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Abstract: Absorption and emission spectra of Ru(bpy);2* cation exchanged onto porous Vycor glass (PVG) closely
resemble the corresponding aqueous solution spectra. However, complementary measurements of emission lifetime
and quantum yield, $.n, reveal that, unlike fluid solution behavior where the ratio is temperature independent, the &,/
ratio declines by 42%.in the 5 t0 90 °Crange. The temperature dependence is due to the intersystem crossing efficiency,
7isc» and 2 model consistent with both emission quantum yield and lifetime data indicates that the temperature dependence
arises from the thermal population of a level that lies 1117 £ 70 cm! above the '!MLCT state. This level is assigned
to a ligand localized triplet state, 3LL, and population of this state leads to nonradiative decay competitive with
"intersystem crossing to the emissive manifold. As a result, the apparent intersystem crossing efficiency declines with
increasing temperature. Although it is generally accepted that the intersystem crossing efficiency of Ru(II) diimines
is independent of temperature, comparisons with currently available data show that n;, can either increase or decrease
with temperature when the complex possesses an asymmetric coordination environment. The asymmetry arises either
from different ligands coordinated to Ru(II) or with Ru(bpy);2* cation exchanged onto PVG, a differentiation of the
initially equivalent ligands by the anionic surface of the glass. Under these conditions, intersystem crossing efficiency
either increases or decreases with temperature depending on the relative energies of the '/MLCT and 3LL states.

Introduction

While the energy crisis focused attention on their photoredox
properties,! more recent studies have taken advantage of the
luminescence of Ru(II) diimines to probe the structure and
environment of biological and inorganic supports.2-!! Inferences
regarding microstructure and microenvironment are usually drawn
fromchanges in absorption and emission energy, emission lifetime
and quantum yield, and polarization ratio of the complex in a
specific medium relative to that found in fluid solution. Implicit
in many of these comparisons, however, is the assumption that
the complex’s photophysical processes prior to emission remain
equivalent to those in the reference medium.
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Information regarding the states involved in the emission
process, their decay dynamics, and particularly the events
preceding emission derives from the temperature dependence of
emission quantum yield, ®.y, and lifetime, r. Low-temperature
data reveal an emissive manifold in Ru(bpy)s;2* composed of three
levels that differ in energy by <80 c¢cm-!, while fluid solution data
reveal temperature-independent radiative, k., and nonradiative,
ku, pathways that directly couple the emissive and ground
states.12-16 Temperature-dependent nonradiative pathways have
also been identified that couple the emissive state to the ground
state via the population of a higher energy manifold. Van Houton
and Watts assigned the higher energy state in Ru(bpy)s;?* to a
d—d manifold that lies ca. 3600 cm™! above the emissive state.
In mixed-ligand Ru(II) complexes, however, the energy of the
proposed dd manifold does not parallel ligand field strength, and
in contrast to Ru(bpy);* which undergoes photolabilization at
higher temperatures,! many Ru(II) and Os(II) polypyridal
complexes exhibit little or no photolabilization of a coordinated
ligand.!%-22 Also, incorporating Ru(bpy);2* into a dry cellulose
acetate film has relatively little effect on the complex’s absorption
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spectrum, but it reduces theactivation barrierto810+ 120 cm-1.18
In these cases, lifetime vs temperature data yield activation
barriers of 300800 cm™! that are assigned to the population of
a lower lying MLCT state.’-22 A low-lying MLCT state,
designated 2A,’, has been identified ca. 800 cm-! above the
emissive E’ state in [Ru(bpy);](PFs), single crystals,2® and
population of this state in the cellulose acetate matrix, as opposed
toadd state in aqueous solution, is attributed to “matrix effects”,
i.e., the rigidity of the surrounding matrix curtails the molecular
vibrations required to access the dd manifold.2

In contrast to the detail regarding the emissive states and their
relaxation dynamics, little attention has been paid to the events
preceding emission. In fact, it is generally assumed that the
intersystem crossing, 7;sc, of Ru(II) and Os(II) diimines is unity
and independent of temperature, molecular structure, and
experimental conditions. In spite of the generality of its
application, the assumption is based on little experimental data.
In low-temeprature matrices, ®., has been shown to be inde-
pendent of excitation wavelength, and it was suggested that n;
is unity.’2 In aqueous solution, ®., is also independent of
excitation wavelength, and in the 273-373 K range, the ratio
®.m/ 7, which is proportional to #;, is independent of tempera-
ture.!¢ Intersystem crossing, however, is a radiationless process,
and while it may be facilitated by the spin—orbit coupling of these
metals, it is by no means clear, as is currently assumed, that it
is always unity and independent of molecular structure, tem-
perature, and the medium to which the energy is dissipated.
Particularly as their use as luminescent probes of microstructure
and microenvironment increases, the assumption that the events
preceding emission are equivalent tothose in the reference medium
must be established.

Our interest in the intersystem crossing efficiency of Ru(II)
diimines stems from studies of the photoredox behavior of Ru-
(bpy);2* in porous Vycor glass (PVG).11.2425 The glass is being
examined as a means of organizing a reaction system, but an
equally important aspect is using the complex as a spectroscopic
probe of glass’s microstructure and microenvironment.! The
similarity of the spectroscopic properties of the complex adsorbed
onto the glass with those in aqueous solution suggests a direct
comparison.’® However, a number of observations, although
individually inconclusive, collectively suggested that adsorption
changes not only the dynamics of emission decay but also the
decay dynamics prior to emission.!! Specifically, the data raised
the question of whether 7. was an invariant parameter as is
currently assumed. Consequently, the temperature dependence
of &, and 7 for Ru(bpy),2* cation exchanged onto porous Vycor
glass, designated Ru(bpy);?*(ads), has been measured and
compared to that in aqueous solution. The temperature depen-
dence of the emission lifetime is in excellent agreement with
previous results, and along with the photochemistry of the adsorbed
complex, this suggest that the rigidity of the glass promotes the
population of a nonemissive charge transfer state rather than a
dd state. The &,/ ratio is independent of temperature for
aqueous solution but declines by 42% in the 273-373 K range for
Ru(bpy)s?*(ads). The decline is attributed to n;, and a model
consistent with both lifetime and emission quantum yield data
indicates that the temperature dependence arises from the thermal
population of an energy level that lies 1117 £ 70 ¢cm-! above the
IMLCT state. This higher energy level is assigned to a ligand
localized triplet state, 3LL, and population of this state leads to
nonradiative decay at the expense of intersystem crossing to the
emissive manifold. Correlations with other data suggest that,
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when the complex possesses an asymmetric coordination environ-
ment, intersystem crossing efficiencies of Ru(II) diimines either
increase or decrease with temperature. The asymmetry arises
either from different ligands coordinated to Ru(II) or, in the case
of Ru(bpy)s?*(ads), a differentiation of the equivalent bipyridine
ligands due to adsorption onto the anionic surface of the glass.
Under these conditions, where the energies of the individualligand
states differ, the intersystem crossing efficiency either increases
or decreases with increasing temperature depending on the energy
of the 3LL state relative to that of the spectroscopically accessible
IMLCT state.

Experimental Section

Materials. [Ru(bpy);]Cl,was prepared by the method of Palmer and
Piper2§ and twice recrystallized from distilled water. Absorption, emission,
and resonance Raman spectra of aqueous solutions of the complex,
prepared with distilled, deionized water, were in excellent agreement
with published spectra.1%24 Code 7930 porous Vycor glass (Corning Inc.),
either in the form of 25 mm X 9 mm X 1.1 mm glass plates or 250 to
1000 um diameter particles, were extracted and calcined according to
previously described procedures.1%2427 All glass samples were calcined
for at least 72 h prior to use and stored at 650 °C until needed.

Sample Preparation. Calcined samples were cooled to room tem-
perature under vacuum and impregnated by previously described cation
exchange procedures.!%2¢ The moles of Ru(bpy);2t adsorbed onto the
glass were measured spectroscopically, and 299.97% of the water
incorporated during impregnation was removed under vacuum at room
temperature. All measurements were carried out with dry samples
containing from 10-7 to 1.8 X 10-¢ mol of Ru(bpy);2*(ads)/g of PVG.

Impregnated glass particles were placed in 2 mm diameter quartz
tubes equipped with a vacuum stopcock and maintained under a dynamic
vacuum (<5 X 105 Torr) at room temperature for at least 12 h prior to
any measurement. The degassed samples were cooled to 77 Kina quartz
liquid Ny dewar, and the emission spectra were recorded in a conventional
manner.2’” Measurements in the 273-368 °C range were carried out
with impregnated 25 mm X 9 mm X 1.1 mm plates. Quantitating the
emission intensity from these samples, however, rested on minimizing
two sources of error. The first is referred to as a positioning error and
arises from the uncertainty introduced by removing and replacing the
same or different glass samples in the emission spectrometer. To reduce
this error, it was necessary to mount the impregnated plates in a 40 mm
X 10 mm X 2 mm quartz cell and mount the cell in a thermostated cell
holder machined to the dimensions of the quartz cell. Tests with the
same sample and with different samples containing the same loadings
showed that the tight fit of the sample in the cell and the cell in the sample
holder reduced the repositioning error to <2%.

Thesecond potential source of error concerned the removal of adsorbed
0,. Since O, strongly adsorbs onto the glass and quenches the excited
complex and the amount adsorbed declines withincreasing temperature,28
its presence introduces a systematic error in the observed temperature
dependence. All samples, whether impregnated plates or glass particles,
were degassed under a dynamic vacuum (<5 X 10-% Torr) at room
temperature for at least 12 h prior to measurement. Since the amount
of O, adsorbed decreases with increasing temperature, the reliability of
the degassing procedure was tested by first degassing impregnated samples
at room temperature, measuring their emission intensities and lifetimes,
and then repeating the procedure with the samples maintained at 80 °C
during evacuation. Absorption spectra recorded before and after
evacuation at 80 °C established that Ru(bpy);2+(ads) was unaffected by
the higher temperature. Emission intensities and lifetimes after degassing
at 80 °C were within experimental error of those obtained after degassing
at room temperature and confirmed the reliability of the degassing
procedure.

Photolysis Procedures. Ru(bpy);2* impregnated glass samples were
mounted in 1 cm X 1 cm quartz cells and evacuated to a pressure of <10~
Torr. The evacuated cell was then placed in a cell holder thermostated
with a Haake Model FK2 constant temperature bath and mounted in a
Rayonet Photochemical Reactor (Southern New England Ultraviolet
Corp.). The sample was irradiated with 350-nm light, and the excitation
intensity was determined by ferrioxolate actinometry.?® The reaction
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was monitored spectrally and the amount of Ru(bpy);?*(ads) reacted
was calculated from the change in absorbance at 452 nm according to
the procedure of Wong and Allen.0

Physical Measurements. UV-visible and resonance Raman spectra
were recorded onan Aviv Model 14DS spectrophotometer and a previously
described resonance Raman spectrometer.’® Emission spectra were
recorded on a Perkin-Elmer Hitachi MPF-2A emission spectrophotometer
equipped with a red-sensitive Hamamatsu R818 photomultiplier and a
thermostated cell holder connected to the Haake constant temperature
bath. The sample holder rigidly held the sample at an angle of 60°
relative to the excitation axis. All samples were excited with light
corresponding to the maximum of the MLCT absorption, and their
emission spectra were recorded at 90° to the excitation axis. A filter that
transmitted wavelengths 2480 nm was placed between the sample and
the emission monochromator to eliminate the scattered excitation light.

Emission quantum yields at the different temperatures were calculated
from the equation

& (I/I)(n}/n}) ¢9)

where x and r refer to the adsorbed complex and a reference. All data
were referenced to a degassed, aqueous solution of Ru(bpy);2* contained
in an identical 2 mm pathlength quartz cell. The concentration of the
reference solution was adjusted to have the same optical density as the
glass sample at the excitation wavelength, and all reference solutions
weredegassed by atleast 3 freeze—pump—thaw cycles. Emission intensities
from the glass samples, I, and the corresponding aqueous solutions, I,
were measured under equivalent conditions and then compared to that
obtained from a degassed, aqueous solution of Ru(bpy);2* at 298 K where
®em = 0.042 £ 0.002.

Within experimental error, the refractive indices of water, n, = 1.33,
and consolidated glass are independent of temperature in the 5-95 °C
range. It was not clear, however, whether this was also true for the
porous glass used in these experiments. Consequently, the temperature
dependence of its refractive index, ny, was determined with a Michelson
interferometer.32 The change in refractive index, An,, was computed
from the relation 2dAn, = kA/2, where k is the number of fringe lines
displaced, A is the wavelength, 633 nm, and d is the sample thickness,
1.1 £ 0.01 mm. Using a He—Ne laser, tests with the empty quartz cell
showed no change in the fringe pattern in the 5-95 °C range. A calcined
PVG sample was then placed in the cell, evacuated to a pressure of <5
X 1076 Torr, and the fringe pattern monitored as the temperature was
raised from 5 to 95 °C. The lack of change indicated that the refractive
index of the glass changed by <0.01% over the entire temperature range.
Consequently, n, was taken to be 1.51, and independent of temperature.

Emission lifetimes were determined by previously described proce-
dures.?’” Theaqueous referencesolutions and glass samples were degassed
as described, mounted in thermostated cell holders, and excited with the
355-nm harmonic (7 nsec fwhm, 0.01 mJ/pulse) from a Quanta Ray
Model DCR-2A Nd:YAG laser. Decays of the aqueous solutions of
Ru(bpy)s2* were monitored at 90° to the excitation axis, while that of
the adsorbed complex was monitored either through the edge of the sample,
in which case the sample was mounted at 90° to the excitation axis, or
from the front surface of the sample, in which case the sample was mounted
at60° to the excitation axis. Alldecays were monitored at their respective
maxima, and consistent with previous results, the decays of the adsorbed
complex were independent of the excitation-analysis geometry.27.3

Picosecond experiments were performed to probe the multicomponent
decaysfoundintheimpregnated glasssamples. Impregnated glasssamples
at room temperature were excited with the 355-nm harmonic (ca. 30 ps
fwhm, 1-2 mJ/pulse) from a passively mode locked Nd:YAG laser.
Luminescence decays and transient absorption spectra were recorded as
previously described, 34 Identical experiments with unimpregnated samples
of the calcined glassshowed thata fast component, 7 < 50 ns, that proceeds
from the slower exponential decay of the complex arose from the glass
itself (see below). Consequently, the Ru(bpy)s;2+(ads) lifetimes reported
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here are those of the slower component obtained by a biexponential,
least-squares fit of the data. All fits were over at least 3 lifetimes, and
the lifetimes were taken as the time required for the slower component
to drop to 1/e of the initial (r = 0) value.

Results

Adsorption. Ru(bpy);2* cation exchanges onto PVG by
displacing the slightly acidic silanol protons.2¢ Silanol groups
exist throughout the pore network, but the narrower, tortuous
passes connecting the 100 £ 10 A diameter cavities limit
impregnation to the outermost volumes of glass, ca. 10-20% of
the total volume.?5 Electronic spectra recorded at different
locations confirm a uniform distribution of the complex in the
impregnated volumes, and the maximum loadings in these
experiments, <1.8 X 10~ mol/g, correspond to surface coverages
of 2% in these volumes.24:25

Spectroscopic Properties. In the 300-600-nm region, the
absorption maxima of Ru(bpy);2*(ads) agree with those found
in the aqueous solution spectrum. The absolute extinction
coefficient at 452 nm, calculated assuming an optical path length
equivalent to the penetration depth and a concentration of moles/
unit volume of impregnated glass, is 1.49 X 104 M-! cm™!, while
that calculated from the aqueous solution spectrum is 1.46 X 104
M-1em, The spin-forbidden MLCT absorptions, which appear
in the 460—520-nm region in single crystal spectra,3s are no better
resolved on the glass than in aqueous solution, and the relative
extinction coefficients in this region differ by <5% from the
corresponding aqueous solution values. Cation exchanging Ru-
(bpy)s2* onto the glass, however, increases the half width of the
MLCT absorption by 1197 £ 37 cm™! and decreases the intensity
of the 286-nm bipyridine 7—r* transition relative to the aqueous
solution spectrum. The ratio of absorbance at 286 nm relative
to that at 452 nm is 5.8 £ 0.1 for the adsorbed complex, while
that calculated from the aqueous solution spectrum is 6.3 £ 0.1,

Neither spectrum exhibits a pronounced dependence on
temperature. Both in aqueous solution and on the glass, spectra
recorded at 5 °C agree in band maxima, half width, and relative
extinction coefficient with those recorded at 90 °C. Emission
spectra, on the other hand, are temperature dependent. Atroom
temperature, the emission maximum of the adsorbed complex
occurs at 605 £ 3 nm, whereas in aqueous solution the maximum
occursat615 £ 3 nm. Increasing thetemperature to 85 °C shifts
both maxima to the red: ca. 4 nm in aqueous solution and 7 nm
for the adsorbed complex. Emission intensity declines and the
band broadens, but at all temperatures, the band shapes are
equivalent in both media.

Bipyridine vibrations resonant with the 452-nm MLCT
transition of Ru(bpy);?*(ads) differ by <1 c¢m~! from the
corresponding aqueous solution values, and in both media, the
frequencies are independent of temperature from 5 to 90 °C.10,27
Adsorption onto the glass, however, reduces the intensity of the
prominent 1492-cm-!vibration. Atroom temperature,therelative
intensity of the 1492-cm™! vibration of Ru(bpy);?*(ads) is 75%
of the corresponding aqueous solution value.!® In the absence of
astandard applicable to both the glass and solution, quantitating
the intensities of the resonance Raman bands as a function of
temperature is difficult since, to some extent, all band intensities
vary with temperature in both media. These changesare random,
however, and within experimental error, the relative intensity of
the 1492-cm-! vibration of the adsorbed complex remains 25%
less than the corresponding aqueous solution value in spectra
recorded at 85 °C.

Excited-State Dynamics. At each temperature, the decay of
the *Ru(bpy)s2* in degassed aqueous solution is described by a
single exponential. Values of ®.,, and 7 measured in degassed
aqueous solution (Table 1) are in excellent agreement with the
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Table 1. Measured and Calculated (in Parentheses) Values of 7 and ®., of Ru(bpy);2* in Aqueous Solution and Absorbed onto PVG vs

Temperature
H,0 PVG

T,°C T, NS ®em Tm, NS Bem
5 720 £ 25 (721) 0.052 £ 0.003 (0.051) 10492 0.082¢

10616 0.073%

1034¢ 0.075¢

10524 0.0814

1049 £ 15 (1044) 0.078 £ 0.004 (0.077)
15 690 = 21 (677) 0.048 = 0.003 (0.048) 8874 0.0664

8836 0.059%

907¢ 0.060°

0.067¢

892 £ 15 (891) 0.063 = 0.004 (0.064)
25 600 = 20 (616) 0.042 £ 0.002 (0.043) 7474 0.052¢

7485 0.047%

750¢ 0.049¢

7704 0.0534

754 £ 16 (776) 0.050 % 0.002 (0.052)
35 527 = 15 (529) 0.035 £ 0.002 (0.037) 6504 0.043

6888 0.037%

699¢ 0.037%

699¢ 0.041¢

6824 0.041¢

680 £ 30 (674) 0.041 = 0.002 (0.041)
45 420 % 18 (422) 0.029 = 0.002 (0.030) 5904 0.034¢

5926 0.030°

597¢ 0.031¢

5854 0.0324

591 % 6 (585) 0.032 = 0.001 (0.032)
55 350 % 25 (328) 0.023 £ 0.002 (0.023) 5208 0.0284

5118 0.024%

519¢ 0.025¢

5214 0.025¢4

518 =7 (519) 0.026 % 0.002 (0.025)
65 244 = 10 (241) 0.017 £ 0.001 (0.017) 466° 0.022¢

459% 0.020°

462¢ 0.021¢

4844 0.020¢

468 £ 16 (461) 0.021 = 0.001 (0.021)
75 157 £ 10 (168) 0.012 £ 0.001 (0.012) 408 0.018¢

404% 0.017%

443¢ 0.018¢

3924 0.0174

412 £ 20 (408) 0.018 £ 0.001 (0.018)
85 123 £ 8 (118) 0.0091 £ 0.001 (0.0083) 3404 0.0159

3475 0.014%

360¢ 0.015¢

3384 0.0144

346 = 14 (366) 0.015 £ 0.001 (0.016)
77K 5.8%x0.3ms

25,08 X 10" mol/g. #9.50 X 10-7 mol/g. ¢ 1.45 X 10~ mol/g. 4 1.75 X 10~ mol/g.

values reported by Van Houton and Watts!6 (Figure 1), and both
sets of data yield a ./ 7 ratio that is independent of temperature
(Figure 2a).

Satisfactory fits of the *Ru(bpy)s;?*(ads) emission decay,
however, require the biexponential

I(t) = A, exp(-t/r) + A, exp(-t/r)) )

A, and A4; are the weighing factors of the short and long
components, and r;and 7 are their respective lifetimes. Analysis
of the decays, by means of the Simplex, shows that the longer
component dominates, A; < A4;, at temperatures <15 °C, whereas
the short-lived component dominates, 4, > A, at higher
temperatures. However, the lifetime of the fast component, 7,
is independent of temperature, whereas that of the slower
component, ;, declines with increasing temperature (Table 2).
Thedifferent temperature dependencies suggest different origins,
and picosecond experiments with impregnated and unimpregnated
glasses confirm that the fast component arises from the glass
itself. The nature of his short-lived emission is not known. It
appears to involved multiphoton excitation since PVG absorbs
very little, if at all, at the 355-nm excitation wavelength, and the

fast component is observed only with pulsed laser excitation. Since
the fast component arises from the glass itself, the emission
lifetimes of *Ru(bpy)s2+(ads) at thedifferent temperatures (Table
1) are those obtained from the slower component, ;.

The temperature dependence of &, and 7 for Ru(bpy);2+-
(ads) (Figure 3) differs from that in degassed aqueous solution
(Figure 1), and the individual values (Table 1) yield a &,/ 7
ratio that declines with increasing temperature (Figure 2b). Since
®em/T = nisck:, the temperature dependence marks a striking
departure from fluid solution behavior. In fluid solution, 7. is
temperature independent and assumed to be unity, and by its
very nature, k. is expected to be temperature independent,
particularly over a relatively narrow temperature range.

An immediate concern was whether the observed dependence
was biased by temperature-dependent self-quenching, impurity
quenching, or a redistribution of the adsorbate among the Si-
OH and B,0; Lewis acid sites in the glass. Temperature-
dependent impurity quenching is discounted since the results were
reproducible on seven different samples of the glass and
independent of whether the glass was calcined at 650 °C in an
oxidizing (air) or reducing (H;) atmosphere. Self-quenching
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Figure 1. Temperature dependence of Ru(bpy);2* emission lifetime (O)
and quantum yield (A) in degassed aqueous solution. Open points (O,
A) are from ref 16, while solid points (@, A) are values measured in these
experiments.
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Figure 2. Temperature dependence of the e/ ratio in (a) aqueous
solution and (b) adsorbed onto PVG. The aqueous solution ratios
designated by open circles are from ref 16, while the solid circles represent
data measured in these experiments.

occurs on PVG, but at room temperature it requires a contact
interaction, i.e., loadings 2104 mol/g corresponding to at least
monolayer coverage.!® The maximum loadings in these experi-
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Table 2. Temperature Dependence of the Parameters Derived from
a Biexponential Fit of the Ru(bpy);2*(ads) Emission Decays

T, °C Ay Ab 75, NS T1, NS
0 0.68 0.32 877 1148 % 16
5 0.61 0.39 79%11 1049 = 8

15 0.54 0.46 57£12 892 % 10
25 0.40 0.60 47£3 746 £ 4
35 0.52 0.48 66 =6 694 £ 6
45 0.43 0.57 73£15 598 = 14
55 0.41 0.59 705 509%6
65 0.38 0.62 78+8 469 =9
75 0.37 0.63 80%6 418 %17
85 0.27 0.73 6711 348 £ 9

@ Relative value = 4,/4; + A,. ® Relative value = 4,/4; + A4,.
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Figure 3. Temperature dependence of the lifetime and quantum yield

of Ru(bpy);?*(ads) calculated from eqs 5 and 9 (solid line) and
experimental values of lifetime (O) and quantum yield (a).

ments, <1.8 X 10-% mol/g, correspond to a surface coverage of
<2%, with an average spacing of 255 A between the adsorbed
ions.24 Sincethisis more than double currently known long range
interaction distances, self-quenching requires either an excep-
tionally long range interction or anincrease in adsorbate mobility
with increasing temperature. The probability of a long range
interaction increases with increasing surface coverage, but the
Ru(bpy)i2*(ads) emission quantum yield is independent of loading
up to 10~ mol/g.'® Nor is there evidence of an increase in
adsorbate mobility with increasing temperature. Macroscopic
diffusion in the glass is extremely slow or nonexistent even at
temperatures as high as 1200 °C,37 and in the 273-363 K range,
the emission polarization ratio for Ru(bpy);2*(ads), 0.16 £ 0.02
with 465-nm excitation, is within experimental error of that
measured in 77 K hydrocarbon glasses.2” Since rotational motion
is expected to accompany translational motion, self-quenching
due to an increase in adsorbate mobility is discounted.
Ru(bpy)s?* cation exchanges onto the glass by displacing the
slightly acidic silanol protons.24 A redistribution among these
sites and B,0; Lewis acid sites (XPS indicates 2.6 £ 0.1% B
present in the first 50 A of the glass3”) would require some
adsorbate mobility and, considering the difference in electron

(36) Miller, J. R.; Hartman, K. W.; Abrash, S. J. Am. Chem. Soc. 1982,
104, 4286.
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Figure 4. Spectral changes during 350-nm photolyses of Ru(bpy),2* at
83 °Cin (a) 0.1 M HCI and (b) adsorbed onto PVG. Numbers refer
to photolysis times in hours.

donating and withdrawing properties of the sites, would be
expected to occur with some spectralchange. Asnoted adsorbate
mobility is severely curtailed, and absorption and resonant Raman
spectra of Ru(bpy);2*(ads) are independent of temperature in
the 5-90 °C range. In the temperature range examined here,
Ru(bpy);2* appears to remain bound to the silanol site onto which
it originally adsorbed.

Photochemistry. At 83 °C,a 350-nm photolysis of a degassed
0.1 M HCl solution containing 5.5 X 10~ M Ru(bpy)s2* causes
a decline in absorbance at 450 nm, and a corresponding increase
at 370 nm (Figure 4a). The spectral changes are similar to those
reported by Van Houton and Watts,'6 except that with 350-nm
excitation, a shoulder at 500 nm did not appear during the initial
stages of photolysis. Nevertheless, the subsequent changes closely
resemble those reported by Van Houton and Watts, and indicate
bipyridine photolabilization.’¢ At 83 °C with 350-nm excitation
and 0.1 M HCI, the decrease in absorbance at 452 nm yields a
quantum efficiency of bipyridine labilization of 3.8 £ 0.7 X 10-3,

This experiment cannot be duplicated in the glass since, at 83
°C, the concentration of H* needed to trap the dissociated ligand
is also sufficient to dissolve the glass matrix. Nevertheless, the
experiment was repeated since PVG possesses silanol groups that
can function as photoproduct scavengers.3® However, spectra
recorded during 350-nm photolysis of a PVG sample containing
1.2 X 10-¢ mol of Ru(bpy);2+(ads) at 83 °C (Figure 4b) are
inconsistent with ligand labilization. The decline in absorbance
at452 nm accompanied by an increase in the 510-520-nm region
intheratioof 2.2+ 0.1:1 is similar to the spectral changes observed
during the photoinduced disproportionation of Ru(bpy)s2*(ads).2
The quantum efficiency of Ru(bpy);2*(ads) disappearance, 4.1
£ 0.5 X 104, is also within the range of values found for the
disproportionation reaction.?

(37) Mendoza, E. A.; Wolkow, E.; Sunil, D.; Wong, P.; Sokolov, J.;
Rafailovich, M. H.; den Boer, M.; Gafney, H. D. Langmuir 1991, 7, 3046.

(38) Gafney, H. D. In Photochemistry on Solid Surfaces; Anpo, M.,
Matsuura, T., Eds.; Elsevier: Amsterdam, 1989; p 272.
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Table 3. Parameters Derived from the Temperature Dependence of
7 and &y, of Ru(bpy);?* in Aqueous Solution

lit. values® caled?®
AE, cm™! 3559 3583+ 76
k;, 571 6.96 X 104 7.0£0.1 X 104
Kor, 571 1.222 X 106 1.2 X 106
ky, 871 1013 1013

@ Reference 16. b Calculated from data gathered in our experiments.

Discussion

Ru(bpy);2* cation exchanges onto PVG without disruption of
its primary coordination sphere, and at each temperature it retains
the spectroscopic properties found in aqueous solution,10,11,24,28
Bipyridine vibrations resonant with the 452-nm MLCT absorption
also differ by <1 ¢cm™! from the corresponding aqueous solution
values.!® Nevertheless, the 1197 £ 37 cm™! increase in the half
width of the MLCT absorption and the declines in the relative
intensities of the 286-nm bipyridine localized #—r* transition
and 1492-cm~! vibration imply that adsorption induces some
molecular distortion. The change in the relative extinction
coefficient, although smaller, is in the same direction as found
when Ru(bpy);2* intercalates into hectorite, where it is attributed
to a distortion of the bipyridine ligand.3® The probability of light
absorption, however, is proportional tothe Franck—Condon factors
coupling the states. Consequently, differences from fluid solution
structures in either the ground state and /or excited state can lead
to changes in absorptivity. In PVG, the data point to structural
differences principally in the excited state.

Resonant Raman frequencies are a ground-state property,
whereas the band intensities are related to the nuclear displace-
ments that distort the ground-state configuration to that of the
excited-state.*® In the 5-85 °C range, the frequencies of the
bipyridine vibrations resonant with 452-nm MLCT transition
areequivalent in both media. With the exception of two additional
vibrations at 1044 and 1266 cm-!, RR spectra recorded with
364-nmexcitation show that the same seven bipyridine vibrations
resonant with the MLCT transition are also resonant with the
near-UV w—r* transitions.#! Theabsenceofachangeinfrequency
indicates equivalent ground-state structures in both media,
whereas the reduced intensity of the prominent 1492-cm~! band
points to a change in excited-state geometry. Consequently, the
decrease in absorptivity of the bipyridine localized w—=* transition
and the 1197 £ 37 cm™! increase in the half width of the MLCT
transition are attributed to “matrix effects”, in which the rigidity
of the glass curtails the bipyridine distortions that accompany
optical excitation. As a result, the '"MLCT state and bipyridine
localized #* state of Ru(bpy);2*(ads) differ structurally from
those in aqueous solution.

In degassed aqueous solution, the temperature dependence of
the emission lifetime, 7(T), and quantum yield, ®.(7), of Ru-
(bpy)s?* are given by6

(1) = [k, + kig) + kg exp(-AE/KD]™ (3)
Ben(T) = ky,7(T) )

Using the Van Houton-Watts notation, ki, and k,q are the rate
constants for radiative and nonradiative decay of the emissive
MLCT state, while AE and kyq represent the activation barrier
encountered in populating the LF manifold and the rate constant
for nonradiative decay from this manifold. Fitting the aqueous
solution data gathered in our experiments (Table 1) with eqs 3
and 4 yields values of the different parameters (Table 3) that are

(39) Krenske, D.; Abdo, S.; Van Damme, H.; Cruz, M.; Fripiat, J. J. J.
Phys. Chem. 1980, 84, 2447, 1981, 85, 797.

(40) Washel, A. Annu. Rev. Biophys. Bioeng. 1971, 6, 273.

(41) Bradley, P.G.; Kress, N.; Hornberg, B. A.; Dallinger, R. F.; Woodruff,
W. H. J. Am. Chem. Soc. 1981, 103, 7441.
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in excellent agreement with the values reported by Van Houton
and Watts.!¢ Aqueous solution measurements were carried out
toestablish the reliability of our procedures, and to obtain, under
as similar a set of conditions as possible, a reference to which the
glass data could be compared.

PVG is a spinodally decomposed, borosilicate glass in which
the borate phase is acid leached leaving a random three-
dimensional array of interconnected pores.3742-45 Since the
average spacing between the adsorbed ions in these experiments,
=55 A, exceeds known interaction distances,3¢ the absence of
adsorbate mobility precludes temperature-dependent self-
quenching. The values of ®.r, and 7 for Ru(bpy);2*(ads) (Table
1) are also independent of initial loading, calcination conditions,
and degassing procedures. Consequently, temperature-dependent
quenching by trace amounts of O,, some undefined impurity, or
a redistribution among different sites is also discounted. Ru-
(bpy)s?*(ads) exists as a dispersed, immobilized molecular entity,
and the temperature dependence of ®., and r reflects the
temperature dependence of its excited-state dynamics.

Regardless of loading, Ru(bpy)s?*(ads) lifetime vs temperature
data fit (Figure 3) the abbreviated form of eq 3

7(T) = [k + k; exp(-AE/kT)]™ (5)

where ko = ki + kig, k1 = k2q, and AE represents the activation
energy. The data gathered here yield 3.30 £ 0.6 X 105571, 3.18
£0.5X 1085, and 1168 + 160cm™! for the respective parameters.
Ina cellulose acetate matrix and over a wider temperature range,
Ru(bpy);?* lifetime vs temperature data require a three-term
equation'®

7(T) = [ky + k, exp(-AE,/kT) + k, exp(-AE,/kT)]™ (6)

where k; and AE, correspond to an additional decay pathway.
A three-term equation will obviously fit the data equally well.
Nevertheless, eq 6 was tested, and it was immediately apparent
that the two models were identical since AE, from eq 6 (51 £
14 cm™) is <kT in the 5-90 °C range. Both equations yield
equivalent activation barriers, 1168 = 160 (eq 5) and 1136 + 67
cm™! (eq 6), although for simplicity the value 1168 + 160 cm-!
will be used.

A recent review of lifetime vs temperature data for a number
of Ru(1I) and Os(II) diimines in fluid solution reports that, when
the activation energy is 300-800 cm™ and k; is 106-108 571, a
low-lying, nonemissive MLCT state, rather than a d-d state,
participates in the relaxation process.22 When Ru(bpy);?* is
incorporated into a cellulose acetate matrix, k; = 1.73 X 106571,
and the barrier reduces from ca. 3500 cm~! in aqueous solution
to 810 = 120 cm! in the matrix.’® The reduction is attributed
to “matrix effects”, where the rigidity of the matrix curtails the
metal-ligand distortions accompanying the (dx)3(7*)'—(dx)3-
(do*)! transition.22 As a result, nonradiative decay in the more
rigid medium occurs through a lower energy MLCT state rather
thanthrough the higher energy LF manifold. RR spectrarecorded
in our experiments do not probe the metal-ligand vibration per
se, but the increased half width of the MLCT transition and the
reduced intensities of the 1492-cm-! vibration and 286-nm 7—=*
absorption attest to matrix effects in this glass. In addition, the
observed photochemistry—photoinduced disproportionation rather
than photolabilization—supports the population of a nonemissive
charge transfer state rather than a dd state.22:244546 [ jke other

(42) Elmer, T. H.; Fehlner, A.; Nordberg, M. E. J. Am. Ceram. Soc. 1970,
53,171,

(43) Elmer, T. H.; Chapman, I. D.; Nordberg, M. E. J. Phys. Chem. 1962,
66, 1517.

(44) ller, R. K. The Chemistry of Silica; Wiley-Interscience: New York,
1979; p 551.

(45) Snyder, L. R.; Ward, J. W. J. Phys. Chem. 1966, 70, 3941,

(46) Meisel, D.; Matheson, M. S.; Mulac, W. A.; Rabini, J. J. Phys. Chem.
1977, 81, 1449.
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more rigid media,!® PVG apparently induces a matrix effect that
promotes the population of a nonemissive MLCT state, which in
Ru(bpy)s?*(ads) lies 1168 £ 160 cm™! above the emissive manifold.

Although eq 5 reproduces the temperature dependence of the
Ru(bpy)s?*(ads) lifetime, when substituted into eq 4, it fails to
reproduce the observed temperature dependence of ®e,. Alter-
natively, if 7(T) and ®.,(7) data are fit independently with eqs
5 and 4, different values for the activation energy and the rate
constants are obtained. Since ®n/7 = Misckr, €q 4 assumes that
nisck, is independent of temperature and 5;sc is unity. Van Houton
and Watts’ data,!6 as well as our own, show that &,/ 7 is indeed
independent of temperature in aqueous solution (Figure 2).
However, &,/ r for Ru(bpy),2*(ads) declines by 42% in the 5-85
°C range (Figure 2). Adsorption onto this glass leads to a
fundamental change in the decay dynamics prior to emission that
is not obvious from the spectroscopic or lifetime data.

Our data do not distinguish whether 7y, and/or k, are
temperature dependent. Inour opinion, however, attributing the
temperature dependence of &,/ to k; is inconsistent with the
very nature of a spontaneous emission process. Interposing an
activation barrier in a spontaneous emission process is arbitrary,
specifically in this case, where the activation energy would have
to be negative to account for the observed dependence. Fur-
thermore, spectroscopic data offer no indication that the intrinsic
parameters that govern k, change with temperature. According
to Einstein’s law for spontaneous emission, k; « E.,? where E,,,
is the emission energy.#’ Both in aqueous solution and on the
glass, as the temperature increases from 5 to 90 °C, the emission
maxima shift <7 nmtothered. However, these shifts, or assuming
similar shifts in the 0-0 emission energies, correspond to declines
of 5% in k,, which is insufficient to account for the observed
42% decline in the ®.,/ 7 ratio for Ru(bpy);2*(ads). Demasand
Crosby have expressed the radiative rate constant!?

. = €(S)KIM, J/(E1/Eg)/(Eg - Eg)? (7)

in terms of the molar extinction coefficient for absorption to the
IMLCT state, ¢(S), a constant K, the spin—orbit coupling constant,
Mg, and the singlet- and triplet-state energies. Thelatter implies
that the temperature dependence of k; would be evident in the
complex’s spectroscopic parameters. In both aqueous solution
and on the glass, however, absorption spectra recorded at 5 °C
agree in band maxima, half width, and relative extinction
coefficients with those recorded at 90 °C. Since the spectroscopic
data offer no indication that k, is temperature dependent, we
attribute the observed temperature dependence of /7 in this
glass to the intersystem crossing efficiency, 7.

A decline in 7, with increasing temperature could be due to
either thermally activated nonradiative decay of the '"MLCT state
competitive with intersystems crossing or intersystem crossing
specifically to a nonemissive state. The latter might involve, for
example, population of the nonemissive MLCT state?? that lies
1168 & 160 cm™! above the emissive state, followed by nonradiative
decay to the ground state. We discount the latter mechanism,
however, since lifetime data indicate that the emissive and
nonemissive MLCT states (right side of Figure 5) thermally
equilibrate. If intersystem crossing to a specific state is followed
by thermal equilibration among the emissive and nonemissive
levels, then regardless of the state initially populated, the
temperature dependence of ®.,, would parallel the temperature
dependence of 7, which is not the case. Rather, we propose that
nisc declines due to the thermally activated population of a higher
energystate. Increasingthe temepratureincreases the population
of this state which lies AE, above the IMLCT (left side of Figure
5), and from this level, nonradiative decay occurs competitive
with intersystem crossing to the emissive manifold. Assuming
that the higher energy state and !MLCT level thermally

(47) Yersin, H.; Gallhuber, E. J. Am. Chem. Soc. 1984, 106, 6582.
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Figure 5. Energy level diagram for Ru(bpy);2*(ads).

equilibrate, ;s is given by
Mise = kisc/(kisc + anr exp(—AEz/kT)) (8)

where AE,is theenergy gap, and ki, and k,, are the rate constants
for intersystem crossing to the emissive manifold and nonradiative
decay from the higher energy level. Substituting eqs 5 and 8 into
the expression ®.,, = nisck,7 yields

Qem = [kisc/{kisc + anr exp(_AEZ/kT)}] [kOr/{k(}r + kOnr +
Kinr €Xp(-AE, /kT)}] (9)

Although values of kor, konr, K1nr» 2nd AE are available from the
lifetime data, the parameters were treated as unknowns to tests
the consistency of the lifetime and quantum yield models. Fitting
eq 9 to the observed temperature dependence of ®., by means
of the Simplex yields ko, = 1.1 £ 0.1 X 105 571, kype/ kise = 101
+£17, AE; = 1117 £ 70 em™), Kor + Kopr = 2.56 £ 0.5 X 105 571,
kin, = 2.36 £ 0.8 X 105571, and AE, = 1122 £ 100 cm™. The
calculated values of ko + konr, Ki1nr» and AE, are in excellent
agreement with those calculated from the lifetime data, i.e., ko
+ Kopr = 3.30 £ 0.6 X 10557, kjpr = 3.18 £ 0.5 X 108 571, and
AE,=1168 £160cm™, and establish a self-consistency between
the two independent sets of measurements. Also, consistent with
the spectroscopic similarities, which suggest that k, should be
similar in the two media, the value of k,; obtained from the above
analysis is in excellent agreement with the aqueous solution value
when corrected for the differences in the refractive indices of the
media. The radiative rate constant is given by

k, = 2900n%2 [ e dv (10)

where n, ¢, and », are the refractive index of the medium, the
molar extinction coefficient, and the absorption band maximum,
respectively. Assuming the parameters can be approximated by
spin-allowed MLCT, with the exception of the refractive indices,
the values of the parameters are essentially identical in PVG and
water. Taking 1.31 as the refractive index of water and 1.51 as
that of PVG and correcting the value of ko measured in aqueous
solution, 0.70 £ 0.10 X 10% s, for the difference in refractive
index yields 0.93 £ 0.13 X 105 s-! for k¢, in the glass, which is
within experimental error of the value obtained from the above
analysis, 1.1 £ 0.1 X 105 s-1.

The lifetime and photochemical data for Ru(bpy);2*(ads) point
to a low-energy nonemissive MLCT state, rather than a dd
manifold, in thermal equilibrium with the emissive MLCT state.
However, the model consistent with both ®,,(7) and (7)) requires

(48) Parker, C. A. Photoluminescence of Solutions; Elsevier: Amsterdam,
1968; p 23.
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a second energy level that lies 1117 & 70 cm~! above the 'MLCT
state. Thisehergy gapiswithin the range of a molecular vibration,
and spectroscopic data show that adsorption increases the half
width of the MLCT transition and reduces the intensities of the
bipyridine localized 286-nm w—=* transition and the 1492-cm!
bipyridine vibration resonant with the MLCT absorption.
Activation of a specific molecular vibration could achieve a
“critical geometry”,* although in this case the geometry achieved
thermally promotes relaxation to the ground state competitive
with intersystem crossing to the emissive manifold, i.e., n;c declines
withincreasing temperature. Instead, we assign thishigherenergy
level to an electronic state since thermal population of a specific
electronic state, as opposed to the activation of a molecular
vibration, appears to be more consistent with data that show that,
under certain conditions, n;, of Ru(II) diimines can either increase
or decrease with increasing temperature.

Adding AE, to the energy of the 452-nm MLCT transition
places this higher energy state 23240 £ 100 cm~! above the ground
state. Polarized absorption spectra of Ru(bpy);2* in [Zn(bpy);-
Br;]-6H,0 crystals reveal a number of o and 7 polarized
absorptions in the 25000-28000-cm™! region.3s Ferguson and
co-workers assign the transitions exhibiting a strong r polarization
to the lowest triplet state bpy in the Ru(II) complex. Although
the energies corresponding to the absorption maxima are
somewhat larger than the calculated 23240 £ 100 cm™! energy,
the 0-0 transition energies will be lower. Based on the estimated
width of the 286-nm bipyridine localized w—=* transition, 0-0
transition energies could lie as much as 4000 cm! below the
absorption maxima.’®® We propose that the thermally accessible
higher energy state lying 1117 & 70 cm™! above the '/MLCT state
isa ligand localized triplet state, *LL. Assuming thatthe majority
of molecules are in the 3LL state at the higher temperatures, the
3LL state undergoes nonradiative decay to the ground state,
whereas the IMLCT state undergoes intersystem crossing with
anefficiency equivalent tothat in fluid solution, i.e., unity. Neither
process is temperature dependent. Rather, the temperature
dependence arises from a thermal equilibration between the
IMLCT and 3LL states, and as a result, the apparent value of ;.
for Ru(bpy)s2*(ads) declines with increasing temperature. In
this case, the glass does not appear to reduce the intersystem
crossing efficiency, per se. Rather, it promotes, perhaps by
curtailing specific ligand vibrations, the population of a 3LL state.
Most likely, this is a matrix effect, but the results obtained in this
glass may be symptomatic of a more general phenomenon in
Ru(II) diimines.

The &.,/7 ratio for Ru(bpy);?* in aqueous solution is
independent of temperature, but in other cases where both emission
lifetime and quantum yield data are available, the published data
yield ratios that are temperature dependent. The emission
lifetimes and quantum yields of Ru(bpy),(diaz)?+ (diaz = 4,5-
diazafluorene), for example, indicate that the ®,/r ratio
approximately doubles as temperature rises from ca. 200 to 236
K.3' Schmehl and Cherry and their co-workers suggest that k;
changes with temperature, but in the absence of a spectroscopic
change,’? the temperature dependence may reflect a change in
Misc. Nakamura reports that the intersystem crossing efficiency
of Ru(bpy),(dmby)2+ (dmby = 3,3’-dimethyl-2,2’-bipyridine) at
77 K is ca. 102 times larger than that at 298 K.53 In two other
complexes, Ru(bpy)(py),2* and Ru(bpy);NPP2+ (N PP = 4-nitro-
2-(2-pyridyl)phenyl), the activation barriers obtained from the
reported emission quantum yields differ from those obtained from

(49) Turro, N. J. Modern Molecular Photochemistry; Benjamin/Cum-
mings: Menlo Park, CA, 1978; p 170.

(50) The 0-0 energy was calculated assuming a Gaussian band shape for
the 286-nm »—x* transition, and assuming that 0-0 transition energy occurs
at the point where the absorption is 5% of the maximum.

(51) Wacholtz, W. M.; Auerbach, R. A.; Schmehl, R. H.; Ollino, M.;
Cherry, W. R. Inorg. Chem. 1985, 24, 1758.

(52) Schmehl, R. H., private communication, 1991.

(53) Nakamaru, K. Bull. Chem. Soc. Jpn. 1982, 55, 2697.
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Figure 6. Idealized geometries of Ru(bpy)s2* adsorbed onto the surface
of the glass,

the lifetime data.’% Since 7(7T) reflects thermal equilibration
- within the lower energy MLCT states, whereas ®,,,(T) reflects
the latter and the apparent intersystem crossing efficiency,
differences in the activation energies may also indicate tem-
perature-dependent events prior to or concurrent with the
population of the emissive manifold.

Currently available data show that in these mixed-ligand
complexes, the intersystem crossing efficiency can either increase
or decrease with temperature. Cation exchanging Ru(bpy);2*
onto PVG reduces the complex’s symmetry from Dj to Cy, or C;
depending on the orientation on the glass surface (Figure 6).
These are idealized geometries, but adsorption onto the anionic
surface of this glass, which exhibits a { potential of —27 mV in
water,5S differentiates the initially equivalent bpy ligands. Of
course, it can be reasonably argued that the perturbation is small
since the electronic spectra of the complex in the two media are
similar. On the other hand, there is a reduction in the relative
intensity of the 286-nm absorption, and in the 5-90 °C range,
the emission polarization ratio of Ru(bpy);2*(ads) is equivalent
to that in 77 K hydrocarbon glasses.!®33 In our opinion, the
latter in particular argues for a relatively strong interaction,
although it may not be equivalent in magnitude to that found in
a mixed-ligand complex. Nevertheless, in Ru(II) diimines,
nonradiative decay tothe SMLCT manifold is an energy dissipative
process that involves charge delocalization among all ligands since,
with few exceptions, emission occurs from the lowest energy

(54) Reveco, P.; Schmehl, R. H.; Cherry, W, R.; Fronczek, F. R.; Selbin,
J. Inorg. Chem. 1985, 24, 4078.

(55) Basu, A.; Gafney, H. D.; Perettie, D. J; Clark, J. B. J. Phys. Chem.
1983, 87, 4532,
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IMLCT state corresponding to a specific metal-ligand pair
regardless of the state populated on adsorption. In this sense,
intersystem crossing will depend on the surrounding ligands, and
theabove data suggest that an asymmetric environment, whether
it arises from different ligands or, as in the case of Ru(bpy);2*-
(ads), a differentiation due to adsorption, creates a situation in
which the apparent intersystem crossing efficiency is temperature
dependent. We propose that the temperature dependence arises
from the population of an 3LL state which opens a nonradiative
decay pathway. Inwhichcase, whether the apparent ;. increases
with increasing temperature, as appears to be the case in Ru-
(bpy),(diaz)?*,3! or decreases with increasing temperature, as
with Ru(bpy)s?*(ads) and Ru(bpy),(dmby)2+,53 will depend on
the relative energies and populations of the !MLCT and 3LL
states. Experimentstotestthese ideas arein progress, but clearly
intersystem crossing efficiencies are not necessarily temperature
independent, and in mixed-ligand complexes and more rigid media
much closer experimental scrutiny is deserved.

Conclusion

Ru(bpy);2* cation exchanged onto porous Vycor glass retains
the spectroscopic properties found in aqueous solution. As found
in other more rigid media, the temperature dependence of the
lifetime and photochemical behavior of the adsorbed complex
point to a thermal equilibration among the emissive MLCT state
and a nonemissive MLCT state that lies 1168 + 160 cm~! above
the emissivestate. Also, unlike aqueoussolution, where the ®.p/ 7
ratio is independent of temperature, that for the adsorbed complex
declines by 42% in the 5-90 °C range. A model consistent with
both ®.(7) and 7(T) data suggests that the temperature
dependence arises from a thermal equilibration among the
IMLCT state and a 3LL state lying 1117 £ 70 cm-! above the
IMLCT state. Intersystem crossing fromthe !MLCT state occurs
with an efficiency equivalent to that in aqueous solution, but
population of the 3LL state leads to competitive nonradiative
decay. Comparison with published data suggests that asymmetric
coordination arising either from different ligands or with Ru-
(bpy)s?*(ads) differentiation of the ligands by adsorption onto
the anionic surface of the glass leads to a temperature-dependent
intersystem crossing efficiency. In these cases, intersystem
crossingeither increases or decreases with temperature depending
on the relative energies of the 'MLCT and 3LL states.
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