pubs.acs.org/IC

Inorganic Chemistry

Excited-State Relaxation of Ruthenium Polypyridyl Compounds
Relevant to Dye-Sensitized Solar Cells
Ryan M. O’Donnell,” Patrik G. _]ohanssonﬁ Maria Abrahamsson,” and Gerald J. Meyer*’T

TDepartments of Chemistry and Materials Science and Engineering, Johns Hopkins University, 3400 North Charles Street, Baltimore,
Maryland 21218, United States

T'Department of Chemical and Biological Engineering, Chalmers University of Technology, 41296 Goteborg, Sweden

ABSTRACT: Remarkably little is known about metal-to-ligand
charge transfer (MLCT) excited-state relaxation pathways for
the ruthenium polypyridyl compounds commonly utilized in
dye-sensitized solar cells. Herein, we report variable-temper-
ature photoluminescence studies of compounds of the general
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type cis-Ru(LL),(X),, where LL is a bipyridyl ligand and X is

CN~ or NCS7, and contrast them with the well-known
Ru(bpy);** and Os(bpy),**, where bpy is 2,2-bipyridine, to 00

identify relaxation pathways. In fluid acetonitrile and propylene 5 o]

carbonate solutions, excited-state relaxation was found to obey a (g, I \d/

first-order kinetic model. An Arrhenius analysis revealed internal ' I 09

conversion to two different states, assigned to an upper MLCT

excited state and a ligand field excited state. Relaxation through

the upper MLCT excited state typically displayed pre-exponential factors of 10’—10° s™" with activation energies of 400—900
cm™!, while relaxation rates through ligand field states occurred with 10*—10" s7! and activation energies of 4000—5000 cm L
Nonradiative decay through LF states was sensitive to the ligand identity, but in a manner that was not fully consistent with the
spectrochemical series. Excited-state relaxation of cis-Ru(dcbH,),(NCS),, where dcbH, is 4,4’-(CO,H),-2,2'-bipyridine,
sometimes termed N3, anchored to mesoporous TiO, or ZrO, thin films immersed in CH;CN occurred through the upper
MLCT excited state with activational parameters in surprisingly good agreement with those abstracted from data measured in
fluid solution. An important finding from these studies is that the population of dissociative ligand field excited states is unlikely
to lead to unwanted photochemistry of dye-sensitized solar cells based on cis-Ru(LL),(NCS),-type compounds at room
temperature.
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B INTRODUCTION

Excited-state relaxation of the thermally equilibrated excited LT

state of Ru(bpy);** has been quantified in considerable detail N Pk,

by Crosby and co-workers.' > Temperature-dependent photo- T - rhotopradkids
luminescence (PL) measurements revealed the presence of 4"‘MLCT

three closely spaced metal-to-ligand charge transfer (MLCT) el

excited states that behave as a single state near room ,
temperature. Later, experimental and theoretical analysis : k
identified a fourth MLCT state that accounted for the weak
temperature dependence near room temperature.“_7 Excitation
spectra revealed that intersystem crossing from upper excited
states to the thermally equilibrated (thexi) states occurred with
a quantum yield of unity.>® Higher in energy are ligand field
(LF) states, sometimes called d—d states, that are antibonding
with respect to metal-ligand bonds, Scheme 1. Internal
conversion from the MLCT states to the LF states can
therefore lead to ligand loss photochemistry. As was
emphasized by Crosby, the Ru center induces spin—orbit
coupling that makes spin a poor quantum number for these
electronic excited states.>”'® Nevertheless, the initially formed
excited state is necessarily singlet in character, while the thexi
states have considerable triplet character. Herein, we use the
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term photoluminescence that implies no restrictions on the
spin change that accompanies excited-state relaxation.

While it is often tacitly assumed that a Jablonski diagram like
that shown in Scheme 1 for Ru(bpy),*" is applicable to all
MLCT excited states, there is evidence to suggest otherwise.
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Scheme 2. Chemical Structures of Molecules Studied: (Left to Right) cis-Ru(bpy),(CN),, cis-Ru(bpy),(NCS),, and cis-
Ru(dcbX,),(NCS),, Where X = H (N3) or X = Tetrabutylammonium (N712)

For example, nonunity intersystem crossing ?rields have been
observed under a variety of conditions.''~"” Excitation
wavelength-dependent quantum yields for photochemical
ligand loss have been reported."®™' Furthermore, the MLCT
excited states are often found to be acutely sensitive to their
external environment.”**7° It is also noteworthy that excited-
state relaxation pathways in compounds of lower symmetry, like
the cis-Ru(bpy),X,, where X is a halide or pseudohalide, have
received remarkably little attention even though they represent
the class of compounds most commonly utilized in dye-
sensitized solar cells.>' > Here, we report photophysical
studies of this type for compounds in fluid solution and
anchored to semiconducting metal oxide surfaces.

Previous studies of MLCT excited states anchored to
semiconductor surfaces have been limited, mainly because of
rapid electron transfer to the semiconductor acceptor
states.**™* However, it is possible to enhance the excited-
state lifetime by shifting the semiconductor acceptor states to
energies where electron transfer is unfavored.**** For example,
Sutin and Clark took advantage of the Nernstian shift of the
rutile TiO, conduction band edge position to abstract
reorganization energies for interfacial electron transfer;
excited-state injection was favored under acidic conditions
and was not observed when the pH was raised.** In another
example, the MLCT excited states of cis-Ru(bpy),(ina),,
where ina is isonicotinic acid, anchored to mesoporous TiO,
nanocrystalline (anatase) thin films displayed nonunity
intersystem crossing yields with an increased activation barrier
for MLCT — LF internal conversion.*’ Lateral intermolecular
energy transfer across the surface has also been quantified in
these same TiO, thin films.**>!

There exists compelling evidence that excited-state electron
transfer from ruthenium polypyridyl compounds to anatase
TiO, occurs on ultrafast time scales under many experimental
conditions.**™* In addition to these subpicosecond electron
transfer processes, there is evidence for slower interfacial
electron transfer reactions that were likely occurring from the
thexi state.’”*"* In principle, PL can report on the yields and
rate constants for interfacial electron transfer from the thexi
state. Several previous studies have reported data of exactly this
type.>> "> Furthermore, because PL is a contactless technique,
it can, in principle, be used for the in situ characterization of
operational dye-sensitized solar cells. As PL is an indirect probe
of electron transfer, its use as an in situ tool for solar cell
efficiency requires that the excited states be thoroughly
characterized. Here, we report studies motivated toward this
goal. Temperature-dependent PL studies of compounds of the
general type cis-Ru(LL),(X),, where LL is a diimine ligand and
X is CN~ or NCS~, Scheme 2, have been contrasted with the
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well-known Ru(bpy);>* and Os(bpy),;>*, where bpy is 2,2'-
bipyridine, to identify relaxation pathways. In addition, the
photophysical properties of cis-Ru(dcbH,),(NCS),, often called
N3, anchored to mesoporous nanocrystalline (anatase) TiO,
and ZrO, thin films have been characterized. An important
finding from these studies is that the population of dissociative
LF excited states is unlikely to lead to unwanted photo-
chemistry in dye-sensitized solar cells based on these
sensitizers. This conclusion stands in sharp contrast to what
one would anticipate based on the spectrochemical series, and
plausible explanations for this behavior are discussed.

B EXPERIMENTAL SECTION

Materials. The following reagents were used as received from the
following commercial suppliers: acetonitrile (Burdick & Jackson,
spectrophotometric grade); ethanol (Pharmco-Aaper, 200 proof
anhydrous); tert-butanol (Fisher, certified); propylene carbonate
(Sigma-Aldrich, 99.7% anhydrous); deionized water; n-tetrabutylam-
monium hydroxide (TBAOH; Sigma-Aldrich, 1.0 M in methanol);
potassium hydroxide (Fisher Scientific, >85%); potassium hexafluor-
ophosphate (KPFg; Aldrich, 98%); [Ru(bpy);]ClL,-6H,0 (Aldrich,
99.95%); cis[Ru(dcbH,),(NCS),] (Solaronix); titanium(IV) isoprop-
oxide (Sigma-Aldrich, 97%); zirconium(IV) isopropoxide (Alfa Aesar,
70% in n-propanol); argon gas (Airgas, >99.998%); nitrogen gas
(Airgas, 99.999%); and glass microscope slides (Fisher Scientific, 1
mim thick). [Ru(bpy),(CN),), [Ru(bpy),(NCS),], and [Os(bpy)s)-
(PF¢), were available from previous studies.

Preparations. [Ru(bpy),](PF¢), was prepared from the anion
metathesis reaction of [Ru(bpy);]ClL-6H,0 with KPFs. The neutral
[Ru(dcbH,),(NCS),] was fully deprotonated to form (TBA),[Ru-
(dcb),(NCS),] using TBAOH similar to the method reported by
Nazeeruddin et al.*®

Nanocrystallites of TiO, (anatase, ~15 nm in diameter) and ZrO,
(~1S5 nm in diameter) were prepared by hydrolysis of Ti(i-OPr), or
Zr(i-OPr),, respectively, using a sol—gel method previously described
in the literature.”” The sols were cast as transparent mesoporous thin
films by doctor blading onto glass microscope slides with the aid of
transparent cellophane tape as a mask and spacer (~10 ym thick). The
films were sintered at 450 °C for 30 min under an atmosphere of O,
flow and either used immediately for surface attachment or stored in
an oven for future use. The thin films were treated with aqueous base
(pH 11) for ~15 min and rinsed with a 50:50 (v/v) mixture of
CH;CN/tert-butanol before sensitization in concentrated dyeing
solutions. The sensitized thin films were then rinsed and stored in
neat CH;CN prior to use.

Spectroscopy. UV—Visible Absorption. Steady-state UV—visible
(vis) absorption spectra were obtained on a Varian Cary SO
spectrophotometer at room temperature in 1.0 cm path length quartz
or Pyrex cells.

Infrared Absorption. Attenuated total reflectance (ATR) FTIR
absorbance spectra were obtained using a Thermo Scientific Nicolet
Nexus 670 spectrophotometer with a Golden Gate ATR accessory.
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The measurements were made under an N, atmosphere, and the
spectra were averaged for 64 scans and background corrected with 4
cm™! resolution.

"H NMR. The 'H NMR spectra were obtained on a Bruker Avance
400 MHz instrument in CH;0D at room temperature (25.0 °C) and
calibrated to residual solvent peaks.

Steady-State Photoluminescence. Steady-state photoluminescence
(PL) spectra were obtained with a Spex Fluorolog spectrophotometer
equipped with a 450 W Xe lamp or an argon ion laser for the
excitation source. PL spectra of argon purged solutions were acquired
at room temperature with photoluminescence detected at a right angle
to the excitation beam. Quantum vyields were measured versus
Os(bpy);** in CH,CN as the standard (@, = 0.005) using the optically
dilute method.>**® Sensitized metal oxide thin films were measured by
placing the film diagonally in a 1.0 cm square quartz cell, exciting 45°
to the surface, and monitoring from the front face of the sample.

Temperature-Dependent, Time-Resolved Photoluminescence.
Nanosecond time-resolved PL data were acquired at a right angle to
excitation with pulsed 450 or 500 nm laser light from a N, dye laser
(Photon Technologies International, GL301, Coumarin 450 or S00
(Exciton)). Transient data were digitized on a computer-interfaced
oscilloscope (LeCroy LT322) with S ns time resolution. Typically, 300
laser shots were averaged for each kinetic trace. For the temperature
dependence studies, the sample temperature was maintained to +0.1
°C using a liquid nitrogen cryostat (UniSoku CoolSpek USP-203-B).

Photolysis. Photolysis experiments were performed with the Spex
Fluorolog spectrophotometer. Argon saturated samples were irradiated
with light for 3 h at an elevated temperature of +70.0 °C, which was
maintained to +0.1 °C using a liquid nitrogen cryostat (UniSoku
CoolSpek USP-203-B).

Data Fitting. Kinetic data fitting and Arrhenius analyses were
performed in Origin 8.5 with least-squares error minimization
accomplished using the Levenberg—Marquardt iteration method.
Solution sample lifetimes were fit to single exponential decay kinetics
over at least three half-lives, eq 1.

I(t) =1, exp(—t) +c

Tobs (1)
The temperature-dependent lifetimes were converted to observed
rates and fitted to the modified Arrhenius expression, eq 2. Unless
otherwise noted, the Arrhenius analyses were performed with only one
activation energy term (n = 1) as the inclusion of a second (n = 2) did
not improve the fit.

= kO + Z[Al exp(; a
i=1 B

gl

Tobs

@)

B RESULTS

Representative absorption and photoluminescence spectra of
the cis-Ru(bpy),(X), compounds dissolved in acetonitrile are
shown in Figure 1. The fully deprotonated form of cis-
Ru(dcbH,),(NCS),, (TBA),[Ru(dcb),(NCS),] also known as
N712, was studied in most detail for solubility reasons. The
three compounds possess two MLCT absorption bands
centered around 500 nm and between 340 to 380 nm as well
as ligand centered 7—7* transitions between 290 and 310 nm.
Visible light excitation resulted in room temperature photo-
luminescence (PL). The PL maximum of cis-Ru(bpy),(NCS),
at 745 nm was similar to that of (TBA),[Ru(dcb),(NCS),],
which occurred around 725 nm. The PL maximum of cis-
Ru(bpy),(CN), was blue-shifted in comparison to the
isothiocyanate compounds and maximized at 680 nm; see
Figure 1. The photophysical characteristics of the isothiocya-
nate and cyanide ligated compounds are given in Table 1 along

with Ru(bpy);** and Os(bpy);** for comparison. All of the
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Figure 1. Absorption and photoluminescence spectra of cis-Ru-
(bpy),(CN), (magenta), cis-Ru(bpy),(NCS), (green), and
(TBA),[Ru(dcb),(NCS),] (blue) in acetonitrile.

compounds studied exhibited low energy absorption and PL
maxima that were red-shifted as compared to Ru(bpy),*".

The isothiocyanate compounds were characterized via ATR-
IR. A vey = 2120 cm™ and vg = 768 cm™ were observed in
good agreement with literature values for N-coordinated
isothiocyanate.*®® Likewise, the cis-Ru(bpy),(NCS), sample
used in this study exhibited vcy = 2099 ecm™ and vg = 795
m~'.5%°! Had the S-coordinated isomer been present in an
appreciable amount, lower energy stretches would have been
expected with vcy & 2056 cm™ and v & 700 cm™1.% There
was no evidence for the presence of the trans-Ru-
(dcbH,),(NCS), isomer that exhibits a characteristic UV—vis
absorption spectrum.”’ Furthermore, there is no literature
precedence for formation of the trans-isomer by photo-
isomerization of cis-Ru(dcbH,),(NCS),. The N-/N-coordi-
nated cis-isomer is the only reported isomer for the Ru-
(bpy),(NCS), compound.®®

The "H NMR analysis of cis-Ru(dcbH,),(NCS), was in good
agreement with previous studies. The '"H NMR resonance at
9.58 ppm has been assigned to the N-/N-coordinated
isothiocyanate isomer that integrated to ~98—99% of the
total concentration. Weak resonances at 9.92 and 9.51 ppm
have been attributed to the S-coordinated isomers that
comprised the remaining ~1—2% of the sample.”

Pulsed light excitation of the compounds in acetonitrile
yielded MLCT excited states that decayed to the ground state
by a first-order kinetic model. The excited-state lifetimes
obtained at room temperature, 7, for the isothiocyanate
compounds were comparable to Os(bpy);*" ranging from 27 to
115 ns. The quantum yields for PL, @y, were quantified by the
optically dilute method with Os(bpy);*** employed as the
actinometer.>® A reported ®p; = 0.005 for Os(bpy);** in
argon-saturated acetonitrile was utilized, and any error in this
value would result in systematic deviations of the data listed in
Table 1.*° The PL quantum yield for cis-Ru(dcb),(NCS),*
was 3.5 X 107 in acetonitrile and 2.0 X 10~ in propylene
carbonate, both values being slightly less than the reported
value of S X 107 for Os(bpy);’* in acetonitrile and the
measured value of 4 X 107 in propylene carbonate. The
quantum yields for cis-Ru(bpy),(NCS), and cis-Ru-
(dcbH,),(NCS), were quite small, on the order of (5—7) X
107 In addition to having a longer excited-state lifetime of
around 240 ns in both solvents studied, cis-Ru(bpy),(CN), also
exhibited a PL quantum yield between that of Ru(bpy);** and
Os(bpy);** equal to 1.6 X 107~
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Table 1. Photophysical Data of the Compounds in Solution at Room Temperature (+20 °C)

compound solvent® abs (nm)b e (M_lcm_l)b PL (nm) 7, (ns)° kops (s71) <I>PLd k. (s7h)° Kor (s_l)f
Ru(bpy);™* ACN 450 14 600 615 825 1.2 x lo° 0.062° 7.5 x 10* 1.1 x lo®
PC 452 615 891 1.1 x Io¢ 0.071° 8.0 x 10* 1.0 x 10°

Os(bpy);** ACN 640 1800 736 59 1.7 X 107 0.005* 8.5 x lo* 1.7 X 107
PC 640 736 52 1.9 x 107 0.004 7.7 x 10* 1.9 x 107

Ru(bpy),(CN), ACN 492 8700 682 244 4.1 x 10° 0.016 6.6 x 10* 4.0 x 10°
PC 495 679 239 42 x 10° 0.016 6.7 x 10* 41 x 10°

Ru(bpy),(NCS), ACN 505 7400 745 27 3.7 x 107 0.0006 2.2 x 10* 3.7 x 107
PC 507 743 29 3.4 x 107 0.0007 2.4 x 10* 3.4 x 107

Ru(dcb),(NCS),* ACN 507 10 900 723 115 8.7 x 10° 0.0035 3.1 x 1o* 8.7 x 10°
PC 518 732 85 1.2 x 107 0.0020 2.4 x 10* 1.2 x 107

Ru(dcbH,),(NCS), PC 529 780 30 3.3 x 107 0.0006 2.0 x lo* 3.3 x 107

“ACN = acetonitrile; PC = propylene carbonate. “Maxima of the lowest energy MLCT absorption. “Lifetimes are +5%. “pL quantum yields
measured using Os(bpy);*" in ACN as standard with errors of +10%. °k, = ®p -kps Thoe = ke — ki Y], Am. Chem. Soc. 1983, 105, 5583. *J. Phys.
Chem. 1986, 90, 3722. All measurements were obtained at +19 °C + 2 °C. Wavelengths are +2 nm.
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Figure 2. Time-resolved PL data measured after pulsed laser excitation of (TBA),[Ru(dcb),(NCS),] in neat acetonitrile (A)

B)

1.0+ = BH10 oyt et
E,(LF)=4820cm”
i E, ("= 750em’
e
.
_q_A_‘_.__._._ 5
=5 0.5+
o
348 40
10006T (K"}
—— -40.0°C
— 00C
+40.0°C
2 - +70.0°C
0.0 4= S =
T T T T T
a 100 200 300 400 500
Time (ns)

and propylene

carbonate (B) at the indicated temperatures. The insets depict Arrhenius analyses of the kinetic data.
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Figure 3. Arrhenius comparisons in acetonitrile (A) and propylene carbonate (B) of the studied compounds: Ru(bpy);>* (purple ); cis-
Ru(bpy),(CN), (magenta ¥); cis-Ru(dcb),(NCS),*" (blue A); Os(bpy);** (black ®); cis-Ru(bpy),(NCS), (green M); and cis-Ru(dcbH,),(NCS),

(red O).

Manipulation of the sample temperature from —40.0 to
+70.0 °C in acetonitrile and from —40.0 to +100.0 °C in
propylene carbonate led to shorter observed excited-state
lifetimes as expected for thermal activation to upper excited
states. The observed relaxation rate constants for Ru(bpy);>**,
Os(bpy)s™™*, cis-Ru(bpy),(CN),*, and cis-Ru(bpy),(NCS),*
with respect to temperature could all be modeled with one
activation parameter through an Arrhenius analysis. Two
activation parameters were required to fit the Arrhenius data
for (TBA),[Ru(dcb),(NCS),], shown in Figure 2A, which
yielded activation energies of 4620 and 750 cm™' with
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corresponding pre-exponential factors of 1.7 X 10" and 1.3
X 10% s7!, respectively. Similar results were obtained in
propylene carbonate solution, although the activation energy
values needed to be fixed for the function to converge.

! taken

Specifying activation energies of 4620 and 750 cm™
from the acetonitrile values, allowed the function to converge.
The inset of Figure 2B depicts the fitted data with pre-
exponential factors of 4.8 X 10" and 9.7 X 107 s™! that were in
good agreement with the acetonitrile data. The temperature

range for (TBA),[Ru(dcb),(NCS),] in propylene carbonate
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Table 2. Arrhenius Parameters for the Compounds in Fluid Solution

compound solvent® temp range (K) ko' (s7) k (s7) ki /ky' E, (em™)
Ru(bpy);** ACN 233-343 7.8 X 10° 4.4 x 10" 5.6 x 10° 4240
PC 233-373 7.8 X 10° 4.0 x 10" 5.1 % 10° 4310
Os(bpy)s** ACN 233-343 5.1 % 10° 8.9 X 107 17 410
PC 233-373 6.6 x 10° 1.0 x 10° 16 430
Ru(bpy),(CN), ACN 233-343 1.8 x 10° 12 x 10° 67 810
PC 233-373 2.3 x 10° 1.7 x 10° 79 930
Ru(bpy),(NCS), ACN 233343 1.4 x 107 12 x 10° 86 810
PC 233-373 1.5 X 107 9.1 x 10° 67 780
Ru(dcb),(NCS),* ACN 233343 5.5 X 10° 1.7 X 10" 3.1 x 10° 4620
1.3 x 10° 24 750
PC 233343 9.7 x 10° 8.3 x 10" 8.6 x 107 4620°
8.5 x 107 9 750°
Ru(dcbH,),(NCS), PC 233-313 9.5 x 10° 6.6 x 10° 70 670
“ACN = acetonitrile; PC = propylene carbonate. ®Denotes values held constant during fitting; see text for details.
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Figure 4. Time-resolved photoluminescence decays of Ru(dcb),(NCS),/TiO, (A) and Ru(dcb),(NCS),/ZrO, (B) in neat acetonitrile baths. Insets
show the Arrhenius analyses with activation energies equal to 690 cm™ for the TiO, data and 890 cm™ for the ZrO, data.

Table 3. Arrhenius Parameters for cis-Ru(dcb),(NCS),/MO,

MO, abs (nm) PL (nm) temp range (K)
TiO, 532 765 233-313
ZrO, 508 725 233-343

ko' (5_1) ky (5_1) ky/ko' E, (Cm_l)
1.7 X 107 22 % 10° 130 690
42 X 1.0° 22 % 108 52 890
1.5 x 107 1.0 x 10° 67

was restricted from —40.0 to +70.0 °C as irreversible
photochemistry was observed at higher temperatures.

The temperature-dependent relaxation rates are shown in
Figure 3, and the excited-state decay parameters obtained from
the Arrhenius analyses are collected in Table 2. The Ru(bpy),**
data yielded an activation energy around 4200 cm™’, while the
Os(bpy);*" value was approximately 420 cm™, or about one
tenth of the ruthenium value. The bpy-based compounds cis-
Ru(bpy),(X),, where X is either NCS™ or CN~, exhibited
temperature-dependent activation to only one upper excited
state with activation energies less than 1000 cm™'. The fully
deprotonated, tetraanionic (TBA),[Ru(dcb),(NCS),] com-
pound exhibited thermal population to two different upper
excited states with one activation energy less than 1000 cm™
and the other around 4600 cm™ as described above.

The sensitizer cis-Ru(dcbH,),(NCS), was attached to base
pretreated TiO, and ZrO,, cis-Ru(dcb),(NCS),/TiO,, and cis-
Ru(dcb),(NCS),/ZrO,. Under these conditions, steady-state
PL was observed upon light excitation of the sensitized thin
films. The PL spectrum measured for Ru(dcb),(NCS),/ZrO,
was in line with that expected for this sensitizer and was slightly
broader than that observed in fluid solution. The cis-

Ru(dcb),(NCS),/TiO, PL spectrum was red-shifted by 720
cm™ relative to cis-Ru(dcb),(NCS),/ZrO,. The spectrum was
also broadened in comparison with the solution data. Pulsed
light excitation of cis-Ru(dcb),(NCS),/TiO, led to a short-
lived PL decay that was adequately described by a first-order
kinetic model; see Figure 4A. Temperature-dependent lifetimes
were analyzed from —40.0 to +40.0 °C with an activation
energy of 690 cm™" abstracted from the data as shown in Figure
4A. The PL decays of cis-Ru(dcb),(NCS),/ZrO, obtained from
—40.0 to +70.0 °C could not be adequately described by a first-
order kinetic model and fit well to a biexponential model. The
fast and slow kinetic components of the PL decays were
analyzed using a global fit to the activation energy with
independent ky and k, terms for each component yielding an
activation energy of 890 cm™’; see Figure 4B. The excited-state
decay parameters from the Arrhenius analyses for cis-
Ru(dcb),(NCS),/TiO, and cis-Ru(dcb),(NCS),/ZrO, are
collected in Table 3. The PL decay kinetics were found to be
independent of the observation wavelength for both cis-
Ru(dcb),(NCS),/TiO, and cis-Ru(dcb),(NCS),/ZrO,.
Photolysis of (TBA),[Ru(dcb),(NCS),] with 510 nm light
was performed in acetonitrile at +70 °C for 3 h. After
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Figure S. Absorption spectra of (A) (TBA),[Ru(dcb),(NCS),] and (B) Ru(dcb),(NCS),/TiO, in CH;CN before and after photolysis at +70 °C

for 3 h.

photolysis, the lowest energy MLCT maximum blue-shifted
from 507 to 475 nm and decreased in intensity, Figure SA.
Photolysis of Ru(dcb),(NCS),/TiO, with 532 nm excitation
under otherwise identical conditions did not lead to any
significant change in the UV—vis absorbance spectrum, Figure
SB.

B DISCUSSION

The activated relaxation pathways abstracted from temperature-
dependent measurements for [cis-Ru(dcb),(NCS),]** and cis-
Ru(dcb),(NCS),*/TiO, are summarized in Scheme 3. The

Scheme 3
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potential energy surfaces for the ground, thexi, and Franck—
Condon ('FC) states were placed on the indicated electro-
chemical scale from previously reported data.’> We emphasize
that our data provide the activation energy between states, not
necessarily their absolute values. Therefore, the minima for the
fourth MLCT and the LF states are unknown. The analysis
implies that the activation energy for internal conversion from
the thexi state to ligand field (LF) states increased when the
compound was anchored to the semiconductor surface.
Furthermore, under all conditions studied, the LF states were
not as accessible to these MLCT excited states as the
spectrochemical series would predict. Below we discuss the
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kinetic modeling from which the activational parameters were
abstracted, followed by a discussion of the photophysical
behavior in fluid solution and at metal oxide interfaces.

Kinetic Modeling. The detailed studies of Crosby and co-
workers mentioned in the Introduction were performed for
Ru(bpy);** immobilized in 2polymethylmethacrylate (PMMA)
thin films from 4 to 350 K."* Quantum yield and lifetimes data
enabled the temperature dependence of both the radiative and
the nonradiative rate constants to be quantified. Measurements
below 5 K were required to resolve the three closely spaced
electronic states that have significant Boltzmann population and
behave as one state near room temperature. Since this
pioneering work, there have been no subsequent studies of
this scope. Far more common is to measure excited-state
lifetimes over a limited temperature range as is reported
herein.”>**~%® With temperatures above the fluid-to-glass
transition of the solvent, the data are often described by a
single activational process plus a constant, ko, eq 3.

—1 =k, + A —2
= €X]
0 1 PkT

Tobs B

®3)

Some researchers have elected to fix ky to a limiting value
measured at lower temperatures.”®® In these studies, this
procedure was problematic as the lifetimes were temperature
dependent over all ranges studied and fixing k, to discrete
values led to quantitatively different activational parameters.
The k, value was therefore allowed to float in the minimization
process. Equation 3 was found to satisfactorily fit all of the data
described herein with only one exception in (TBA),[Ru-
(deb),(NCS),]* where a second activational process was
needed. We note that the activational energy reported herein
differs from that reported previously by Balzani and co-workers
for cis-Ru(bpy),(CN),; their experimental data were in %ood
agreement with our own, but the kinetic analysis differed.”"
Fluid Solution. The activational parameters abstracted from
excited-state relaxation of Ru(bpy);*** and Os(bpy);*** were
in good agreement with previously published data.*®” Internal
conversion from the thexi state to ligand field states, (tzg)5 (7*)?
— (t,)°(e,*)", was irreversible with pre-exponential factors of
10" s7' and E, of 4200 cm™'. For Os(bpy);***, the
temperature range afforded by the acetonitrile or propylene
carbonate solvents did not enable significant population of the
ligand field states. Instead, a small temperature dependence was
observed from which pre-exponential factors of 10® s™* and E,
of 420 cm™' were abstracted, parameters that are consistent
with relaxation through the fourth MLCT excited state.*®”
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Excited-state relaxation of cis-Ru(bpy),X, can, in principle,
be predicted on the ba51s of the data for Ru(bpy);*** and the
spectrochemical series.”” Replacement of one bpy ligand with
two strong field CN™ ligands would be expected to raise the
energy of the LF states and, assuming similar force constants,
increase the activation energy. Indeed, at the highest temper-
atures utilized (+100 °C in propylene carbonate), there was no
experimental evidence for thexi — LF internal conversion for
cis-Ru(bpy),(CN),*, and excited-state relaxation was very
similar to that measured for Os(bpy);*** with contributions
from only the fourth MLCT excited state.

Isothiocyanate is a weak field ligand positioned above the
halides on the opp051te end of the spectrochemical series with
respect to cyanide.”” Therefore, one would expect the ligand
field states to be readily accessible from the MLCT excited state
of cis-Ru(bpy),(NCS),. Surprisingly, this was not found to be
the case, and excited-state relaxation occurred through the
fourth MLCT excited state. In fact, based on the
spectrochemical series, it is surprising in the first place that
cis-Ru(bpy),(NCS),* displays room temperature photolumi-
nescence with a lifetime of ~30 ns because related compounds
with stronger field pyridine ligands, that is, cis-Ru-
(bpy),(py),>**, are nonemissive at room temperature with
short excited-state lifetimes and high quantum yields for
photochemical ligand loss, behavior consistent with facile
population of antibonding ligand field states.””>*”~7* In the
vast literature of isothiocyanate coordination chemistry as an
ambidentate ligand, NCS is always considered a o-donor with
no m-accepting behavior. 737% Some more recent data, however,
suggest that this is not necessarily the case.”>~"°

Schugar and co-workers noted that cis-Ru(bpy),(NCS),
displayed only a single vcy stretch.®® Similar behavior was
recently reported for a series of compounds of the type cis-
Ru(LL),(NCS),.”® The appearance of one single absorption
band was surprising in two regards. First, a single IR absorption
band was more consistent with the trans-form of the compound
and the presence of an inversion center even though the
geometry of these compounds and those in the present study
clearly was cis-. Second, both an antisymmetric and symmetric
Vcy stretches were expected, yet only the single band was
observed. This has been rationalized on the basis of the
importance of two different resonance structures shown in
Scheme 4.”%7® Backbonding into the 7* orbitals of resonance

Scheme 4

———-N::::(;::::é:
A

structure A is approximately equivalent to backbonding to
bipyridine, which diminishes the energy separation between the
antisymmetric and symmetric vy combinations. X-ray
crystallographic data were analyzed to check for evidence of
7 backbonding of this nature in the solid state. 0077779 The five
crystal structures of cis- Ru(LL)Z(NCS)Z compounds exhibit an
average N—C bond length of 1.13 A that is consistent with an
N—C triple bond and inconsistent with 7 backbonding from
the Ru center. However, the average C—S bond length from
crystal data is 1.65 A that is intermediate between a C—S single
bond, 1.81 A, and a C—S double bond, 1.55 A.%” Therefore, the
crystallographic data provide some support for the proposal
that 7 backbonding into the nitrile portion of resonance
structure A in Scheme 4 is operative in the ground state.
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The above discussion suggests that NCS™ — Ru" back-
bonding may be more important in these compounds than the
spectrochemical series predicts, at least in the ground electronic
state. The ligand field strength in the excited state is potentially
a more complicated issue. Upon light excitation, an electron is
transferred from the Ru d-orbitals to the 7* levels of the bpy
ligand, eq 4.

cis-Ru" (bpy), (NCS), + hv

— cis-Ru""(bpy ™) (bpy) (NCS), * @)
The ligand field splitting parameter A, is expected to be 30%
larger for Ru' than for Ru!.®%° However, the formal oxidation
states are most relevant to the initial formed Franck—Condon
excited state because intersystem crossing and vibrational
relaxation transfer charge back to the metal center in the thexi
state. Nevertheless, the excited state is more Ru' like than is
the ground state. The appearance of absorption bands in the
near-infrared region for both the excited and the oxidized state
has been previously assigned as ligand-to-metal charge transfer
absorptions and provides direct evidence for NCS™ — Ru.
Theoretical studies also indicated partial “hole transfer” from
the Ru to the sulfur atom in the isothiocyanate ligand.*'~**
Furthermore, electrochemical measurements have shown that
the isothiocyanate oxidation is proximate to the metal centered
Ru"™" redox process.®

The coordinated isothiocyanate ligand can be viewed as two
resonance forms, Scheme 4. Kaim has shown that upon
oxidation of cis-Ru(LL),(NCS),, the decreased electron
density at the ruthenlum center promotes a structural
conversion from A to B.”® Indeed, recent time-resolved X-ray
data indicate that the Ru—N(NCS) bond length decreases by
0.06 A upon oxidation.”” This may represent the most
significant inner-sphere reorganization in these compounds
that dlsplay unusually small reorganization ener§1es for MLCT
excitation®® and excited-state electron transfer.®

The inductive effect brought about by substitution of the
bipyridine ligands in the 4,4'-positions can rationalize the
temperature dependence of cis-Ru(bpy),(NCS),, cis-Ru-
(dcbH,),(NCS),, and (TBA),[Ru(dcb),(NCS),]. The elec-
tron-withdrawing carboxylic acid groups stabilize the thexi state,
thereby increasing the thexi—LF energy gap. On the other
hand, carboxylate acts as an electron donor, such that
(TBA),[Ru(dcb),(NCS),] has the smallest thexi—LF energy
gap. It is for this reason that the LF state population was only
observed for this excited state.

Metal Oxide Interfaces. Steady-state photoluminescence
was observed from cis-Ru(dcbH,),(NCS), anchored to
mesoporous thin films of insulating ZrO, and semiconducting
TiO,, abbreviated Ru(dcb),(NCS),/MO,. The PL from
Ru(dcb),(NCS),/TiO, was enhanced by a pretreatment of
the TiO, thin films with aqueous base.**”*® This treatment
shifts the acceptor states in TiO, negative on an electro-
chemical scale (i.e., toward the vacuum level). Previous studies
on closely related sensitized materials have shown that this
pretreatment lowers the excited-state injection yield measured
when the films are immersed in neat acetonitrile.*”” Indeed
under such conditions, the TiO, behaves more like an insulator
in that the MLCT excited state does not undergo efficient
electron transfer and the photophysical behavior was very
similar to that observed for Ru(dcb),(NCS),/ZrO,.

Lateral intermolecular energy transfer is known to complicate
kinetic analysis of MLCT excited-state relaxation on semi-

5,86
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Figure 6. The fraction of excited states that relax through the thexi (black), fourth MLCT (blue), and LF (red) states as a function of temperature
for (A) cis-Ru(dcb),(NCS),* in CH;CN and (B) Ru(dcb),(NCS),/TiO, thin film immersed in CH;CN. The dashed lines are predictions based on

the experimental data from lower temperatures shown as solid lines.

conductor surfaces.*” ™' Energy migration leads to triplet—
triplet annihilation reactions that are second-order in excited-
state concentration. Monte—Carlo simulations were consistent
with a (30 ns)™' energy hopping rate for Ru(bpy);** type
sensitizers.”” In the present work, excited-state decay was
satisfactorily described by a first-order kinetic model,
presumably because the irradiance was kept low and the
short excited-state lifetimes resulted in inefficient energy
transfer.

Infrared measurements were consistent with previous studies
that indicate all of the carboxylic acid groups are deprotonated
in the Ru(dcb),(NCS),/MO, thin films.”"> The fully
deprotonated compound, (TBA),[Ru(dcb),(NCS),], is there-
fore a better model for the surface behavior than is cis-
Ru(dcbH,),(NCS),. The key difference in excited-state
relaxation observed in solution relative to the metal oxide
surfaces was that there was no evidence for ligand field
population at the oxide interfaces. Presumably, relaxation
through the ligand field states had a much larger barrier for the
metal oxide surface than it did in fluid solution. Indeed,
previous studies have shown that entrapment of Ru(bpy);** in
zeolites and polymers also resulted in an increased activation
energy for LF state population.”**>**3%7>%3 population of the
LF states results in an elongation of metal—ligand bonds that is
restricted by the metal oxide surface. As a result, the excited
states are expected to be more stable toward photochemical
ligand loss when anchored to a TiO, nanocrystallite.

In this regard, it is of interest to compare excited-state
relaxation pathways of (TBA),[Ru(dcb),(NCS),] with Ru-
(dcb),(NCS),/TiO, in acetonitrile solution. The fraction of
excited states that decay through each pathway are shown as a
function of temperature in Figure 6.*%” In fluid solution at +67
°C, excited-state relaxation occurs with equal probability
through the thexi, fourth MLCT, and LF states. In contrast,
at the same temperature, 13% decay through the thexi state
with 87% through the fourth MLCT state for Ru-
(dcb),(NCS),/TiO,.

Consistent with this model, steady-state photolysis at the
MLCT maximum showed very different behavior for the
sensitizer in fluid solution and anchored to TiO, thin films at
+70 °C. Photolysis of cis-Ru(dcb),(NCS),*™ in CH,CN at +70
°C led to spectral changes consistent with ligand loss
photochemistry. In contrast, excitation of Ru(dcb),(NCS),/
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TiO, under the same conditions of temperature and solvent
gave no evidence for photochemistry.

H CONCLUSION

The temperature-dependent lifetime data of cis-Ru(bpy),(CN),
and cis-Ru(bpy),(NCS), were well described by an Arrhenius
model from which activation energies of 810 cm™ and pre-
exponential factors of ~10° s™" were abstracted. By analogy to
previously reported data for MLCT excited states, these
activational parameters were attributed to population of a
higher lying “fourth” MLCT excited state. Notably absent was
the expected population of antibonding ligand field states for
cis-Ru(bpy),(NCS),, behavior that was attributed to z—
bonding into the NCS™ ligand and partial charge transfer
from the NCS™ to the metal center in the excited state. The
inductive influence of substituents in the 4 and 4’ positions of
the bpy ligands was also quantified. The introduction of
electron-withdrawing carboxylic acid groups in cis-Ru-
(dcbH,),(NCS), increased the energy gap between the thexi
and LF states. Carboxylate groups in cis-Ru(dcb),(NCS),*"
resulted in excited states that relaxed through the fourth MLCT
and LF states. Excited-state relaxation of the compound
anchored to TiO,, Ru(dcb),(NCS),/TiO,, was through the
thexi and fourth MLCT states without evidence for thexi — LF
state internal conversion. Therefore, the temperature-depend-
ent lifetime data predicted that Ru(dcb),(NCS),/TiO, would
be stable with regard to ligand loss photochemistry, a
prediction that was supported by photolysis experiments at
+70 °C. This finding is also consistent with previous studies
that attributed ligand loss photochemistry of Ru(dcb),(NCS),/
TiO, to the oxidized form of the compound,”*~*® which has
long been known to be reactive.””
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