concerning the distribution of the reagents on
the glass, and in conjunction with the quenching data, are

helpful in distinguishing features of the quenching process

in PVG.
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II. Experimental

A. Studies in Porous Vycor Glass
(i) Materials

[Ru(bPY)3]C12-3H20 was prepared according to
the procedure of Palmervand Piper,19 and the UV=-VIS
absorption spectra of the twice recrystallized complex
agreed with published speetr'a.18

All gases were obtained from the Linde Corporation and
with the exception of argon, were used without further
purification since the purity levels of each exceeded 99%.
Argon was dried by passage through a 6" x 1" column of
either CaSOu or Mg(ClOu)z. 0, was removed
from argon by scrubbing the gas with a solution of Cr2+.

95% aqueous ethanol (reagent grade) required no further
purification. Reagent grade isopropanol and methanol were
dried by reflux over Linde 4A molecular sieves and were
subsequently distilled, immediately prior to use. Hzo
was distilled in a Corning distillation apparatus and stored
in polyethylene containers, All remaining chemicals were
reagent grade and were used as received from commercial
suppliers.

" Porous Vycor glass, code no. 7930, was received from
the Corning Glass Company in the form of 30-cm x 30-cm X
J-mm sheets. Samples of the glass for impregnation with

reagents were obtained and pretreated in the following

manner. The glass sheet was immersed in water to saturate
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the pore volume, and then cut into 25-mm x 25-mm sections
with a water/oil-cooled tungsten carbide saw. The cutting
0il was rinsed from the cut glass by Soxhlet extraction for
6 hours with hot distilled water, after which the glass was
heated to 40°C under reduced presssure to remove bulk
adsorbed water. When the glass became completely
transparent, an indication that bulk water is no longer
present, it was placed in a muffle furnace, The furnace
temperature was increased from 25° to 550°C at a
rate of g¢a. 100°C/hour. Moderately increasing the
temperature prevents cracking of the glass indpced by rapid
release of adsorbed HZO molecules. As the glass is
heated, it begins to ﬁhar, eventually becoming transparent,
indicative of the burning of carbonaceous impurities which
are adsorbed to the glass. The glass was maintained at
550°C until immediately prior to its impregnation with
reagents.
(ii) Impregnation of PVG
(a) General Procedure for Adsorption from Solution
Impregpation of porous Vycor with compounds that are low
vapor pressure solids at room temperature involves
adsorption_from a solution of the compound. One to three
clean PVG samples were weighed and mounted upright in an
Eastman Kodak Chromagram Developing Jar (catalogue no.
3256) containing 50 or 100 ml of the adsorbate solution.
After several hours, equilibration of the glass with the

168

solution was attained, and the samples were removed
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from the solution and rinsed with the solvent to prevent a
layering of the adsorbate on the glass surface. The
solvent was then removed from the glass by pumping under
vacuum.

To obtain the number of moles adsorbed per gram of PVG
the absorbance of the adsorbate solution was recorded at a
convenient wavelength before and after impregnation,
correcting the absorbance for the change in solution volume
owing to pore penetration by the solvent. The number of

moles adsorbed, nads’.is given by

(0D, - 0Dg/0D;) x nj (14)
where ODi and ODp are the volume corrected optical
densities at the monitoring wavelength, before and after
impregnation, respectively, and n, is the number of
moles of adsorbate in the solution prior to impregnation.
Dividing n_4s by the total weight of clean glass placed
in the developing jar gives the number of moles adsorbed per
gram of PVG. The PVG samples used weighed U4-6 grams, and
loading levels ranged typically from 10”7 to 10'5
moles of adsorbate/gram PVG. The amount of adsorbate was
purposely limited to allow measurement of abéorption spectra
of the impregnated glasses.

Glasses containing only Ru(bpy)?* were prepared
according to the above procedure. The following sections
describe the preparation of samples which contained, in

addition to Ru(bpy)%*, other reagents.

(b) Preparation of PVG Samples Containing Sn0,/1%Sb and
2+
Ru(bpy) 4
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A spray pyrolysis technique, similar to those previously
described,151’152 was employed _to deposit transparent,
conducting, thin films of SnO2 doped with 1%Sb on one
25-mm x 25-mm face of 1-mm thick PVG samples. An éeidic

+14

methanol solution of Sn and the dopant was prepared by

dissolving one part SbCl3 and 199 parts anhydrous

SnCl,, by weight, in methanol. The sn**

concentration in these solutions was typically ca. 1M, The

solution was placed in a glass bottle equipped with a screw

top consisting of a pump handle and a fine nozzle.

Squeezing the handle produces a fine mist of the

sn**/sb3* solution which was directed at a clean PVG

sample situated face up in a beaker within a furnace at

600°C. This method yielded optically transparent (A

2350-nm), conducting, thin films of SnO2 doped with sﬁ.

After deposition of the semiconductor film, these samples

were impregnated with Ru(bpy)g+ in the manner

described above, to obtain samples containing 5.0 x 10"7

to 9.8 x 10"6 moles of the adsorbed complex/gm PVG.

(¢) Preparation of PVG Samples Containing TiO2 and Pt
Porous Vycor was impregnated with TiO2 by

equilibration of the glass with an acidic

Ti(i-0C )u solution prepared by dissolving

169

3f7
anhydrous TiCl, in isopropanol. The number of

moles of Ti adsorbed was calculated via the spectroscopic
method described above. The solvent was removed under

reduced pressure, after which the glass was heated in air to
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600° in a 3 zone Lindbergh Heavy-Duty furnace (Model
9744), raising the temperature of all 3 zones
simultaneously at a rate of ga. 100°C/hour. The UV-VIS
absorption spectra of the impregnated glasses were recorded
before and after heating. This Pprocedure yielded
transparent glass samples ( A2350-nm) containing from
107 to 1072 moles of Ti0,/gn PVG.

Samples containing TiO, were impregnated with Pt by
adsorption from agueous 10"3M solution of
HZPtClé, and the number of moles adsorbed were
calculated as described above. The glass was then heated
in air to 200°C in a 3 zone furnace. The addition of
an external reducing agent, necessary for the formation of a
Pt sol,12u’125 was not required for the deposition of Pt
in PVG. Absorption spectra recorded at intervals during
heating showed a gradual increase in optical density
throughout the entire visible spectrun. When no spectral
change was detected over a period of 1 hour, the blackened,
platinized glass was removed from the furnace. Glass
samples for spectral sensitization studies were then
impregnated with Ru(bpy)§+ in the manner described
above.,
(iii) Mounting of Impregnated Sampleé in Cells

An impregnated PVG sample was rigidly mounted in an
upright position with a Teflon holder in a 3-cm x 4-cm X

1=-cm pyrex cell such that the 25-mm x 25-mm face of the

sample was parallel to the 3-cm x 4-cm windows of the cell.
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For’UV spectra and UV photolyses, a quartz cell of similar
dimensions was used. Both quartz and pyrex cells are
equipped with a 2" diameter O-ring joint for mating to an
upper section which has a hi-vacuum stopcock and a 10/30
joint. The latter Jjoint was used to attach the cells to a
vacuum line for evacuation and introduction of gases. The
lower and upper sections of the cell were fastened by 2"
diameter aluminum rings held together with 3 screws and
nuts,
(iv) Instrumentation and Physical Measurements
(a) Eiectronic Absorption Spectra

Electronic absorption spectra were recorded on a Cary 14
spectrophotometer. To obtain spectra of impregnated PVG
samples, the glass was mounted in a pyrex or quartz cell and
the latter placed into a rectangular cell holder within the
sample compartment such that the 25-mm x 25-mm face of the
sample was perpendicular to the path of the
spectrophotometer source beaﬁ. A clean piece of PVG was
rigidly mounted in the reference compartment to compensate
for absorption and scattering by the glass itself. Prior
to impregnation, the absorption spectrum of the PVG sample
was monitored versus the reference piece in order to obtain
a baseline. Following impregnation and evaporation of the
solvent, the absorption spectrum of the impregnated sample
was taken, and the difference between this spectrum and the
baseline spectrum gave the absorption spectrum of the

adsorbate.
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(b) Steady State Emission Intensities and Emission Spectra

Room temperature emission intensities and emission
spectra of Ru(bpy)%* were recorded on a Perkin~Elmer
Hitachi MPF-2A emission spectrophotometer equipped with a
red-sensitive photomultiplier tube. To measure the
emission from Ru(bpy)§+ on the glass, the cell
holder was adapted to rigidly hold the rectangular cell and
the PVG éample within at an angle of 50° relative to the
exciting light. The emission was monitored from the glass
surface at an angle of 90° to the excitation.
(¢c) Emission Decay Measurements

Luminescence decays of adsorbed Ru(bpy)§+ were
monitored using the apparatus illustrated in Figure 5. Theé
cell containing the glass sample was mounted in a
rectangular holder within a sample compartment made of
aluminum. The sample was excited perpendicular to the
25-mm x 25-mm face by a 2-ns FWHM light pulse from an Ortec
Model 9352 nanosecond light pulser operated at 20 kHz with a
continuous flow of prepurified N2 gas. The pulses
consist predominately of 337 and 358-nm light, the most
intense lines in the N2 emission spectrum. An Ortec
Model 9290 high-voltage power supply charged the hot
electrode to 8 kV. The emitted light at 90° relative to
the excitation (from the 25-mm x 4-mm face of the glass) was
passed through a Bausch and Lomb Model 33-86-76 grating
monochromator set at 610 nm and was detected by an RCA Model

C31034A photomultiplier tube. The latter was charged to
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Figure 5

Block diagram of apparatus for measurement of room

temperature luminescence lifetimes.
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-1800 V by a Tenneléc Model TC941 negative high-voltage
power sppply. The photomultiplier was mounted in a Pacific
Precision Instruments Model 3470 AD/6 thermoelectrically
cooled housing where its output was fed directly into a
100=-fold amplifier/discriminator. The latter was set at a
triggering threshold of 350 mv to maximize signal/noise
triggering ratio. The 25-mV discriminator output pulses
were fed into a PAR Model 115 wideband preamplifier to
provide 10-fold amplification prior to being fed into a PAR
Model 164 gated integrator module/Model 162 boxcar averager.
The time resolved emission intensity was generated by
triggering the boxcar averager scan across a 2 pysec time
base via the negative output of the light pulser. Scanning
is accomplished by sweeping a 50-nsec¢ conducting aperture
across the time base by means of a voltage ramp. The
latter increases the delay between the trigger and the
opening of the aperture on successive triggers. This
process was repeated until the aperture had moved completely
across the time base. Since the first aperture opening can
occur no sooner than 75 nsec after the first trigger, the
signal input to the gated integrator was delayed in order to
monitor the rise of the emission. Sixty feet of RG 58/AU
50-ohm coaxial cable originating at the discriminator output
and terminating at the preamplifier input served as a signal
delay line.

Narrowing the aperture of the boxcar averager increases

the signal/noise improvement ratiol70 however, the
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amount of scan time that is necessary to resolve the input
waveform is inversely proportional to the aperture width.
Thus, for aperture durations of 50 nsec a 20-40 minute scan
was required. At this scan rate, and a trigger repitition
rate of 20 kHz, the number of aperture openings per scan is
on the order of 107, and the signal/noise improvement
ratio is ca. 200.170

The time resolved emission intensity was displayed on a
Hewlett Packard Model TOU4B X-Y recorder at the scanning
rate by feeding the voltage output of the boxcar averager to
the Y-input of the recorder and utilizing the 0-~1 VDC scan
ramp of the boxcar to generate the time (x) axis.
(v ) Studies of Impregnated PVG Samples
(a) Distribution of Ru(bpy)3* on PVG

The cross-sectional distribution of Ru(bpy)g+
adsorbed to porous Vycor was determined
spectrophotometrically for glass samples containing from
10~7 to 10~5 moles of complex/gm PVG, by mapping the
absorbance of the adsorbed complex at 500 nm as a function
of relative sample thickness. Variable thicknesses of the
samples were obtained By grinding the glass surface using
220 grit carborundum paper. The sample thickness was
measured at various stages of grinding with a vernier
caliper, after which the absorbance of the remaining
adsorbed Ru(bpy)g+ was recorded at 500 nm. Since
grinding the PVG surface results in an immediate loss of

transparency to visible light due to scattering, prior to
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each spectral measurement the glass was immersed in
chlorobenzene, whose refractive index, 1.532171a, is
very similar to that of the glass, 1.5.172 When the
ground glass is saturated with chlorobenzene it is
completely transparent to visible light. Once grinding
produced no further change in absorbance, the glass was
turned over and the procedure was repeated for the opposite
side. The absorbance was plotted as a function of relative
sample thickﬁess which is the ratio of the sample thickness
at the time of the spectral measurement to the sample
thickness prior to any grinding. For absorbance readings
made after the glass was turned over, the thickness after
grinding was corrected for the portion of the glass which
was found not to contain any adsorbed complex, prior to
calculating the relative thickness.
(b) Quenching of Luminescence of Ru(bpy)‘g+ in PVG by Gases
To obtain data for quenching of the steady state
luminescence intensity and the luminescence lifetimé of
Ru(bpy)§+ in PVG, samples impregnated with 1.0x0.2 x

10~

moles of complex/gm of glass were rigidly mounted

in a pyrex cell and equilibrated with various pressures of
the gaseous quencher. The adsorption isotherm of each gas
onto both clean PVG and impregnated samples was obtained at
roon temperature, 22¢1°C, by a manometric method

involving differential pressure measurements, detailed by

Ross and Olivier.155b This procedure was repeated for

each sample to obtain the adsorption isotherms concurrent
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with the quenching data. To correct for adsorption onto
surfaces other than the glass sample, whicﬁ ocecurs
principally with S80,, adsorption measurements were made
both in the presence and absence of the samples.

To obtain the quenched emission intensities, the
impregnated samples, under various pressures of the gaseous
quenchers, were excited at 420 nm and the emitted light was
monitored at 620 nm, the emission maximum of adsorbed
Ru(bpy)5™.

Quenched emission lifetimes were obtained by monitoring
the luminescence decays of impregnated samples in the
presence of various pressures of quencher, using the
apparatus described above (Figure 5).

(¢) Luminescence Quantum Yield of Ru(bpy)g+ on PVG

To calculate the quantum yield of emission for
Ru(bpy)g+ on the glass, a series of samples
containing from 10~7 to 10~° moles of the adsoﬁbed
complex per gram of PVG were prepared. For each sample,
the absorbance at 450 nm of Ru(bpy)§+ was recorded.

The emission was then monitored at 620 nm, exciting the
sample with U450-nm light. For glass samples where the
absorbance at 450 nm was 24, it was assumed that all of the
exciting light gets absorbed on the surface of the glass
nearest to the source. Thus, to calculate the quantum yield
on the glass, a Ru(bpy)g+ solution of high optical

density (absorbance =z 4) was used as a standard. This was

to insure that all of the exciting light was absorbed in a
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very harrow path of the solution, such that light absorption
in the solution nearly mimics light absorption on the
outermost surface of the glass. To make certain that the
exciting light was absorbed and the emitted light collected
in a similar fashion, the glass samples and solution
standards were placed in the spectrophotometer sample
compaftment in the following manner. A l1-mm cell containing
a Ru(bpy)%+ solution was degassed and mounted

upright with a Teflon holder such that the front face of the
cell was situated at the same distance from the excitation
source as .were the degassed PVG samples mounted in the pyrex
cell. The solution standard or glass sample was =situated at
an angle of 50° relative to the exciting light, and the
emitted light at 90° to the excitation was monitored off

of its front face.

The emitted intensities from glass samples ranging in
absorbance from 0.42 to 50, » = 450 nm, were recorded and
compared to those from Ru(bpy)g+ aqueous solutions
spanning a similar range in absorbance at 450 nm.

(d) Quantum Yield of Formation of Ru(bpy); on PVG in the Presence

of a Transparent, Conducting SnO, Thin Film

2
The apparatus for measuring the quantum yield of

Ru(bpy)g appears in Figure 6. A series of PVG

samples onto which a transparent, conducting SnOZ/Sb

thin film had been deposited, were impregnated with from 5.0

x 1077 to 9.8 x 10‘6 moles of Ru(bpy)§+/gm

PVG. These samples were degassed, mounted in a rectangular
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Figure 6

Block diagram of apparatus for simultaneous continuous
laser photolysis and moniltoring of spectral changes.

Mono. = monochromator; Rec. = chart recorder; M = mirror.
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cell holder, and then irradiated with the 457.9-nm line from
a Spectra Physics Model 1164-08 CW Ar ion laser. The white
light output from a 100 W high-pressure Xe lamp serving as a
single beam CW spectrophotometer source was directed at an
'angle of 8° relative to the incident laser beam and
perpendicular to the sample. The transmitted light was
passed £hrough a Bausch and Lomb Model 33-86-76 grating
monochromator, and the exiting 510-nm light was detected by
a Hammamatsu Model 928 red-sensitive photomultiplier tube,
charged to 1 kV by a Pacific Precision Instruments Model 203
high-voltage DC power supply. The photomultiplier output as
a function of photolysis time was displayed on a Honeywell
Electronik 19 strip chart recorder. The rate of appearance
of [Ru(bpy)z(bpy')]+ was monitored via the

inerease in absorbance at 510-nm, the absorption maximum of
the latter, using the equation,

Abs = log(1/T) (15)
where T is the ratio of the amount of light transmitted by
the photolyzed sample to that by the unphotolyzed sample.
(e) Water Photolysis
Séveral different light sources were employed for

.studies of photocatalytic water reduction involving both
visible light (sensitizing) and UV light (non-sensitizing)
conditions, Glasses impregnated with T102, Pt and
Ru(bpy)%*, where the latter is a sensitizer, were

irradiated with visible light from an Illumination

Industries 450-W high-pressure Xe lamp using a Melles-Griot
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KG3 near-~IR filter and a 0.5" thick sheet of plexiglass as a
near-UV filter. The filtered light was focused with a
pyrex lens onto the sample which was mounted upright with a
Teflon holder in a pyrex cell. . Glasses impregnated with
TiO2 and Pt, but without the sensitizer, were mounted in

a similar fashion in a quartz cell and irradiated with UV
light in a Southern New England Ultraviolet Rayonet Reactor
employing either 350, 310, or 254-nm soufces. Glass
samples impregnated with reagents and catalysts were
photolyzed under several torr of either Hzo vapor or a
mixture of H20 and CO vapors. HZO was degassed via

3 fréeze—pump-thaw cycles prior to exposure of the
impregnated samples to H20 vapor. After a period of
photolysis the vapor phase was isolated via 3 Toepler pump
cycles and swept with argon carrier gas into a Gow-Mac Model
69-100 gas chromatograph equipped with a 3" x 1/4" column
packed with 5 A° molecular sieves, and a thermal
conductivity detector. The column.temperature was
maintained at 100°C and the retention times and

integrated peak areas of the components of the gaseous
effluent were compared to those of pure samples of H2,

02, N5, €0, and 002, measured under the same

conditions.
B. Photophysical and Photoredox Properties of Ru(II)

Complexes with 2-(phenylazo)pyridine

(i) Materials
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Ru(azpy)an+ complexes (n = 0-2), where L
denotes 2-(phenylazo)pyrid£ne (azpy), U4,4'<-bithiazole (btz),
2,2'-bipyridine (bpy), ethylenediamine (en), acetylacetonate
(acac™), thiourea (tu), (CN-)Z’
(NOE)Z’ (Cl')z, and (Br')z, were
prepared according to the published procedure of Krause and
Krause,93’9u and were isolated either as neutral
complexes or as perchlorate or hexafluorophosphate salts.
Ceric ammonium sulfate was standardized with Aszo3
according to the procedure of Skoog and West.173 A1l
remaining chemicals were reagent grade and solutions were
prepared with spectral grade solvents or with water
distilled in a Corning distillation apparatus. Solutions

were deaerated by bubbling with prepurified N, (Linde).

2
(ii) Physical Measurements
(a) Absorption and Emission Spectra

UV=-visible absorption spectfa were recorded on either a
Cary 11.or Cary 14 spectrophotometer. At room temperature,
these complexes are weak emitters and the spectral
sensitivity of a Perkin-Elmer Hitachi MPF-2A emission
spectrophotometer, although equipped with'a red-~sensitive
photomultiplier, was not sufficient to reliably detect the
emission,

A block diagram of the apparatus used to obtain the
emission spectra appears in Figure 7. Solid samples or

10'5 to 10'uM solutions of the complexes were placed

in 1-mm i.d. quartz capillary tubes and excited at an
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Figure 7

Block diagram of Raman spectrophotometer. This apparatus
was also used to obtain emission spectra and emission

intensity quenching of Ru(azpy)an+ complexes.

[}

M = mirror; L = lens; A/D amplifier/discriminator;

chart recorder.

PC = photon counter; Rec.
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incident power of 30 mW with the 514.5~nm line from a
Spectra Physics Model 1164-08 CW Ar ion laser. CAUTION:
Solid samples of [Ru(azpy)zbtz](CJ.Ou)2

spontaneously detonated when exposed to a focused, 30-mW,
514.5-nm laser bean. The emitted light at 90° to the
excitation beam was focused onto the entrance slit of a Spex
Model 14018 double grating monochromator. Since the
emission from these complexes is very weak, even with laser
excitation, the entrance and exit slits of the monochromator
were opened to 1 mm, thereby sacrificing spectral resolution
for a detectable quantity of emitted light. An RCA C310344A
red-sensitive photomultiplier charged with -1800 V and
mounted in a Pacific Photometric Instruments Model 3470
thermoelectrically cooled housing detected the emitted light.
The photomultiplier output was fed into a Pacificb
Photometric Instruments AD6 amplifier discriminator
providing 100-fold amplification of photomultiplier output
pulses and rejection of amblified pulses less than 300 mV in
amplitude. When triggered, the discriminator puts out 25
mV pulses which were than fed into a Pacific Precision
Instruments Model 126 photon counter. The monochromator
was scanned at a rate of 10 cm™'/sec from 550 nm to 833

nm, the latter being the near-IR sensitivity limit of the
photomultiplier. The output of the photon counter was
displayed on a Beckman chart recorder as the emission
spectrum. For each sample, the emission intensity was
moﬁitored at the wavelength maximum for 30 minutes to

establish whether or not any photoreaction was occuring.
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(b) Emission Intensity Quenching
2-3 x 10~°M stock solutions of Ru(azpy)g+
were prepared by dissolving [RU(aZDY)3](PF6)2 in
water or 1N aqueous acid. 10"3 to 10'2M stock
solutions of each quencher were prepared immediately prior
to use. Solutions of Fe2*, Fe3*, ce3*, and

Ceu+ were 1N in acid to prevent precipitation of

174

hydroxide complexes. Otherwise agqueous solutions of

the quencher were used. Aliquots of the Ru(azpy)§+
and quencher stock solutions were mixed and the resulting
solutions were placed in 1-mm i.d. qQuartz capillary tubes
for monitoring of the Ru(azpy)g+ emission intensity

2+ yere deaerated

at 830 nm. Solutions containing Fe
and remained so until placement into the capillary tubes.
The apparatus used to obtain the quenched emission
intensities appears in Figure 7, and was described in the
preceding section. The emission intensities were monitored
for 30 minutes to ensure that there were no net
photoreactions between Ru(azpy)g+ and the quenchers.

In addition, the emission intensity from a standard sample
of Ru(azpy)§+ was rechecked periodically to make

certain that the alignment of the sample stage remained
constant throughout the course of a series of measurements
with each quencher.

(¢) Emission Lifetimes )

The apparatus used to obtain the room temperature

luminescence lifetime of Ru(azpy)%+ in aqueous
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solution was described above and is schematically
illustrated in Figure 5. The lower energy and lesser
intensity of the emission in the remaininglcomplexes did not
allow for a reliable measurement of luminescence lifetimes,
even with extensive signal averaging.
(d) Resonance Raman Spectra

Resonance Raman spectra of chloroform or water solutions
of the complexes were recorded with the apparatus appearing
in Figure 7. Typically, a 10'3M solution was placed in
a 1-mm i.d. quartz capillary tube and excited with an Ar ion
laser line which was tuned to the frequency nearest to the
visible absorption maximum, and the Raman scattered light'
was monitored at 90° to the transverse excitation beam

with the components described above.
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JII. Results

A. Studies in Porous Vycor Glass

(i) Characterization of Ru(bPY)§+ Adsorbed to Porous Vycor
When pulverized and dispersed in distilled Hzo,

porous Vycor glass deveops a zeta potential of ~26+2 mV,

indicative of an anionic surface and a decrease in the pH of

the aqueous phase.175

Adsorption of various
colorimetric acid-base indicators onto PVG yields a surface
pPH of 4 to 5.176 The results suggest proton
dissociation from the silanol group, i.e.,

Si0H ~————> Si0~ + H7 (16)
and PVG is capable of cation exchange. Adsorption of
Ru(bpy)%* onto the glass confirms the cation
exchange character of PVG,. Placing the glass into an
aqueous solﬁtion of[’Ru(bpy)é}Cl2 results in
adsorption of the dicationic metal complex without a
concurrent adsorption of the Cl~ counterion.175
Furthermore, adsorption occurs without any apparent
disruption of the 'primary coordination sphere of the
complex. Figure 8 provides a comparison of the absorption
and emission spectra of Ru(bpy)§+ adsorbed to PVG,
hereafter designated Ru(bﬁy)§+ads, to spectra of
aqueous solutions of the complex. The visible absorption

spectrum of Ru(bpy)%*ads is dominated by an intense

MLCT band with a maximum at 452 nm and a half-width of T0<+2
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Figure 8

Cross-sectional absorbance, €', vs. wavelength for
Ru(bpy)§+ adsorbed to PVG (@), and Ru(bpy)§+ in HZO
solution (A). Inside ordinate scale is molar extinction
coefficient of Ru(bpy)§+ in aqueous solution., Molar
extinction coefficient in PVG is calculated from

e' = A/moles—cm_2 Ru(bpy)§+ads, where A is the absorbance.
Moles—c:m_2 calculated assuming optical path length is

2 x 0.2 cm, the latter being the penetration depth of

the complex (see text). Emission spectra of Ru(bpy)§+
adsorbed to PVG (---), and in HZO solution (e,

Relative emission intensities in the two media are

normalized to facilitate comparison of emission maxima,
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nm, similar to the MLCT band maximum, 452 nm, and band
width, 68 nm, of an aqueous solution spectrum of the
complex. The emission spectrum of Ru(bpy)%*ads

shows a maximum at 620 nm which, although red-shifted from
the maximum in aqueous solution, 600 nm,18 is similar to
the band maxima reported for alcoholic solutions of the
complex.36 As shown in Figure 9, the resonance Raman

ads consists of seven

spectrum of Ru(bpy)§+

bipyridine vibrations differing by _<_1<:m"1 from those

110 The

found for the complex in aqueous solution.
luminescent lifetime of *Ru(bpu)§+ads, T40£20
nsec, falls well within the range of 600+20 nsec, measured
in deaerated aqueous solution63; to 862+10 nsec,
measured in deaeated acetonitrile.38 The similarity of
the spectral and photophysical properties of
Ru(bpy)%*ads to those found in fluid solution
establishes the integrity of the adsorbed complex and
suggests an environment similar to that of an aqueous or
alcoholic medium,
(ii) Distribution of Ru(bpy)§+ads

Absorption and emission spectra recorded at various
points on the 25~mm x 25-mm face of a PVG sample impregnated
with Ru(bby)g+ are within experimental error,
suggesting a relatively uniform distribution of the adsorbed
complex across the glass surface. The cross-sectional

distribution profile for 10~% moles of

Ru(bpy)§+ads/gm PVG appearing in Figure 10 is
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Figure 9
Resonance Raman spectra of Ru(bpy)§+ in aqueous solution

and adsorbed to PVG. Excited with 457 .9-nm line from

argon ion laser.
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Figure 10
Absorbance at 500 nm as a function of the relative

thickness of the glass, Initial dimensions of the

glass sample: 25-mm x 25-mm x 4.04-umm.
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representative of the data for all levels of impregnation.
As the sample thickness is reduced by grinding the glass
surface, there is a linear decrease in optical density until
ca. 0.2 mm of the initially 4-mm thick sample have been
ground from either 25-mm x 25-mm face, indicating a uniform
depthwise distribution of Ru(bpy)%*ads on the
outermost région of the glass. Although PVG contains a
random distribution of silaﬂol groups located throughout the
entire matrix, there is apparently no penetration of the
adsorbed complex into the interior of the glass. The
symmetry and linearity of the cross-sectional distribution
profile and the similarity of spectré recorded at various
points along the glass surface suggests that impregnation by
adsorption from aqueous solutions of Ru(bpy)§+
yields a uniform distribution of the adsorbed complex that
is limited to the pore volume of PVG adjacent to the
outermost surfaces.
(iii) Adsorption of Gaseous Quenchers

Taking 7.4 A° as the radius of Ru(bpy)§+ads
and 130 m2/8m and 1.38 gm/cec as the PVG surface area and
density, respectively, impregnation of the outer pore volume
of PVG with 10'6 moles of complex per gram of PVG
corresponds to a surface coverage of <1%. Consistent with
the low surface coverage of the metal complex, at pressures
of {1atm of gas, the adsorption of Nzo, 802’ and

6

02 is unbiased by the presence of 10~ moles of

Ru(bpy)%*/gm PVG. This observation, and the absence
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of any measureable changes in the absorption and emission
spectra of Ru(bpy)%*ads in the presence of thése

gases, suggests that the gases adsorb randomly to vacant
sites on PVQG.

For 302 there was a noticeable amount of adsorption

onto surfaces other than PVG which was not found for NZO

nor for 0,. When SO, gas was introduced into the
cell containing the impregnated PVG sample, an initial
pressure drop which revealed some adsorption had occurred,
was followed by a much slower decline in pressure over a
period of ca. 30 minutes. When 802 was introduced into
the cell in the absence of the impregnated sample, the
initial pressure change was not observed, whereas the slower
decline, which paralleled that in the presence of the sample
did occur. Consequently, the slow decline is attributed to
adsorption onto cell surfaces, and the initial rapid decline
to adsorption onto PVG. Hence, the initial pressure change
was used to calculate the number of moles of SO2
adsorbed to the impregnated PVG sample.
Representative isotherms for the adsorption of 02,
802, and N20 onto PVG at 22:100 are shown in

177 were obtained for

Figure 11. Langmuir-type isotherms
02 and 802, and the calculated adsorption parameters
are listed in Table 4. Two possible surface coverages were
assumed for the calculation of site areas for O2 and
SO,, designated ¢® in Table 4. The upper limit

corresponds to monolayer coverage of the surface area
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Figure 11
Adsorption isotherms for (a) NZO onto 5.86-gm (A) and

6.25-gm () samples of PVG; (b) $0, onto a 4,47-gm

sample of PVG; and (c) O, onto a 5.,38-gm sample of

2
PVG. All isotherms are measured at room temperature,

22il°C, and each PVG sample contains 1.5%0.5 x 10—6‘

moles of Ru(bpy)§+/gm PVG.
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Table &

Parameters for Adsorptiona onto PVG and Quenching by Adsorbed 02, 802, and N20

Adsorptio?&.Coeificient, adso;b:::Z:VG—lb Site A;Sa fd _ RZG% gPVi mole“1 kqf’g gPVGlnﬁﬂils_l

Quencher b, mm ~x 10 x10 0°, A° max %10~ x 10
02 7.72 £ 1.65 5.63 + 1.00 11.5-38.4 0,%8:&0.02 8.5 + 1.3 1.1 0.2
S0, 32.4 6.9 4.18 £ 0.73 15.5-51.7 0.94%0.01 56 + 8 . 7.6 1.3
NZO - - 0.28+0.02 0.39 + 0.06 0.053 £0.010
a) Adamson, A.W., "Physical Chemistry of Surfaces," Third Ed., Wiley-Interscience, New York, 1976, p. 553.
b) at monolayer coverage.
c) upper.limit calculated by assuming adsorption throughout the entire pore surface area, L =130 mz/gm, vhereas

lower limit assumes adsorption only onto region of glass impregnated with Ru(bpy)§+ads (see text).
d) see text.
e) from initial slope of TO/T va. m
f) lifetime of Ru(bpy)§+ads, x =740 £ 20 us.
g) units of conc—l, gPVG mole_l; are convenlent for expressing KSV and kq in this work. As such, the magnitude

of the above values cannot readily be compared to the analogous values in fluid solution.



available throughout the entire pore volume of PVG, while
the lower limit refers to adsofption only in those regions
of PVG impregnated with Ru(bpy)%*ads.

For 0, and S0O,, the adsorption isotherms
measured for different samples of impregnated PVG differ by
£15%, but the moles of N,0 adsorbed/gm PVG differ by as
much as 65% when different samples of impregnated PVG are
exposed to identical pressures of N20’ Although the
absolute amount of N,0 adsorbed/gm differs, as
illustrated in Figure 11a, the shape of the isotherms are
similar. The sigmoidal character of the N20 adsorption
isotherms is typical of porous adsorbents and is indicative
of capillary condensation162b by Nzo, Thus, the
different adsorption isotherms obtained for Nzo onto
various PVG samples may be due to variations in pore volume
among the latter. The variation in the amount of Nzo
adsorbed/gm prevents calculation of a realistic adsorption
coefficient, but the relative rates of adsorption and
desorption indicate that Nzo is only weakly adsorbed.
For example, adsorption by impregnated PVG of O2 and
SO, is complete in <1 minute, whereas'NZO requires
ca. 30 minutes to equilibrate. After exposure of an

impregnated PVG sample to 1 atm of SOZ’ 12-15 hours of
continuous pumping, pf£5 x 10'“ torr, is necessary to
desorb the gas and regenerate a Ru(bpy)%*adé

emission intensity equivalent to that recorded prior to

exposure to the gas. Under the same conditions, however,
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O, desorbs in 10 minutes and Nzo‘in <1 minute.

These rates suggest tha$ the relative magnitudes of the

adsorption coefficients are 802>02>N20, |

(iv) Quenching of Luminescence of Ru(bpy)%*ads by Gases
When samples of PVG impregnated with Ru(bpy)§+

are exposed to 02, 802 s and NZO’ lifetime and

intensity quenching occur. The relative extent of each

type of quenching depends upon the specific gas. The

relative emission intensity, IO/I, where Io is the

emission intensity in vacuo and I is the intensity in the

presence of the gas, is initially a function of Pq, but

becomes independent of Pq at higher pressures. The

point at which quenching becomes independent of Pq

corresponds to quencher surface coverage of significantly

less than a monolayer. In terms of both shapé and

uncertainty, plots of I /I vs. P, resemble the

q
adsorption isotherms for the gases. With O, and

2
S0,, the fractional quenching at a given pressure
differs by £18% from one sample to the next. For N20,
hoﬁever, the variation is as much as 70%, similar to the
variation in the moles of N20 adsorbed/gmn, D,4s? by
the various samples, As indicated in Figure 12a, the plots
of quenching by N,0 are reproducible functions of
m_ds which establishes that the variation in the amount
of quenching by N,0 is a consequence of different

amounts of NZO adsorbed/gm by the various impregnated

PVG samples. Reproducibility with respect to D_4s
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Figure 12

Lifetime and intensity quenching of 1.5%0.5 x 10”9 moles
of Ru(bpy)§+/gm PVG by (a) N,O0, 5.86-gm sample to/t (@)
and Io/I (O), 6.25-gm sample to/t (H) and Io/I (O
(b) §0,, 4.47-gm sample to/t (@) and IO/I (M); and
(e) 0,, 5.38-gm sample to/t (@) and Io/I (. All

; )
measurements are at room temperature, 22+1°C,

87



0.40 080 . 012

1 1 1 1 ] L b/ L. ]
t

- C} 0 2 . ]
L 4.0
[ ]
-2..0//
= L ————

‘.'/./.”— mcds X 106

1 1|2 1 2|4 [l 316 11%10

Figure 12

88



rather than Pq suggests that quenching of

Ru(bpy)§+ads, at least by N,0, is limited to

2
adsorbed gas molecules. For SO2 and 0,, the

dependence of intensity quenching upon the moles of gas

adsorbed per gram is not unequivocal, since quenching by
these gases is dependent upon mads at low surface

coverage of gas where mads is essentially a linear

function of pressure. However, values for the maximum

fraction quenched, designated fm in Table 4, and taken

ax

as 1 - (IO/I) where I is independent of P parallel

q’
the adsorption coefficients of the gases, suggesting the

dependence Of‘fm upon the strength of adsorption of

ax
the gas.

Quenching which demands the prior adsorption of a
quencher molecule can be distinguished from that involving a
collision between a gas phase gquencher molecule and
Ru(bpy)g*ads through a comparison of intensity and

154

lifetime quenqhing data. The luminescent decay of

n

* -
Ru(bpy)é*ads in vacuo, p<10 torr, at room

temperature, 22¢1°C, is exponential with a rate constant

of 1.35+0.05 x 106 sec"1, corresponding to a

luminescence lifetime of T40+20 nsec. Under various
pressures of these gases, the decays remain exponential,
although the lifetimes, t, are shorter. As shown in Figure
12a, lifetime quenching, to/t, by Nzo is within

experimental error of the intensity quenching. The

equivalence establishes a dynamic quenching process and is
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interpreted within the Stern-Volmer model, to/t = 1 +
KSVmads' where KSV is the Stern-Volmer constant

and m, 4s 1is the moles of N20 adsorbed/gm PVG from

the adsorption isotherm. Least squares analysis of the

initial dependence on B 4s yields Kgqy = 3.9+0.6 x

103 gm PVG/mole, and dividing the latter by t_,
740420 nsec, yields a bimolecular quenching rate constant

for N20 of 5.3+0.1 x 109 gm PVG/mole-sec.,

Figures 12b and 12c¢ show quite different results for
.802 and 0,. At 1 atm of each gas, the difference

in lifetime and intensity quenching indicates that 89+1% of
the quenching by 802 and T0+1% of the quenching by

O2 occur by a static process. The occurence of static

quenching by 0, and S0, confirms that, to a large

2 2

extent, quenching involves adsorbed quencher molecules and
thus, the quenching data are plotted as a function of

m_ds rather than Pq in Figures 12b and 12¢. Both

gases exhibit dynamic quenching which, at low pressures, is

dependent upon m and, in turn, the equilibrium

ads
pressure of each gas. However, at pressures corresponding
to much less than monolayer coverage, dynamic quenching

becomes independent of m, and P_. Least squares

ds q

ahalyses of the initial dependencies yield Stern-Volmer
constants of 8.5+1.3 x 104 gm PVG/mole and 5.6+0.8 x
105 gm PVG/mole for 02 and 802, respectively.

Dividing these values by to' T40420 nsec, yield

bimolecular quenching rate constants of 1.1x0.2 x 1011
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gm PVG/mole-sec for O, and T.6+1.3 x 1011 gm

PVG/mole-sec for SOZ'
In part, the purpose of these experiments was to explore
the possibility of initiating a redox reaction within these

gases, particularly SO by a photoinduced electron

2!
transfer. However, absorption spectra recorded before and
after these gquenching experiments give no indication of a

net formation of either Ru(bpy)g+150

or
@u(bpy)g(bpy')3+-178
(v) Water Cleavage
(a) Deposition of TiO2 onto PVG

The water photolysis catalysts were characterized and
their loading levels determined spectrophotometrically. A
UV=-VIS absorption spectrum of a PVG sample after
impregnation from an acidic isopropanol solution of

Ti(OCH-(CH )u followed by evaporation of the

302
solvent appears in Figure 13. The impregnated sample
exhibits no absorbance in the visible spectrum, although

there is a slight decrease in the amount of transmitted

light approaching shorter wavelelengths due to scattering.

A very sharp increase in absorbance, however, is observed at X
{350 nm, the onset of which depends upon the level of
impregnation. This sharp spectral cutoff is characteristic

179

of a semiconductor and in this case, the spectrum is

reminiscent of spectra of colloidal dispersions of TiO

169

2

in H20/isopropanol. However, Tiozads, even

at the highest impregnation levels achieved in the glass,
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Figure 13

Absorption spectrum of a 4,0-gm PVG sample impregnated

with 2.6 x 10~ ° moles Ti0,/gm PVG.
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1072 moles/gm, exhibits much less scattering than the
colloidal TiO2 particle suspensions. This is_probably
an indication that TiO2 is dispersed on PVG, rather than
deposited as an aggregate of colloidal dimensions and
therefore, does not scatter as much light as a colloidal
particle. A nearly identical absorption spectrum to that in
Figure 15 is obtained even if the impregnated glass is
heated to 550°C following evaporation of the solvent,
indicating that hydrolysis of Ti(OCH-(CH3)2)u is
complete within the time it takeé for impregnation of the
glass and evaporation of the solvent. The optical
absorption coefficient near the band edge, o , obeys the
equation,180
o = A(hv - Eg)n/z/hv (17)
where n = 4 for TiOz,181 A is a constant, v is the
light frequency, and E_ is the bandgap of the

g
semiconductor. When hv = Eg, o is zero, and thus, the
bandgap obtained for TiO,ads is ca. 3.5 eV. This
energy is somewhat larger than the 3.2-eV and 3.0-eV
bandgaps of anatase169 and rutile179 Ti02,

respectively.

(b) Photolyses of Glass Impregnated with Water Photolysis Catalysts
Continuous irradiation for up to 6 hours of PVG

impregnated with 5.4 x 10'6 moles of T102/gm PVG and

2.3 x 10"6 moles of Pt/gm PVG at 254 nm, 310 nm, and 350

nm, under 20-torr of H,0 vapor did not produce
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quantities of H2 gas detectable by gas chromatography.

8 moles of

Assuming a minimum detectable quantity of 107
H2, and an ability to sample 100% of the gas evolved,
yields a H2 quantum efficiency for 6 hours of photolysis
of <1O'5. No H2 was found for similar photolyses in
the presence of a mixture of 20 torr of H2 and 10 torr
of CO.

Continuous irradiation for up to 6 hours with visible
light of PVG impregnated with 6.0 x 10~7 moles of
Ru(bpy)§+/gm PVG, 3.0 x 10”7 moles of

6 moles of Pt/gm PVG under

Ti0,/gm PVG, and 1.4 x 10~
20 torr of H,0 vapor, and a combination of 20 torr of
H20 and 10 torr of CO did not yield any measureable

quantities of H2 gas either.

(vi) Disproportionation of Ru(bpy)g*ads in Presence of SnO2
In a previous study it was shown that continuous

irradiation of Ru(bpy)%*ads with a 457.9-nm Ar ion

laser beam results in disproportionation of the

146,168  1pe pechanism (see reaction 12)

dication.
involves a biphotonic ionization of Ru(bpy)%*ads

followed by migration of the photoejected electron along the
glass surface to another Ru(bpy)g+ which is then

reduced, Vi~ :his earlier study, it had been established
that, once ionized, the electron is capable of migrating ca.
50 A° in PVG. In an attempt to enhance the conductivity

of the medium, and thus, increase the distance which an

electron can migrate on the glass surface, a thin film of
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Sn02 doped with 1%Sb was deposited onto the PVG surface

by a spray pyrolysis technique.151’152 A UV-VIS

absorption spectrum of a PVG sample coated with such a film
appears in Figure 14, and reﬁeals that the doped SnO2
film is optically transparent ( 22350 nm). The extinction
coefficient near the band edge obeys equation 17, where n =
4 for Sn02181, and the bandgap energy, Eg = 3.5

eV, in good agreement with Eg for a sno2 electrode

in a pH 1 aqueous electrolyte.182

Figure 195 shows the
resistance, obtained with a digital ohmmeter, of the surface
of a Sn02-coated PVG sample as a function of the

distance between the points of contact by the meter
electrodes. In the absence of the SnO2 film, similar
measurements show that the resistance of PVG is infinite
between any two points chosen on the glass surface. The
measurement of a finite resistance ( ~10 M Q@) between points
along the glass surface situated >2 cm apart éstablishes

that the doped SnO, film is indeed conductive.

2

An absorption spectrum of the SnO_-coated glass

2

after impregnation with Ru(bpy appears in Figure

)2+
16 . No new absorption bands attributable to an interaction
between Ru(bpy)%*ads and Sn0, appear in the

spectrum, although the MLCT absorption band maximum of the
adsorbed complex which normally appears at 452 nm, is
slightly blue=shifted by virtue of a long-wavelength tail,

presumably due to scattering by the adsorbed semiconductor

(see Figure 14). Consequently, the spectrum in Figure 16
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Figure 14
Absorption spectrum of a conducting Sn02/1%Sb film

deposited onto a 1.9-gm PVG sample.
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Figure 15
Resistance of a Sn02/1%Sb film deposited onto a 2.0-gm
PVG sample vs. the distance between the contact points

of the ohmmeter electrodes.
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Figure 16

Absorption spectrum of a 1.9~gm PVG sample impregnated

with 3.9 x 10--8 moles Ru(bpy)§+/gm PVG and containing

a codeposited SnOZ/l%Sb film,

101



Absorbance

350
|

400
]

450
g

500

Figure 16

102




is a composite of the individual Ru(bpy)%*ads and
SnO2 absorption spectra, where the former is the
dominant visible=light absorbing species. The emission
spectrum of Ru(bpy)§+ads is also unaltered by the

presence of SnO suggesting that the excited state

27
energy is likewise, unchanged. In the presence of a
codeposited, doped Sn02 film, 457.9-nm laser irradiation
of PVG impregnated with Ru(bpy)%+ results in an
increase in the absorbance at 510 nm, attributable to the
formation of fRu(bpy)z(bpy')J+ (Figures 17 and
18).168’178 At this wavelength, the extinction
coefficient of Ru(bpy)g+ in aqueous solution, 1.1 x
103 M~ lem=', is <10% or 1.2 x 10%
M'1cm'1, the extinction coefficient of
CRu(bPY)z(bpy')]+ in H20.178 Assuming
the relative extinction coefficients in the glass parallel
those in H,0, the light-induced change in absorbance at
510 nm is directly related to the appearance of a Ru(I)
species. Thus, the rate of formation of
[Ru(bpy)z(bpy')]+ is obtained from the initial
slopes of plots of absorbance at 510 nm ys. time. As seen
in Figures 17 and 18, the rate of formation of
[Ru(bpy)2(bpy")]+ depends upon the number of
moles of Ru(bpy)§+/gm PVG.

Increasing the laser intensity accelerates the rate of
growth of‘absorbance at 510 nm. Since both the intensity
dependence and the quantum yield of mu(bpy)z(bpy')]+

are given by,168
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Figure 17

Absorbance at 510 nm vs. photolysis time. PVG samples
contain 3.5 x 10—7 moles Ru(bpy)§+/gm PVG (A)3

4.7 x 10_7 moles Ru(bpy)§+/gm pve (I); and 2.0 x 10_6
moles Ru(bpy)§+/gm PVG, (@), as well as a codeposited
Sn02/IZSb film. All samples are photolyzed at 457.9 nm

with a 170~nmW argon ion laser beam.
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Figure 18

Absorbance at 510 nm vs. photolysis time, PVG samples
contain 4.2 x 10--6 moles Ru(bpy)§+/gm pve (M) ; and

9.8 x 10-6 moles Ru(bpy)§+/gm PVG (@), as well as a
codeposited Sn02/1%Sb film. Both samples are photolyzed

at 457.9 nm with a 140-mW argon ion laser beam.
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log R = log ¢ + nlog I (18)

where R is the initial rate of formation of
hu(bpy)z(bpy')]+, ¢ is the corresponding
gquantum yield, I is the power of the photolyzing beam in mW,
and n is the order of the reaction in light intensity, the
quantum yield of [Ru(bpy)z(bpy')]+ and the
intensity dependence are extracted from plots of -log R vs.
~log I for various impregnation levels.

A second order intensity dependence has already been
obtained for the formation of [Ru(bpy)z(bpy')]+
via the photoinduced disproportionation of Ru(bpy)%*
in PVG.1%#6+168 | irewise, plots of -log R vs. -log I
(Figure 19) for the formation of [Ru(bpy)z(bpy-)]+
in samples containing from 5.0 x 10—7 up to 9.8 x
10"6 moles of Ru(bpy)§+/gm PVG, in the presence
of doped Sn02, display slopes of 2.0#0.5, indicating
that the photoreaction is second order in light intensity.

Listed in Table 5 are the relative quantum yields for
the formation of [Ru(bpy)z(bpy")]+ at various
levels of impregnation of PVG with the dicationic complex.
For comparison, relative quantum yields are listed for
samples both with aﬁd without codeposited doped SnO2
films, As shown in Figure 20, whether or not SnO2 is
present, the quantum yield of [Ru(bpy)z(bpy‘)]+
increases in a similar fashion as the amount of adsorbed
metal complex is inecreased from 5.0 X 107 to 2.7 x

10"6 moles/gn. As the number of moles of complex per
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Figure 19

Plot of -log R vs. -log I for PVG samples containing
1.1 x 10'_6 moles Ru(bpy)§+/gm PVG (@); and 2.0 x 10"6

moles Ru(bpy)§+/gm PvVG (), in addition to a codeposited
SnOz/l%Sb film, where R is the relative rate of formation
of [Ru(bPY)z(bpY—)]f, and I is the laser intensity in mW.

Samples are photolyzed at 457.9-nm.

109



~log R

. 0.2 0‘6

1.0

~log 1

Figure 19

110




a

Table 5 - Relative Quantum Yields of

fru opy) ooy )] ¥

moles Ru(bpy) §+/ gm PVGb ¢ [Iizl(bpy) ) (bpy—)] +
with SnO2 without SnO2

5.0 x 1077 5.0 5.8
1.1 x 1078 11.5 15.4
1.6 x 107° 19.1 -
2.0 x 107° 25,7 36.3
4.2 x 107° 48.9 40.7
9.8 x 1078 22,9 9.5

a) from y-intercept of plot of -log R vs. -log I (see text);

457.9-nm Ar laser excitation.

b) 25~-mm x 25~mm x l1-mm samples.
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Figure 20

Plot of the relative quantum yield of formation of
[Ru(bpy)z(bpy-)]'*' vs. moles of Ru(bpy)§+/gm PVG,
457.9-nm photolysis of PVG samples in presence (@)

and absence () of a conducting Sn02/l%Sb film.
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gram is increased beyond 2.7 X 10'6, however, the

quantum yield of [Ru(bpy)z(bpy')]+ falls,
although the decline is more pronounced in the absénce of
Sn02.

These observations suggest that a photoinduced
disproportionation of the dication, analogous to that
previously reported in PVG, occurs in the presence of an
optically transparent, conducting film of SnO2 doped
with Sb.

(vii) Quantum Yield of Emission from Ru(bpy)§+ads

The luminescence quantum yield of a compound is defined

as the fraction of molecules that emit a photon after direct

183 Since only a fraction of

excitation by the source.
the total number of emitted photons reach the detector in an
emission spectrophotometer, the use of a compound with a
known emission quan%um yield as a standard for photon
counting requires that the geomefries of absorption of
source intensity and emission from the standard match those
of the sample. However, in this study, the sample and
standard, an impregnated glass and a solution, respectively,
are of dissimilar dimensions. In order to meeﬁ the above
réquiremgnt, several approximations are made to prepare
glass samples and solutions of similar absorbance that are
placed in nearly identical positions in the sample
compartment relative to source and detector.

Figure 21 provides a comparison of the relative emission

intensities from 1-mm path length cells containing aqueous
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Figure 21

Relative emission intensities from room temperature,
22+1% pve samples impregnated with Ru(bpy)§+ads q PR
and H,0 solutions of Ru(bpy)§+ (@) vs. Ru(bpy)§+
absorbance at 452 nm, HZO solutions are in a 1l-mm
path length cell. PVG samples and solutions are
excited at 452 nm, and the emission intensities are

monitored at 620 nm, using ll-nm excitation and emission

slit widths.
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solutions of Ru(bpy)g+ to those from
Ru(bpy)§+ads at 620 nm. Listed in Table 6 are the
relative emission intensities and absorbances of the
solution standards and glass samples, and their
concentrations and number of moles/gm PVG of
Ru(bpy)%*, respectively. Since the absorbance of
Ru(bpy)§+ in the glass and in solution obeys Beer's
Law, to facilitate comparisons in the two media, the
emission intensities are plotted as a funection of aﬁsorbance
at 450 nm in Figure 21, rather than concentration (solution)
or moles of Ru(bpy)%*/gm PVG (glass). In solutions
of absorbance <4 the emission intensity increases nearly
linearly with increasing absorbance, but when the absorbance
is >4, essentially all of the exciting light is aborbed
within a very narrow path length, therefore the emission
intensities from the latter group of solutions are
essentially identical. Similarly, a rise in the emission
intensity with increasing absorbance is found for
Ru(bpy)%*ads as the absorbance approaches 4, however
at absorbance >4, the emission intensity declines with
increasing absorbance.

Aqueous solutions of Ru(bpy)%*, when compared to
PVG impregnated with Ru(bpy)g+ having the same
absorbance at}450 nm, display significantly less emission
intensity. At an absorbance of 4, the ratio of the emission
intensity from Ru(bpy)§+ to that from

Ru(bpy)%+ in aqueous solution is 64+43/27+1 or
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Table 6

Relative Emission Intensities from Ru(bpy)§+ in Aqueous

Solution and in Porous Vycor Glass at 22%1°C

I.

HZO Solutiona

Absgorbance, 452 nm

b

0.42
1.0
2.1
3.2
4.0
6.5

12.5

24.5

44.0

>48d

[>T S N = P = P = PO = N =

1I. Porous Vycor Glasse

Absorbance, 452 mm

{Ru(bpy) §+] s M

Relative Emission
Intensity, 620 nm

3.5
8.3
1.8
2.7
3.3
5.4
1.0
2.0
3.7
4.0

L - A T B

10

10~
10~
10~

4
3
3
1073
-3
2
2
2
2

10

10
10~
10~
10

-4

£
moles Ru(bpy)§+/gm PVG

14%1
21%1
22%1
2711
27h1
27+1
2751
2711
2711
27+1

Relative Emissionc
Intensity, 620 nm

1.0
1.7
3.5
3.9
4.2
6.5
48.8

[= PR = P ~ N~ P -

1.6
2.7
5.5
6.1
6.6
1.0
7.6

L T TR T T

10

-7

-7
-7

10
10
10
10

-7
-7

-6

10
10

-6

46

50

6553
6413
6311
60t2
4712

a)
b)
c)

deaerated solutions.

l-mm path length cells,

>\ex = 452 nm; excitation and

118

emission slit widths = 11 mm.



Table 6, continued

d) calculated via absorbance520 mm1{<§ZEZLJmi> or,
€520 m

€
absorbance550 o ¥ 452 nm>’
{esso m

e) degassed samples.

f) 25-mm x 25-mm x 4-mm PVG samples.
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2.4+0.2. A basic assumption in this comparison is that
similar fractions of the total emitted light are detected
when the solution standard and glass sample are placed at
the same distance from and angle with the source and
detector. Then, the ratio of the relative emission
intensities, where most of the exciting light is absorbed in
a narrow region nearest the source, multiplied by a factor
to correct for the differing indices of refraction of

HZO and PVG, gives the ratio of the lumiﬁescence guantum

yields in the two media. Therefore, the quantum yield of

emission from Ru(bpy)§+ads is given by,18u
2
2.u<xG£;§> x 0.042 (19)
1.33

where 1.33 and 1.5 are the refractive indices of

Hyo' 7T and PVG'72, respectively, and 0.042 is

the luminescence quantum yield of Ru(bpy)g+ in

H 0.36 A luminescence quantum yield of 0.12+0.01 is

2
calculated for Ru(bpy)%*ads via equation 19.

B. Spectral and Photophysical Properties of Ru(II) Complexes
with 2-(Phenylazo)pyridine
(i) Resonance Raman Spectra
When excited close to the maximum of the visible
absorption band, the resonance Raman spectra of
Ru(azpy)zLn+ complexes consist of a series of bands

1

in the 200-1650 cm~ ' region. The most intense bands,

however, appear between 950 and 1400 em~', Resonance

Raman spectra of several of the Ru(azpy)aLn+
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complexes within the latter frequency region appear in
Figure 22, along with a spectrum of Ni(azpy)2012,

although the latter is most likely a pre-resonance
spectrum.185 Table 7 lists the frequencies of the four
band showing the most significant resonance enhancement for
the Ru(azpy)an+ series. With the exception of one

1 over the entire

band, the frequencies vary <10 ecm~
series of complexes. Because of this invariance and their
commonality to the entire series of complexes, regardless of
the coligands, these vibrations are assigned to the azpy
ligand. No additional bands attributable to any source
other than solvént apppear in the resonance Raman spectra.
The assignment of all resonance Raman bands awaits a
normal coordinate analysis, however, several qualitative
assignments can be made. In contrast to the 3 bands listed
in Table 7, whose frequencies vary by <10 cm'1, there 1is
one band, typically the most intense in the spectrum, which
varies in frequency from 1337 em™! (L = 2C17) to

1

1392 em~' (L = 2CN~) for the Ru(II) complexes, and

1 for the Ni(II) complex. Since the

appears at 1433 cm™
frequencies of this band correspond to those reported for
the N=N stretch in the IR spectra,?3'9% this band is
assigned to the azo stretching mode in azpy.

1 show significant

Bands near 980, 1205, and 1315 em”
resonance enhancement, with some variations in relative
intensity from spectrum to spectrum. Because of their

intensities, these bands must be associated with bonds
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Figure 22
Raman spectra of azpy,lNi(azpy)ZClz, Ru(azpy)z(CN)z,
and Ru(azpy)z(NOZ)z. Latter two are resonance enhanced,

obtained via laser excitation at 514.5 nm.
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a
Table 7 - Raman Bands for Ru(azpy)an+ Complexes Showing

Greatest Enhancement

coligand (L) phenvyl No. 2 No. 3 N=N
2 CN~ 975 1211 1309 1392
2 No; 974 1215 1313 1378
btz 975,991 1204 1315 1360,1375sh
bpy 976 1201 1317 1364
azpy 966,975 1200 1317 1368,1384sh
en 980 1209 1316 1360
acac 981 1207 1313 1346
2 Br 978 1212 1311 1350
2 NS 977 1216 1309 1338
201, a]° 977 1209 1311 1345
2¢1, 8 ¢ 976 1209 1310 1337

a, frequency in cm—l.
b;alpha isomer.

c. beta isomer.
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contiguous to the N=N bond in the azpy ligand, including the
C-N(pyridine) and N=-C(phenyl) bonds. - Also, the 980

cm'1 band is within the region expected for a phenyl

ring breathing mode.

Despite direct coordination of the ring nitrogen to
Ru(II), vibrations assignable to the pyridyl ring of the
azpy ligand are very weak. In particular, pyridyl
symmetric breathing modes, generally found in the 1000 to

1

1050 em™' region, and typically the most intense in the

resonance Raman spectra of pyridine and polypyridine

110

substituted metal complexes are observed, but are of

‘extremely low relative intensity. Low intensity bands
above 1450 cm'1, assignable to other pyridyl ring modes,
are also present.
(ii) Absorption and Emission Spectra

A1l of the Ru(azpy)zLn+ complexes display
intense visible absorption bands between 498 nm (L = azpy)
and 615 nm (L = 2N§) (see Table 3). Execitation with
the 514,5-nm line from a CW Ar ion laser at room
temperature, 221100, induces near-IR emission from solid
samples of Ru(azpy)ZLn+, where L = azpy, bpy, btz,
en, acac , 2NO_,, 2CN~, and weaker emissions
from room temperature fluid solutions of Ru(azpy)%*,

2+, RU(aZpy)zbtzz*, and

Ru(azpy)szy
Ru(asz)z(CN)z. The unusual asymmetry of the
representative emission spectrum in Figure 23 is the result

of a sharp decline in photomultiplier spectral sensitivity
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Figure 23

Emission spectrum of Ru(azpy)§+ in HZO at room temperature,

22%1%. Excited at 514.5 nm with argon ion laser.
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at 22870 nm. Consequently, all emission spectra truncate
at 870 nm, and for many of the complexes listed in Table 8,
only the short-wavelength limits of the actual emission
maxima are experimentally accessible. For those complexes
which displéy measureable emission maxima, the difference
between the energies of the visible absorption band and the
emission band maximé are relatively constant.

As indicated in Table 8, room temperature solid samples

of [Ru(azpy)3](PF6)2 and mu(azpy)zbtz]
(Cl0,), show two emission maxima. Although the

emission maxima of the btz complex differ from those found
at 77°K,9” the difference is attributed to the

spectral sensitivities of the detectors and the 755 and
822-nm transitions at 77°K correspond, respectively, to

the 776 and 833-nm transitions at room temperature. Maxima
at 784 and 846 nm are observed in the room temperature
emission spectrum of solid samples of ﬁu(azpy)3]

(PF6)2, whereas a single maximum at 764 nm was found

in the low temperaﬁure spectrum, Since the energy
difference between the 784 and 764-nm transitions, 334

em~' is similar to the shift of the higher energy

[Ru(aZpY)zbtil(Clou)z transition, 358 em'1,

the maxima are assigned to the same transition, and the
absence of a second peak in the low temperature spectrum is
attributed to the spectral sensitivity of the detector

rather than a fundamental molecular change.
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Table 8

+
Emission Maxima and Redox Potentials of the Ru(azpy)an Complexes, _

Coligand Emission Maximaa E, Vb
(nm) 1Tl I IT~—1
Azpy 784, 846 (835) - 0.30
Btz 776, 833 (2 870) 2.0 -0.19
Bpy 854 (> 870) - 0.17
(CN)2 2870 - ~0.24
Acac 5,870 | 1.78 -0.14
en 2 870 ' - -0.07
(NOZ)Z 2 870 - ~0.22
(tu)2 - 1.38 ~0.08
(Br)2 - 1.43 ~-0.30
(1\13)2 - 1.2 -0.28
%= (01), - 1.45 -
g-(cv),” - 1.39 -

a., Values in parentheses are emission maxima from room température acetomne
solutions of the complexes.

b. Reduction potentials relative to the standard hydrogen electrode.

c¢. Refer to the o and (3 isomers, respectively,
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When [Ru(azpy)3](PF6)2 is disolved in
acetone, the 784 and 846-nm emissions are replaced by a
single emission with a maximum at 835 nm. When the btz
complex is dissolved in acetone, the 776 and 833-nm
emissions disappear and the spectrum consists only of a
short-wavelength tail of one or more emissions with maxima
at 2870 nm.,

(iii) Emission Quenching

To test conclusions arrived at for the photoredox
properties of *Ru(azpy)§+, namely that the
excited state lies, energetically, below the 3+ and above
the 1+ ground redox states, quenching of
*Ru(azpy)§+ emission by a series of reversible,
one-electron redox couples was investigated. The quenchers
3+

range in oxidation potential from -1.61 V (Ce + & —

Ceu*) to +0.44 Vv (MVT + e'-——%bMV2+), where

Mv2+

denotes the N,N'-dimethyl, 4,4'=-bipyridinium

dication (Table 9). Quenching via energy transfer is
discounted since the excited state energies of all quenchers
exceed that of *Ru(azpy)§+, and, as described

below, the observed quenching is in accord with the
predicted energetics of photoinduced redox reactions.
Comparing the absorption spectra of Ru(azpy)g+ in

the presence and absence of quencher establishes that none

of the quenchers undergo a reaction with ground state

Ru(azpy)%*.
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The quenching data is summarized in Table 9. Quenching
*

of Ru(azpy)g+ emission in aerated room

temperature, 22¢1°C, fluid solution was found for

B+ while Fel*,

Fe3*, Fe(CN){™, and Ce
Fe(CN)g', Ce3+, and MV?* did not quench the
emission. Where quenching occurs, plots of the relative

*Ru(azpy)§+ emission intensity, I /I,
measured at 835 nm, vs. [Q] are linear throughout >90% of
the quenching. The Stern-Volmer constants, KSV’ for
the various quenchers are summarized in Table 9. The
bimolecglar quenching rate constants, kb' listed in
Table 9, are calculated from st = kyt,, where
t, is the luminescent lifetime of
*Ru(azpy)§+ in aerated, room temperature fluid
solution. The'lifetime is calculated from a plot of 1n
Iem vs. time, which, as shown in Figure 24, is linear
throughout >95% of the emitted light and yields a
first-order emission decay rate constant of-2-39:0.12"x
106 sec'1, corresponding to an emission lifetime of
419420 nsec.

There are no net chemical reactions between
*Ru(azpy)§+ and any of the quenchers. The
*Ru(azpy)§+ emission intensity in the presence
of quenchers exhibits no time dependence and absorption
spectra of solutions containing Ru(azpy)§+ and the

quenchers, recorded before and after quenching experiments,

are identical.
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Table 9

Stern~Volmer Constants and Bimolecular Rate Counstants for Quenching of
2+
Ru(azpy)3 in Aqueous Solution and the Standard Potentials for Oxidation

or Reduction of the Quenchers,

Quencher KSV kba v E®
™ M lsec™ly v
w2t 10 . -0.44
Fel T 1.5 % 10" 3.6 x 10%0 -0.77
Fe3t 10 - +0.77
Fe (GN)} ™ 7.4 % 10° 1.8 x 10°° -0.36
Fe.(CN)2 " 10 - ' +0.36 -
ce t 10 - -1.61
ce*t 1.5 x 103 3.6 x 10° £1.61

a, Calculated according to Kgy = kbto where t, = 418 nsec.

b. from ref 174, appendix I.
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Figure 24

Plot of 1ln I, Vs. time for Ru(azpy)§+ in aerated,

aqueous solution at room temperature, 22%1%,
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IV. Discussion

A. Photophysical and Photoredox Properties of Ru(bpy)g*ads
(i) Characterization of Ru(bpy)%*ads and the Nature of

the Binding Interaction with PVG

Silica surfaces are of practical importance as cation
exchange materials in a wide number of

186-188 The high surface area of most

applications.
_powdered silicas accounts for their use as highly effective
adsorbents. Unfortunately, transmission spectroscopic
studies of silica are hindered by the large degree of light
scattering by the powder surface.

As an alternative to powdered silica, Corning code 793b
porous Vycor glass has been extensively utilized in studies
of physical adsorption and surface activity since, in
addition to a having a high surface area (~ 200
mgg'1), it features transparency to visible and IR

189 The porous glass used in these studies

radiation.
consists of a matrix of interconnected cavities or pores of
diameter T0+21 A°, and has an average surface area of

130 ng-1.138 Pores are formed by acid leaching

of a conventional borosilicate glass and, neglecting

H20, the finished product is comprised of 969% SiOZ,

3% B203, and 1% as various metal oxides, e.g.

189
Nazo, A1203.
composition, porous Vycor glass is closely related to silica

,190,191

Thus, in terms of chemical

gel although the former has a higher B/Si ratio
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(1:3) on the surface than in the bulk (1:18),192 leading

to the presence of a larger number of Lewls acid-type sites
per gram of active surface area in porous glass than in
commercial silica gel. In addition to Lewis acid sites on
the porous Vycor surface, there are Bronsted sites, present
predominately in the form of SiOH and hydrogen-bonded
H20,193'195 which are activated by proton

dissociation from hydroxyl groups.187

H20.203-205

the surrounding aqueous medium, and the development of a

As indicated by the decrease in pH of

negative zeta potential when powdered PVG is dispersed in

4y
H,0,]

acidic. A number of workers have noted the acidity of
196,197

the surface hydroxyl groups are relatively

porous silicas in the presence of metal ions,
Ahrland and coworkers, for example,’  have shown that for each
equivalent of metal ion adsorbed, one equivalent of *
is evolved from the silica into the aqueous phase.143
The binding of Ru(bpy)§+ to the PVG surface is also
consistent with a mechanism involving cation exchange with
acidic hydroxyl groups. Figure 25 shows that the complex
ion is adsorbed without concurrent. adsorption of the C1~
counterion.

The similarity in the absorption, emission, and
resonance Raman spectra, (Figures 8 and 9) as well as the
luminescence lifetime of_the adsorbed complex to that of

Ru(bpy)§+ in aqueous or alcoholic solution

establishes that the chemical integrity of the complex is
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Figure 25
The mole fraction, fa’ of Ru(bpy)§+ and Cl  adsorbed
to PVG vs. the time a 1.25-gm piece of glass remains

in 25 ml of a 1.03 x 10'-4 M aqueous solution of Ru(bpy)§+
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retained on adsorption to PVG, and also suggests that the
glass is an environment similar to a hydroxylic solvent.
The PVG surface is, in fact, extensively hydrated at room
temperature, and elevated temperature is required for
complete dehydration. Thermal gravimetric analysis of PVG
demonstrates that H20 is continuously being evolved at
temperatures ranging from 100° to 600°c, 198

Furthermore, bands assignable to chemisorbed H20 remain
present in the IR spectra of PVG until temperatures nearing
the consolidation temperature of the glass (700°C) are
attained.193’199 Thus, even after removal of bulk

water by pumping following the adsorption of

Ru(bpy)§+ from aqueous solution, the glass still

contains a considerable amount of chemisorbed, i.e.,

hydrogen-bonded H_O,

2
The above comparison is not intended to imply the
absence of any interaction between the adsorbed complex and
the glass, nor to suggest the equivalence of the glass to a
hydroxylic solvent, but rather to draw an analogy between
the two environments through spectral and photophysical
similarities. The absence of macroscopic diffusion by

Ru(bpy

)§+ once bound to the support, and the

_necessity of an electrolyte in order to displace the complex

from the glass1uu

suggests that adsorption to a site
involves a significant degree of interaction. Although the
picture of the binding site is complicated by the presence

of acidic hydroxyl groups of several types, the nature of
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the binding interaction is apparently electrostatic.
Adsorption involving covalent interaction between

Ru(bpy and Lewis acid sites, which would probably

)3t
require dissociation of a Ru-N bond, is discounted by the
absence of any detectable changes in the UV-VIS and
resonance Raman spectra of the complex upon adsorption from
agueous solution. Instead, the exclusive adsorption of the
cation and the weak acid character of the glass point to
ionic bonding to an anionic silanol site which, to maintain
electrical neutrality, must be composed of 2 SiQ~
groups.
(ii) Distribution of Ru(bpy)§+ads on PVG

Essential to any rationalization of the photobehévior of
Ru(bpy)g+ in porous Vycor is some knowledge of its
distribution on the glass. The distribution of the
adsorbed complex will be governed by the availibility of
sites on the support. The gross number of silanol sites on
PVG could, in principle, be limited to a number of active
sites for adsorption of Ru(bpy)§+ by the cavity size
and geometry. However, under the conditions of these
experiments where the amount of complex adsorbed does not
exceed 10"5 moles of Ru(bpy)§+/gm PVG, size of
the cavities will not limit capacity. Since the number of
cavities per gram PVG is 1.2+0.3 x 1018,146 even at
the maximum level of impregnation of samples used in these

experiments, there are an average of 6 molecules/cavity.

The molecular radius of Ru(bpy)§+, taken as T.4
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A°, is ca. 10% of the mean cavity radius, 70 A%, and
assuming spherical molecules and cavities, a molecule of
Ru(bpy)%* occupies ca. 0.1% of the available cavity
volume.

Electrostatics are undoubtedly important in determining
the distribution of the adsorbed complex. Tbe vast amount
of cavity volume available to Ru(bpy)%* suggests.
that the distribution on the glass is not affected by the
cavity dimensions nor by electrostatic repulsion between
dipositive ions. If that is the case, then electrostatic

interaction between Ru(bpy and anionic sites on

)2*
the glass dictates the adsorption process, and the
distribution of the adsorbed complex refiects the
distribution of binding sites within the glass. Although
the latter are randomly distributed throughout the

glass,200’201

the distribution of Ru(bpy)§+ is

uniform on the surface, but not through the 4-mm thickness
of the glass (Fig. 10). The complex does not penetrate
beyond a depth of ca. 0.2 mm, however this may not be an
actual penetration as much as a reflection of the deviation
from planarity in the glass surface. The latter is a
likely explanation in that the glass has a wavy surface and,
when viewed through a microscope, the appearance of a series
of concentric irregular circles suggests that the pore
openings may have a funnel-like shape. The surface

irregularities may be pore openings which, being

funnel-1like, would have a higher density of sites - and
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therefore be more conducive to binding a dication -~ within,

than on the outer surface.

(iii) Luminescence Quantum Yield of Ru(bpy)%*ads in PVG
Despite a great many similarities between the spectral

and photophysical properties of Ru(bpy on the

)2t
glass and in aqueous media, there is a noticeable difference
in the luminescence quantum yield in the two media. The
gquantum yield in water 1is 0.04236, while that in PVG is
0.12. Although several assumptions were made in order to
obtain the luminescence quantum yield in PVG, the calculated
value of 0.12 is reasonable, A very similar value was
reported for the luminescence yield in hectorite by Van
Damme and coworkers.135 The latter found that the
luminescence intensity of Ru(bpy)§+ in a dry

hectorite clay membrane increases by a factor of 2-3 when
the clay is progressively saturated with H20.

Saturating PVG impregnated with Ru(bpy)g+ with

HZO results in a >10-fold increase in emission

intensity. The increase in emission intensity in
water-saturated hectorite is attributed to the formation of
a covalently hydrated Ru(II) complex. As noted above, PVG
is extensively hydrated at room temperature, even after
evacuation, suggesting that adsorbed Hzo may‘contribute

to the higher emission yield in the glass than in aqueous
solution, as well as the observed increase in the emission

intensity when the glass is saturated with H20.
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The formation of a covalently hydrated species in
hectorite is accompanied by a T-nm red shift in the
Ru(bpy)g+ MLCT absorption maximum. Likewise, as
to 7T-nm red shift in the MLCT absorption maximum occurs on
saturation with H20 of a PVG sample impregnated with
Ru(bpy)§+ (Figure 26). Although an unambiguous
identification of the covalently hydrated species was not
presented, Van Damme and coworkers did propose several
possibilites. A Ru(II) complex with a ligand having the
following-structure is reasonable and would account for the
spectral and emission intensity changes when the amount of
water 1s changed on the surface if it undergoes an acid-base

equilibrium,

The following alternative structure could account for an
increase in emission intensity since the rings are not

coplanar,

Unfortunately, spectral evidence for the formation of a

#
complex having the above structure, i.e. the 7 - 1
absorption band, could not be obtained since the glass is

opaque in the UV. However, the spectral changes in the
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Figure 26

2+ -7
Absorption spectra of Ru(bpy)3 ads (2.0 x 10 moles/gm
PVG), evacuated overnight (—), and after saturation of

the glass with H20 (===).
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Figure 26

145



visible region suggest that HZO in some "unspecifiable
manner interacts with the adsorbed complex.
Another dissimilarity between the emission behavior of

ads and that in fluid media, is the decline

Ru(bpy>§+

in emission intensity as the amount of luminescent complex
present on the glass is incereased beyond gca. 6.5 x 10'7
moles/gm PVG. Figure 21 demonstrates this effect with a
comparison to the emission intensity from the complex in
aqueous solutions of varying concentration. The x~axis is
in absorbance units rather than moles/gm and M, for
convenience in comparing the emission inténsities in PVG and
water, respectively. Although a similar trend is observed
in the two media when the absorbance is <4, there is
significant difference at higher absorbance values. While
the emission intensity from aqueous solutions remains
essentially constant in the latter group of solutions, that
from glass samples falls as more complex is adsorbed to the
glass.

This observation is not the result of a triplet-triplet
annihilation. Doubling the excitation slit width resulted
in a similar gain in the emitted light in both soiutions and
glass samples. Concentration quenching, which has been
reported for Ru(bpy)g+ in cellulose under similar
conditions of high concentration and low excitation

intensity,1u7

could account for the decline in emission
intensity in PVG at higher impregnation levels.

*
(iv) Quenching of the Ru(bpy)%*ads Luminescence by Gases
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One of the purposes for adsorbing Ru(bpy)g+ to
porous Vycor is to explore luminescence quenching of the
adsorbed complex by gases. In these experiments, a major
goal was the initiation of a photoinduced redox reaction
between Ru(bpy)g+ and one of the gases, particularly
302. Although there was no .net photochemistry, the
gases S0 0

and N,O quench the luminescence

2! Y27 2
of the adsorbed complex. Since the quenching reactions are
reversible, a mechanistic distinction between energy
transfer and electron transfer can only be based upon the
energetic feasibility of each process. Such a distinction
is possible with N20 and 802, but not with 02.

Previous studies of the quenching of *Ru(bpy)g+
by 02 and the resulting chemistry in fluid solution have
led to different conclusions regarding mechanism. Demas

82

and coworkers propose an energy transfer mechanism

162 propose an electron

5_176

while Srinivasan and coworkers
transfer mechanism. PVG has a surface pH of i-

Assuming that adsorption does not radically change the

202

O2 excited singlet state energies and the

reduction potential of adsorbed 02 is equivalent to that

-0.63v,203,204 . Sipitar

in pH 4-5 aqueous solution,
ambiguity exists with the adsorbed species and prevents a
mechanistic distinction.

Recent calculatiéns indicate that the excited states of
N,0 lie at energies 25.4eV above the ground

205

state, although a very weak absorption in the

147



spectrum of N20 has been reported at H.OSeV.206

Assuming, in view of the low extinction coefficient, that
the 4.05eV absorption positions the lowest triplet excited
state, energy transfer from *Ru(bpy)g* to N20 is
endergonic by 22.0eV. Similar arguments lead to the same
conclpsion regarding quenching by 802, where the lowest

lying triplet state is 3.20 eV above the ground

207

state. Consequently, quenching of

#
RU(bpy)§+ads by. N,0 and SO, must

2

proceed by an electron transfer mechanism.
In aqueous solution 802 is a reductant with an

oxidation potential which increases with increasing

208

basicity. Extrapolating this behavior to 802

adsorbed onto PVG suggests reductive quenching,

2+ h -1+ +
Ru(bpy)3 ads + SO ads-Jh‘hu(bpy)z(bpy )] Tads + S0, ads.

Ken (20)

hu(bPY)z(bpy-)]+ and SOE represent the

¥
reduced complex with an electron in the bipyridine «

2

orbital and the oxidized quencher, respectively. Previous
experiments in this laboratory show that
Bu(bpy)z(bpy')]+ has an unusually long lifetime

when adsorbed onto PVG,M6

but spectra recorded before
and after these quenching experiments do not indicate a net
formation of the reduced complex. This suggests, as
indicated in reaction 20, that a thermal back reaction
complements the quenching reaction.

In contrast to SOZ’ the use of N20 as an

electron scavenger and its mild oxidizing properties toward
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low=-valent transition metal complexes164

suggests
oxidative quenching, -

Ru(bpy)3 ads + N_.Oads —————a'Ru(bpy)3 + N,07ads. (21)

2 %

th

Similar to the results with 802, the absence of a
spectral change indicative of Ru(bpy)g+ suggests a
complementary thermal reverse reaction which is competitive
with the decomposition of NZO'.209

Although N20 and 802 quench by electron transfer
processes, the formation of the donor-guencher pair proceeds
by different pathways. With Nzo, the equivalence of
intensity and lifetime quenching suggest a collisional
process whereas the dominance of intensity quenching by
802 and 02 implies formation of a donor-quencher
pair prior to excitation. The physical arrangement of
donor and quencher in these experiments =- *Ru(bpy)%*
is adsorbed onto the support while the quencher is in
equilibrium between the vapor and adsorbed phases - suggests
that dynamic quenching can be due to either the flux of
gaseous molecules onto the surface or adsorbed N20
molecules which, through long range interactions or
migration, quench the adsorbed complex.
| A number of observations, although individually not
conclusive, collectively support dynamic quenching by
NZO molecules adsorbed onto the surface rather than

gaseous N_O molecules impinging on the surface. The

2

flux of N20 molecules onto the surface per second per

em? is P/(Zﬂka)1/2,21O where P is the gas
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pressure and m, k, and T are, respectively, the molecular
mass, Boltzman constant, and temperature which in these
experiments is 295°K. Letting P = 0.1 atm and

substituting the other appropriate values yields a flux of

5.1 X 10'2 moles N20/sec-cm2. However, this

represents the flux onto a principally vacant surface since
the fractidnal surface coverage due to Ru(bpy)g+ is

£0.01. Therefore, assuming a

*Ru(bPY)§+adS-N20ads collision is necessary for

quenching, the rate of quenching by NZO molecules

impinging on the surface is <5.1 x 10‘4

moles/see-cmz. This rate of quenching by impinging

NZO molecules is also equal to

kb(mNZO) (m*Ru(bpy)§+ads) where

kb is the bimolecular quenching rate constant and

mN2O and m*Ru(bpy)§+ads are the moles of

gaseous N,0 and *Ru(bpy)%*ads, respectively.

Since ca. 1 cm2 of the impregnated sample is exposed to

the exciting light, an upper limit of

m*Ru(bpy)?*ads is the moles of

2

Ru(bpy)%*ads per cm“ of PVG or 5.71 x 10-8

moles/cmz. Taking this value, Dy o = 6.6 x
. 2 )
10"4 moles (P = 0.1=-atm), and a rate of 5.1 x 10’4

moles/sec-cmZ, the above equality yields a bimolecular

1sec'1.

rate constant of 1.4 x 107 moles”™
Comparing the calculated value with the experimental value,

kb = .7 x 109moles"1sec'1 (Table 4),
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suggests the rate at which NZO molecules impinge upon
the surface is not sufficient to account for the observed
gquenching rate constant. Furthermore, since the number of
collisions with the surface, P/(2wka)1/2, increases
linearly with increasing pressure, dynamic quenching due to
the flux of gaseous N,0 molecules onto the surface would
exhibit a linear pressure dependence. Yet, as shown in
Figure 12a, quenching is a function of mads and the
latter is not a linear function of pressure. In addition,
quenching is not a reproducible fﬁnction of pressure, but
rather a reproducible function of the moles of N20
adsorbed per gram by the different samples of impregnated
PVG. These observations lead to the conclusion that dynamic
quenching of *Ru(bpy)%*ads involves principally
NZO molecules which are themselves adsorbed to PVG.

Dynamic quenching by coadsorbed molecules, as noted in a

recent report by Thornton and Laur-ence,130

implies

either long range idteractions or migration of the adsorbed
species on the surface,. Since N20ads quenches by an
electron transfer mechanism, a long range interaction
implies long range electron transfer where the driving force
for the transfer arises from the photoinduced
*Ru(bpY)§+adS-N20ads redox couple. Recent

experiments have examined the relationship between driving
force and electron transfer distance. In the thermal back

reaction between Ru(bpy)g+ and homologues of methyl

viologen, which have driving forces of 0.1 to 0.6eV, Guarr
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and McLendon find that the mean separation between the
reactants ranges from a contact distance to 10 A® in
glycerol at 0°C.211 Experiments in this laboratory
indiéate that in the thermal back reaction between
photogenerated Ru(bpy)g+ads and
@u(bpy)z(bpy')]+, which has a driving force of
2.5eV, the mean separation between reacting molecules is <20
A°.1u6 Although the one electron reduction
potential of N20 is not known, N20 is a mild oxidant
and the driving force for oxidative quenching by NZO’
reaction 21, must be 26.84 eV. Since Ru(bpy)%* is a
significantly stronger oxidant than Nzo and
[Ru(bpy)z(bpy'.)]+ is a stronger reductant than
*Ru(bpy)é*, a conservative upper limit of the
*Ru(bPY)§+adS-N20ads driving force is £2.5 eV.
Consequently, the above correlations between driving force
and electron transfer distance seem to suggest that that
driving force for oxidative quenching by Nzo, 0.84 ev
<AE < 2.5eV, is not sufficient for long range electron
transfer.

Since the rates of adsorption and desorption indicate
that N20 is weakly adsorbed, a more likely explanation
for dynamic quenching is that NZOads migrates amongst
many sites some of which are close enough to
*Ru(bpy)§+ for quenching to occur. The measured
rate constant (Table 4), which is the product of the surface

diffusion rate and the quenching efficiency, indicates that
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the rate of diffusion of N,0ads on PVG is 4.7 x 107

moles'1sec'1. Surface migration of species

physisorbed onto porous supports has been noted by

212 213

Beeck and others. However, since the maximum

fraction quenched by N20, Table 4, is always less than

unity, not all Ru(bpy)§+ is accessible to
NZOads. In the quenching of a silica supported Mo
214

species, Iwasawa and Ogasawara report similar results
and suggest that the region of the Stern-Volmer plot with
zero slope corresponds to adsorbed species which for some
unspecified reason is unable to interact with the adsorbed
gas. . Regardless of whether 0.2 mm represents the actual
penetration of Ru(bpy)g+ into interior cavities or

the degree of deviation from planarity of the PVG surface,
the inability of the adsorbed gas to completely quench the

emission suggests that not all Ru(bpy ads is

)5
equally accessible as would be the case on a uniform flat
surface. The implication is that N20ads migration is
not throughout the entire pore volume, but is restricted to
the outer surfaces of PVG and can only quench
*Ru(bpy)%* on the outer surfaces.

802 and 02 are more strongly adsorbed and the
extent of quenching, f__.  in Table 4, parallels the
adsorption coefficients of the gases. The larger fraction
quenched indicates that, when adsorbed onto PVG, the

distribution of 802 and 0, more closely resemebles

that of the complex than in the case of Nzo, and like
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R“(bPY)§+, both SO, and 0, are capable of
binding to sites within the cavities or pore openings of
PVG. Despite apparently having much better access to
*Ru(bpy)?*, SO, and 0, exhibit a similar
limit for dynamic quenching as N20, j.e., the maxima for
to/t for the 3 gases (Fig. 12a-c) are nearly the same.
This suggests that, in agreement with the above conclusion
for quenching by Nzoads, dynamic quenching by 302
and 0, is limited primarily to *Ru(bpy)5*
located in the outermost pore structure. This could be the
situation if the pores are, indeed, funnel-like and thus,
becoming narrower towards the interior of the glass, hinder
diffusion by the gaées into this region of the support.

The greater accessibility of O2 and 502 is
reflected primarily in the predominance of static quenching
by these gases, illustrated in Figures 12b and 12c. Static
quenching, which was absent in quenching by Nzo, can
involve the formation of a‘precursor complex between the

153b, 154 however adsorption of

donor and quencher,
SO2 and 0, is independent of whether the PVG

contains Ru(bpy)§+ads. Furthermore, the absorption
spectrum pf the adsorbed complex is unaffected by the
presence of these gases. Rather, adsorption of these gases
appears to be a random process in which some of the gas
molecules are adsorbed to sites sufficiently close to

ads for static quenching to occur. Being

Ru(bpy)g*

random, quenching is analogous to static quenching observed
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in frozen homogeneous solution and thus, is amenable to a
similar analysis, although coneentfations are now expressed
as moles adsorbed/gm of adsorbent. The general expression
for simultaneous static and dynamic quenehing215 is

Io/I = (1 + KSV(Q))EXP(k'(Q)). (22)
Io and I are the steady state emission intensities in

the absence and presence of the gas, respectively, KSv
is the Stern-Volmer constant for dynamic quenching, k' is
the constant for static quenching, and Q represents the
moles of gas adsorbed/gm PVG. Substitution of to/t for
the dynamic component, 1 + KSV(Q), yields

1n(I_/I)(t /t)"" = k'(Q) (23)
and, as shown by Figures 2T7a and 2Tb, the data are in accord
with the equation. Evaluated from the initial slope, k' is
equal to AN, where A is an active quenching area represented
by a, cirele of radius r containing an adsorbed guencher
molecule at the center, and N is Avogadro's number. With a
molecule of Ru(bpy)§+ads at a distance less than r
away from a coadsorbed quencher molecule (center to center
distance), quenching occurs with unit probability.216
By the same token, if no Ru(bpy)g+ molecule is
within the active quenching area of a particular quencher
molecule, quenching will not occur. Sometimes referred to
as the quenching radius, r provides an estimate of the
donor-quencher interaction distance, and is related to the
slope, k', by

r = (k'/f aN)1/2 (24)
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Figure 27

Static quenching of Ru(bpy)§+ads by (a) SO, and (b) O

2 2

(see text).
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where f is the fraction of the total surface area accessible

to the quenching gas. Since the extent of penetration of

S0, and 0, into PVG is unknown and therefore f is
unknown, the specific values of r corresponding to each gas
are not accessible. "However, limits of r can be calculated
by assuming two possible uniform distributions for the
adsorbed gas. The upper limit, f = 1, is obtained by
assuming that 502 and Oé diffuse throughout the pore
volume, and therefore adsorb over the entire surface area of
PVG, 130 m%/gm. Since SO, and 0, quench 8911%
and 70i1% of the adsorbed complex, respectively, the lower
limit of surface area to which the gas is adsorbed is taken
as the surface area within that volume of PVG impregnated
with Ru(bpy)%*ads. Ru(bpy)g+ is uniformly
distributed on the outer surface 6f PVG. Assuming that
0.2 mm represents the depth of penetration of the complex
into the glass, 28% of the total sample volume contains
Ru(bpy)%*ads, and therefore, the lower limit of f is
taken as 0.28. Using these limits for f, the slopes of
Figures 27a and 27b yield 11+1 A°<r<17+2 A° and 27+2
A°<r<u2+4 A® for quenching distances for 0, and
802, respectively.

Although the data gathered in these experiments do not
specify whether quenching by O2 involves energy or
electron transfer, considering the difference in media, the
estimated range for r is in good agreement with previous

measurements of the energy transfer quenching radius of
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02. In the quenching of the naphthalene triplet state

by 02 in a 3-methylpentane glass at 77°k, Siegel and
Judeikis find a quenching radius of 10.5 A°.217

Bowen and Metcalf report that in the quenching of anthracene
fluorescence by 02 in paraffin solvents of differing
viscosity the 02 quenching radius is 20 A°.218
The range of r obtained in these experiments for quenching
by 02 is reasonable in view of these past results and
lends some credence to the estimate of the distribution of
the adsorbed gas, but the range of r calculated for 802
under the same approximations, particularly the upper limit,
is exceptionally large. However, the rapid rate of
adsorption of SO, suggests that the gas does not diffuse
into the interior cavities of PVG and this perhaps discounts
the upper limit. On the other hand, 802 does quench

ca. 90% of the adsorbed complex. Assuming a random
distribution ~ no evidence is available to suggest otherwise
- 90% quenching implies a distribution of 802 similar to
that of the adsorbed complex. Since 302 quenches
Ru(bpy)§+ads by an electron transfer mechanisnm,

random distribution within the volume of PVG impregnated
with the complex implies an electron transfer distance of
27+2A°. Although still quite large, the distance is
surprisingly similar to the electron transfer distances of
ca. 25 A° reported by Miller, Hartman, and Abrash for

the quenching of N,N,N',N'-tetramethyl-p-phenylenediamine by
phthalic anhydride in a 2-methyltetrahydrofuran glass at

770K-219
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(v) Photoinduced Disproportionation of Ru(bpy)§+ads in the
Presence of sno2
The data obtained from these quenching experiments
suggest the feasibility of long ranée electron transfer
between molecules bound to porous Vycor. However, despite
implications that the reactants may be separated by 25
A° or more, the photoinduced redox reactions between
Ru(bpy)%*ads and the coadsorbed gases are all
reversible. Circumventing thermally activated electron
transfer can be accomplished by spatial separation of the
reactants and is one of the main objectives in binding
Ru(bpy)%* to a solid support. Under ideal
conditions, the reactants are close enough for
photoinitiated electron transfer and at the same time far
enough apart so that the thermal back transfer of an
electron does not occur. In reality, the optimum distance
between reactants will be some compromise between these two
limiting distances.
Previous experiments were instrumental in establishing
the relationship between the distribution of a particular
reagent, Ru(bpy)§+, on the glass, and its

photobehavior, | #4=146,168

Furthermore, these studies
demonstrated that the photoredox chemistry, per se, is not
radically altered in the new environment. However, the
properties of the support can be exploited towards the

control of various aspects of photoinduced redox reaction

dynamics.
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The solvated glectron, ea;, has been observed
via flash photolysis and pulse radiolysis of aqueous
solutions of Ru(bpy)%*, and is formed by a
biphotonic ionization of the 1atter.96 This species
has been implicated as the reducing agent in the
photoinduced disproportionation of Ru(bpy)?* in
fluid solution. However, the photoproducts,
[Ru(bpy)z(bpy')]+ and Ru(bpy)§+, are
transitory due to a diffusion-controlled thermal electron
tranéfer reaction to regenerate the dicationic complex.
The photoinduced disproportionation of the dication in
PVG proceeds via a mechanism analogous to that in fluid
solution, although the lifetime of photogenerated
[Ru(bpy)z(bpy')]+ in PVG is >36 hours, in marked
contrast to the lifetime of 2.0+0.6 msec reported for this

species in fluid solution.96

The unusual stability of

the photoproducts is apparently the result of electrostatic
binding to the glass, thereby elimingting collisions which
would necessarily result in a thermally activated
back~-reaction since the driving force for that process is
ca. 2.5 V.

The involvement of ead;’ the equivalent in the
glass of the solvated electron in solution, in the
disproportionation mechanism was established via its direct
detection in a flash photolysis experiment, and by the

addition of e~ scavengers which inhibit the formation of

[Ru(bpy)z(bpy")]"'.“‘6 With knowledge of the
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distribution of the adsorbed complex, it was determined that
the maximum quantum yield of [Ru(bpy)z(bpy')]+
is obtained when the dicationic complexes are separated by a
mean distance of 50 A°, Since the adsorbed complex
cannot diffuse within the glass matrix, the implication is
that e ,° must migrate 50 A° on the glass
surface to account for the observed reduction of
Ru(bpy)5*.

In the presence of an optically transparent, conducting,
Sn02 film doped with 1%Sb, the formation of
[Ru(bpy)z(bpy')]+ is second order in light
;ntensity. Furthermore, the photoproduct has a lifetime of
236 hr. The similarity of these observations to those
which were made previously, in the absence of Sn02,
suggests that the dispropértionation mechanism is not
changed by the presence of Sn02.

More important is the influence exerted by the
semiconductor upon electron migration on the glass surface,
A bandgap of 3.5 eV, similar to the bandgap of SnO2 in a

182

pH 1 aqueous electrolyte, is calculated from the

absorption spectrum for Sn0, on PVG. Although the flat

. band potential of a semiconductor, and hence, the degree of
band bending in the conduction band depends upon the

pH,220 which for the glass is 4-5, it does not appear

that the SnO2 band structure is radically different on

the glass from what it is in a solution at pH 1. Electron

injection from the LMCT excited state of Ru(bpy)%+
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into the conduction band of SnO2 at pH 1 is favorable by
ca. 0.7 V on the NHE scale.128 Assuming no radical
differences in the band structure of the adsorbed
semiconductor from that in solution, electron injection
where the sensitizer has absorbed two photons, into the
conduction band of adsorbed SnO2 seems thermodynamically
feasible.

If the photoionized electron is injected into the
SnO2 conduction band, then its ability to migrate on the
glass surface should be enhanced in the presence of a
conductive SnO2 film. A longer migration distance
should be reflected by an increase in the quantum yield of
[Ru(bpy)z(bpy")]+ when the mean separation
between the adsorbed complex ions is >50 A®, However,

there is no evidence of this nature for the ability of

ead; to migrate further in the presence of Sn02.
As shown in Figure 20, the maximum quantum yield of
[Ru(bpy)z(bpy')]+ is not shifted to lower

Ru(bpy)g+ impregnation levels by Sn0,.

Furthermore, the quantum yields at loading levels of <2.7 x

10~0

moles/gm PVG are uninfluenced by the semiconductor.
On the other hand, the presence of SnO2 does result in
an increése in the quantum yield of [Ru(bpy)z(bpy")]+

if the glass contains 2.7 x 10”8 moles/gm of the
dicationic complex.

The absence of any observable evidence for the increased

conductivity of the glass due to SnO2 in the form of a
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change in the quantum yield of [Ru(bpy)z(bpy")]+

until the amount of sensitizer reaches a certain level may
be rationalized in terms of what has been reported by
investigators of charge transport phenomena in derivatized
SnOé electrodes. For example, Ghosh and Spiro found

that ca. 1000 layers of Ru(bpy)%*, covalently bound

to a Sn0, electrode, are necessary for a 2-fold
enhancement of anodic photocurrent over that for SnO2 in
contact with an aqueous solution of

Ru(bpy)§+.221 This suggests that intimate

contact between the sensitizer and electrode may be
necessary in order for electron injection to take place.
very recent report by Ghosh and Bar'd222 supports this
argument. The authors observed electroactivity for
Ru(bpy)‘g+ suspended in a clay film adhering to a

SnO2 electrode where 50-100 layers of the electroactive
species are present. In addition, Gratzel and coworkers
verified that the photocatalytic cleavage of Hzo oh
platinized, colloidal T102 with visible light proceeds
only when the sensitizer can adhere strongly to the
semiconductor particle.169

These observations suggest that in PVG, contact between

Sn0, deposited as a film on the outer surface of the

glass and Ru(bpy)g*, which, to some extent, may be
impregnated within cavities could be a requirement for

electron injection from an excited state of

Ru(bpY)§+ads into the Sn0, conduction band.
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Quite possibly, this prerequisite is not satisfied until
there is a sufficient amount of Ru(bpy)?* adéorbed

to the glass. As the amount of Ru(bpy)%*ads is

increased, the number of Ru(bpy)§+ molecules that

are, in effect, adhering to the SnO2 film might be

expected to increase. At higher impregnation levels there
is also expected to be a change in the distribution of
excited states on the glass. Distribution studies suggest
that Ru(bpy)%+ penetrates 0.2 mm into the glass,

regardless of the level of impregnation, and is uniformly
distributed throughout the outer pore volume. Thus, in a
dilute glass, some light is absorbed by Ru(bpy)§+,

that is well below the outermost surface. However, as the
glass is made more concentrated, larger fractions of the
total amount of light absorbed is.by molecules that are
situated closer to the outermost surface. In the latter
case, a non-homogeneous distribution of excited skates,
where the maximum density is located primarily on the
outermost surface, is produced by optical excitation. When
there are 3 x 10"6 moles of Ru(bpy)§+/gm PVG,

the absorbance at 457.9-nm, the laser excitation wavelength,
is ¢ca. 10. Since beyond this impregnation level most of the
source photons are absorbed within a very narrow path, there
is a greater probability for biphotonic absorption near the
outermost surface, where the conducting SnO2 film is
situated, than within the cavities of the glass. Thus, at

higher impregnation levels charge injection is more
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favorable if sensitizer~semiconductor contact is a

requirement for the latter.

(vi) Water Photo;ysis with Platinized TiO2 Adsorbed to PVG
The success of microheterogeneous systems in catalysis

of multielectron transfer processes lies not only in the

high surface area of the support but also in the capability

for organization of the catalysts into a very limited region

111,169

of space. Platinized colloidal particles of

TiOZ, ca. 200 A in diameter, are catalytically
active in the photoreduction of H20 to
H2.122’223’22u The Pt catalyst is adsorbed
directly onto the semiconductor particle, behaving as if it
were a microelectrode short-circuited to the latter.
Therefore, efficient channeling of TiO2 conduction band
electrons to sites on Pt where H20 reduction can take
place occurs, presumably owing to intimate contact between
the semiconductor and catalyst.

No evolution of H2 was found when a PVG sample
impregnated with TiO2 and Pt was irradiated with UV
light of energy 23.5 eV, Eg for TiO,. Since the
adsorbed species are dispersed on the PVG support, there may
not have been sufficient contact between TiO2 and Pt for
efficient multielectron channeling from the TiO2
conduction band to Pt, at least at the loading levels of

semiconductor and catalyst employed, 5.4 x 10"6 and 2.3

X 10'6 moles/gm, respectively.
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H2 was not formgd even when Ru(bpy)§+, added
as a sensitizer, was irradiated with wvisible light. It was
not possible to measure the anodic photocurrent from
Ti0, on irradiation of coadsorbed Ru(bpy)%*.
Thus, one speculation is that the energetics for electron
injection from the latter into the Ti02‘conduction band
may not be favorable in the glass.: In the spectral
sensitization of TiO2 electrodes by Ru(bpy)§+ in
aqueous media, poorer overlap of the sensitizer excited
state energy levels with the unoccupied levels in the
TiO, conduction band occurs as the pH of the medium

2
increases from 1 towards more basic pH.128

This effect
arises from upward bending of the conduction band induced by
changes in the flat-band potential of the semiconductor of
55 mV/pH unit. Since the pH of the glass is U4-5, the
conduction band energy of TiO2 at the semiconductor
surface, due to band bending, may be higher on a relative
energy scaie than *Ru(bpy)§+ads, and therefore,

electron injection from the latter into the conduction band
of the adsorbed semiconductor is thermodynamically
unfavorable. In fact, the calculated bandgap of the
adsorbed semiconductor, 3.5 eV, is somewhat in excess of

169

that for anatase TiO and rutile

179

29 3.2 eV,

TiO2, 3.0 ev, suggesting that the conduction band

of the adsorbed semiconductor bends ﬁpward on adsorption to
PVG and thus, unfavorable thermodynamics for electron
injection are, quite possibly, the reason why no H2

evolution was observed.
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However, the failure to detect H2 even under
conditions of direct bandgap irradiation of the B
semiconductor suggests other possibilities. The need for
semiconductor-catalyst contact has already been discussed.
It seems unlikely that H2 is formed and then rapidly
scavenged by an oxidant that is present on the glass. Sato
and White report that the mechanism of the photoassisted
water-gas shift reaction,

Co(g) * Hal(g) ™ Cla(g) + Ha(g) (25
over platinized TiO, catalysts involves

photodecomposition of H

225

20, however in the absence of CO,
no H2 is evolved., The presence of CO, required

to scavenge 0 atoms which combine with H2 to regenerate
H20, had no effect in the present study. This suggests
that H2 is never formed in the photolyses of PVG samples

containing TiO2 and Pt.

B, Spectral and Photophysical Properties of Ru(II) Complexes with
2-(Phenylazo)pyridine
(i) Resonance Raman Spectra
The resonance Raman spectra yield a picture of similar
excited states throughout the Ru(azpy)ZLn+ series.
The pronounced enhancement of bands assignable to vibrations
of the azpy ligand on excitation at wavelengths near the
intense visible absorption maxima of Ru(azpy)zLn+
complexes confirms that the latter is a Ru(II) tzg

azpy w' MLCT transition. Tsuboi's rule states that
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the largest enhancement in resonance Raman scattering is
observed for the molecular coordinates which undergo the

109 Since the

greatest distortion in the excited state.
band attributed to the N=N stretch is the most intense, one
‘can infer that charge transferred from the Ru(II) tZg
orbitals resides in azpy antibonding n* orbitals
localiéed principally in the azo linkage and therefore, in
the MLCT excited state, the N=N bond is highly distorted.
Furthermore, significant resonance enhancement of bands
assignable to N-C(phenyl) and (pyridine)C-N suggests that
excited state electron density is centered in the pi system
which includes the azo linkage and the adjoining C~-N bonds.
Enhancement of the band attributed to the phenyl ring
breathing mode implies that the phenyl ring is an intimate
part of the chromophore, and is probably conjugated with the
N=N bonding system to some extent. In marked contrast to
what is typically found for pyridine and polypyridine
substituted Ru(II) complexes, where the pyridine ring system
plays an important role in accepting excited state
charge,110 the pyridine ring of the azpy ligand is only
weakl& involved in charge acceptance in these azpy
complexes,
(ii) Absorption and Emission Spectra

Where measurable, the difference between the emission
energy and the corresponding MLCT absorption energy remains
relatively constant, and in accord with previous

assignments,17 the emissions from Ru(azpy)zLn+
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complexes are assigned to LMCT, azpy n*-—gﬁRu(II)

tzg' transitions. The observation of 2 emission maxima
for the [Ru(azpy)3](PF6)2 and ‘mu(azpy)zbtz]

(ClOu)2 complexes suggest the possibility of

multiple emipting levels. Previously, the 2 maxima at
77°K for the btz complex were attributed to transitions
originating from azpy w* and btz w* orbitals.gu

This assignment is unlikely in view of evidence gathered
here. Meyer and coworkers point out the reproducibility of
multiple emissions from cis-Ru(bpy)2(NGSF<§M£HB)2

under a variety of experimental conditions.226
Comparing the spectra of different solid samples of either
mu(azpy)3](PF6)2 or (Ru(azpy),btz]

(0104)2 shows that the emission maxima consistently

occur at the same wavelength, but the relative intensities
of the 2 emission maxima are irreproducible, even with
samples taken from the same preparation. Furthermore,
multiple emissions originating in i* orbitals of

different ligands can not account for the 2 emissions
observed from [Ru(azpy)B](PF6)2, yet the

emission spectrum of the latter is similar to that of the
btz complex. Since the relative emission intensities of
the 2 maxima remain constant throughout prolonged exposure
to the laser excitation source, the 2 maxima are not the
result of a photoinduced redox reaction.

[Ru(aZPY)3](PF6)2 and mu(azpy)zbtz]

(Clou)2 are isolated as a mixture of unresolved
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94 The most likely explanation for

geometric isomers.
the 2 emissions is that they originate from different
isomeric forms of each complex, although the separation

between the peak energies, ca. 1000 cm'1, indicates an

isomer dependence that is considerably larger than those
previously f‘ound.227

A change in ligation about Ru(II) is not a likely reason
for the changes in the emission épectra which occur on
dissolution of the so0lid complexes, Although the entire
spectrum is blue-shifted, the relative energies and
extinction coefficients of the near UV and visible
absorption maxima of [Ru(azpy)3](PF6)2 dispersed
in nujol oil between two glass slides, are equivalent to
those obtained from acetone solutions of the complex. If
the hypothesis regarding isomers is correcﬁ, the occurence
of one emission may be the reuslt of a facile
interconversion to one dominant isomeric form or only one
isomer being luminescent in fluid solution.

In both the solid state and acetone solution, the Stokes
shifts of the luminescence from these Ru(azpy)zLn+
complexes exceed those found for the luminescent
Ru(bpy)ZLn+ complexes by ga. 2000
cm'1.17’18’228 Significant enhancement of pyridine
ring modes in the resonance Raman spectra of the bpy
complexes indicates charge delocalization over a relatively
large portion of the bpy ligand in the MLCT excited

110

state. In contrast, the resonance Raman spectra of
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the azpy complexes show only weak enhancement of bands
assignable to pyridine vibrations with moderate enhancement
of phenyl ring modes. By far the largest enhancement in
the spectra of the azpy complexes is seen for the bands
assigned to the N=N stretch in the azpy ligand, and the
vibrations of the bonds contiguous to the azo function.
Assuming that the molecular distortions of the emissive CT
state parallel those of the MLCT state populated on
absorption, i.e., the state resonant with 514.5-nm
excitation, then in the luminescent state the transferred
charge populates 7' orbitals in close proximity to the
metal ion and is localized principally in the azo function.
The resultant reduction in the bond strength within the
chromophore, along with the greater flexibility of the azpy
ligand, suggests that azpy, in contrast to bpy, can
accomodate the transferred charge by larger distortions of g
more limited region of the ligand.
(iii) Photoredox Properties and Emission Quenching

In fluid solution, the luminescent LMCT state of
Ru(azpy)g+ lies 1.48 eV above the ground state.
Although the LMCT states of the remaining
Ru(azpy)ZLn+ complexes can not be positionqd
exactly, they must lie at £1.42 eV since the emission maxima
occur at >870 nm. In past studies, the redox potentials of
the LMCT state have been calculated from the difference
between the excited state energies and the thermal redox

potentials of the ground state.38 Although the
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oxidation and reduction potentials of»the
Ru(azpy)ZLn+ complexes, listed in Table 3, depend
upon the coligand, in.general, the thermal redox chemistry,
as a result of the strong pi acidity of the azpy ligand, is
characterized by very unfavorable oxidation potentials, and
only mildly unfavorable reduction potentials. Even with the
additional redox capability due to the input of excitation
energy, these large differences in ground state
oxidizability and reducibility result in an LMCT étate, as
illustrated in Figure 28, which is positioned,
energetically, between the ground redox states. The
emission spectra of the other Ru(azpy)ZLn+ complexes
yield only upper limits for their LMCT excited state
energies, and therefore, only limits for their excited state
redox potentials can be calculated. However, the limits
listed in Table 9 suggest that, subject to slight changes in
relative energies, Figure 28 is representative of all
Ru(azpy)zLn+ complexes.

The energy level ordering for Ru(azpy)3 in Figure 28
is out of the ordinary in the sense that the LMCT state of
the dication is an exergonic oxidant and endergonic
reductant. This is in contrast to Ru(bpy)§+ which
typifies Ru(II) polypyridyl complexes, where the LMCT state
is an essentially equally eXxergonic oxidant and reductant
(Fig. 1). Consequéntly, Ru(azpy)g+ offers a
convenient test of the reliability of the

luminescence~eclectrochemical cycles used to calculate
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excited state redox potentials. Figure 28 suggests that,
with a series of related redox couples, the reduced member
of the pair, R, will reductively quench the LMCT state of
Ru(azpy)%*, i.e.,

*Ru(azpy)§+ + R ———€>Ru(azpy)§ + 0 (26)
provided the oxidation potential of the (R/0) couple is
>-1.18 V. On the other hand, the oxidized partner, 0, will
quench oxidatively, i.e.,

*Ru(azpy)§+ + 0-—-——--E>Ru(azpy)§+ + R (27)
only if the sum of its reduction potential and the energy of
*Ru(azpy)§+, 1.48 eV, exceeds the ground state
oxidation potential of Ru(azpy)§+, 22.0 eV.

The Stern-Volmer constans an corresponding bimolecular
rate constants listed in Table 9 corroborate the calculated
energetics of photoredox quenching of
*Ru(azpy)§+. Oxidative quenching of the LMCT
state by MV2+ is calculated to be endergonic by 20.9 eV,
and consistent with the calculated energetics, no quenching
by MVE*, Kqy<10 M=, occurs. The reduction
potentials of Fe(CN)g' and Fe3* are +0.36 and
+0.7T7T V, respectively. The absence of quenching by either
of these species, KSV$10 M'1, suggests that

oxidation of the LMCT state,

# -
Ru(azpy)%*-———a»Ru(azpy)g+ + e (28)

is endergonic by >0.8 eV. Combining the latter value with
the LMCT state energy, 1.48 eV, yields an oxidation

potential for ground state Ru(azpy)g+ of 22.3 eV,
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Figure 28

Ground and excited state redox potentials of Ru(azpy)§+

in aqueous solution at 25%¢ (see text).
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which is in reasonable agreement with the value of +2.,2 V

229 In

obtained‘via differential pulse polarimetry.
view of the energetics of reaction 28, it is not surprising
that the only species found to quench

*Ru(azpy)§+ oxidatively is the strong oxidant

Ceu+. The driving force for the reaction

*Ru(azpy)§+ + Ceu"'-————}Ru(azp‘y)g+ + Ce3* (29)

is <+0.8 V, and quenching by ce'* occurs at essentially
a diffusion controlled rate,‘kb = 3.6 x 109
M~1sec™ 1, Since a driving force of 2+0.3 V leads

to a diffusion controlled rate for a thermal electron

T assuming a similar driving force

transfer reaction,
is required for a diffusion controlled rate for a
photoinduced electron transfer reaction, a conservative
estimate of the upper limit for the excited state oxidation
potential of Ru(azpy)%* is £+1.3 eV. Thus, the

limits for tﬁe driving force of reaction 28 are +0.8 V<A
E<+1.3 V.. Although reaction 29 has a favorable driving
force, the *Ru(bpy)§+ emission intensity in the

e is not time dependent and absorption

presence of Ce
spectra recorded before and after the quenching experiments
indicate no net chemical change, This suggests that
concurrent with reaction 29 is an exergonic thermal back
reaction, AEX+0.7 V, which regenerates Ru(azpy)§+

and Ceu+,

Ru(azpy)§+ + Ce3+————:>Ru(azpy)§+ + Ce** (30)
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In contrast to the endergonicity of reaction 28,
reduction of *Ru(azpy)§+ has a favorable driving
force, and reductive quenching by species with oxidation
potentials of 2>2-1.18 V is energetically feasible. -Since
the oxidation potential of Ce3*, ~1.61 V, is too
unfavorable, reductive quenching by Ce3*+ is not
predicted and, as indicated in Table 9, no queﬁching,
st$1o M‘1, is detected, On the other hand, the
reductive quenching reactions

*Ru(azpy)§+ + Fe2+———4>Ru(azpy)§ + Fe3* (31)
and

*Ru(azpy)§+ + Fe(CN)g‘———%bRu(azpy)g + Fe(CN)g' (32)
have driving forces of +0.47 V and +0.82:.V, respectively,
and the data listed in Table 9 show that both Fe?* and
Fe(CN)g' are capable quenchers. Neither quenching
reaction leads to spectrally detectable net chemical change
since both are complemented by exergonic thermal back
reactions,

Ru(azpy)g + Fe3+———-E>Ru(azpy)§+ + Fe2* (33)
and

Ru(azpy)3* + Fe(CN)3™->Ruiazpy)2* + Fe(CN){™. (34)
The large bimolecular rate constant for quenching by
Fe(CN)G', ky = 1.8 x 109 M'1sec'1,
seems reasonable in view of the electrostatic attraction
between the reactant species, but the value for Fe2+,
k., = 3.6 x 1010 M=Tsec™? appears unusually

b

large for a diffusion controlled reaction between two
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dipositive ions,?30 in spite of the additional 0.35 V of

driving force. However, the ionic strength of the medium, u

= 1.5, is relatively high,'and Silverman and Dodson point

out that the self exchange rate of the (Fe2+/Fe3+)

couple increases with increasing ionic strength of the

.medium.231
In view of the favorable energetics for the reduction of

Ru(azpy)§+ to the LMCT state, attempts were made to

observe reductive chemiluminescence. Unfortunately;

although the addition of strong oxidants, e.g.

8208', to solutions of Ru(azpy)§+

resulted in the formation of a transient blue color, thoﬁght

to be Ru(azpy)g+, a brown precipitate ultimately

forms, the apparent result of decomposition of the complex.
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