Downloaded by UNIV OF NORTH CAROLINA at 08:21:45:331 on July 05, 2019
from https://pubs.acs.org/doi/10.1021/acs.jpcc.8b05281

THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. C 2018, 122, 19385-19394

pubs.acs.org/JPCC

Influence of 4 and 4’ Substituents on Ru""" Bipyridyl Self-Exchange
Electron Transfer Across Nanocrystalline TiO, Surfaces

Tyler C. Motley,” Matthew D. Brady,” and Gerald J. Meyer*

Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, United States

O Supporting Information

ABSTRACT: Lateral self-exchange electron transfer across
oxide surfaces is important to many solar energy capture and
conversion schemes. Substituent effects on lateral Ru"" self-
exchange electron transfer were studied using a series of Ru"
polypyridyl compounds of the type [Ru(R,bpy),(P)]**, where
P is 2,2'-bipyridyl-4,4'-diphosphonic acid and R,bpy was a
4,4'-substituted-2,2'-bipyridine with six different R groups:
—OCH,, —C(CH;);, —CH;, —H, —Br, and —CF;. These
functional groups were chosen mainly for their electron-
withdrawing or -donating ability. Chronoabsorptometry was
used to probe the apparent diffusion coeflicient, D, that was
proportional to the self-exchange rate constants, and these
values were found to be between 2.8 X 107'! and 7.9 X 107’

Which substituent effects influences lateral . ol y
self-exchange electron transfer? ’ -
Steric Size or Electron Withdrawing/Donating Ability ‘,'.. S 3
Ru R;bpy —
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R = -OCHj, -C(CH;)s, -CH;, -H, -Br, -CF, 0

cm?/s. The measured D¢, values showed no correlation with the electron-withdrawing or -donating ability of the functional
groups, but were instead correlated with the steric size of the substituents that also influenced the saturation surface coverage
and thus the intermolecular distance. With some assumptions to estimate the intermolecular distance, the self-exchange rates
were found to possess an exponential dependence with the distance, # = 1.2 + 0.2 A™". Independent tests of the were carried
out by varying the surface coverages from which f = 1.18 + 0.09 A™! was found. The results indicate that the substituent’s steric

size is the dominant factor that controls lateral Ru"""

self-exchange electron-transfer rates at these interfaces.

B INTRODUCTION

Lateral electron transfer, commonly referred to as hole
hopping, between surface-immobilized, redox active com-
pounds at semiconductor interfaces provides a means to
laterally transport charge without a loss of free energy and has
emerged as an important process in molecular approaches to
solar energy conversion. Recent reports revealed that after dye-
sensitized excited-state electron injection into TiO,, the rate at
which the oxidizing equivalent was translated away from the
injection site by lateral self-exchange was directly correlated to
charge recombination with the injected electron.' ™ Moia and
co-workers have recently reported an operational dye-
sensitized solar cell that utilized hole hopping to translate
the oxidizing equivalent to the counter electrodes rather than
the traditional iodide redox mediators. This approach led to
sustained electrical power generation with notably large open
circuit voltages.“’5 Furthermore, lateral electron transfer was
shown to be integral to the accumulation of multiple redox
equivalents onto a catalytic site.”"® Therefore, control of lateral
electron transfer at semiconductor interfaces is an important
goal. Here, we expand upon a previous report’ using a
homologous series of Ru" polypyridyl compounds to
determine whether the electron-withdrawing/-donating ability
of substituents on a 4,4’-substituted-2,2'-bipyridine ligand
influence the lateral self-exchange electron-transfer rates at the
TiO, interface.
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Even though the formal Ru™" reduction potentials lie

within the forbidden bandgap, it is well established that
surface-anchored Ru" polypyridyl compounds anchored to the
mesoporous nanocrystalline TiO, thin films commonly used in
dye-sensitized solar cells can be quantitatively oxidized with
application of a sufficiently positive potential.'’~'> The key
requirement for complete oxidation is that the surface coverage
be above a minimum value, termed a percolation threshold,
which is typically 50—60% of the saturation surface cover-
age.”"' ™" The accepted mechanism, depicted in Scheme 1,
invokes initial electron transfer to the fluorine-doped tin oxide
(FTO) transparent conductive oxide from nearby molecules
followed by self-exchange electron transfer through the
mesoporous thin film.”~'""*7'" As time progresses, the
diffusion layer, sometimes referred to in these films as the
oxidation front, moves through the film until it reaches the
outer edges and the film is completely oxidized. This
mechanism has been invoked for numerous classes of redox
active compounds on oxide surfaces.”'"'>!'*!

Self-exchange electron transfer between Ru'' polypyridyl
compounds in fluid solution and on the surface of metal oxides
has been previously modeled with Marcus theory for

Received: June 1, 2018
Revised:  July 19, 2018
Published: August 21, 2018

DOI: 10.1021/acs.jpcc.8b05281
J. Phys. Chem. C 2018, 122, 19385—19394


pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.8b05281
http://dx.doi.org/10.1021/acs.jpcc.8b05281

The Journal of Physical Chemistry C

Scheme 1. Simplistic Depiction of the Time Evolution of the Complete Film Oxidation during a Chronoabsorptometry (CA)
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nonadiabatic electron transfer.”'® The Marcus equation for
self-exchange (AG® = 0) is given by eq 1, where ky is the rate
constant for electron transfer, Hp, is the intermolecular
electronic coupling matrix element between electron donor
(Ru") and electron acceptor (Ru™), ky is the Boltzmann
constant, 7 is the reduced Planck constant, T is the absolute
temperature, and A is the total reorganization energy with
inner- (4;) and outer-sphere (1o) components. At constant 1
and T, the rate constant is expected to depend on Hyp, that
often decreases exponentially with distance as described by eq
2, where 0 is the intermolecular distance between the donor
and acceptor, 8 is the attenuation factor, and Hp, is the
electronic coupling at van der Waals separation, 8o >

o= (22 o
b h J4mAk T (1)
Hp, = HSA e (/2000 ()

Recently, a homologous series of three [Ru(R,bpy),(dcb)]**
compounds, where R,bpy was a 4,4'-substituted-2,2"-bipyr-
idine and dcb was 2,2'-bipyridyl-4,4’-dicarboxylic acid, was
reported where the steric bulk of the substituent in the 4 and 4’
positions of R,bpy was systematically increased from —H,
—CH;, and —C(CH;); to determine if the addition of
insulating side groups would alter the Ru™" self-exchange
rate constants by increasing the intermolecular distance.” It
was found that the self-exchange electron-transfer rates
increased from —C(CHj;); to —H to —CHs, a trend that was
not adequately explained by the differences in steric size of the
functional groups. This suggested that the electron-with-
drawing or -donating nature of the substituents might also
influence the measured rates. Additionally, temperature-
dependent electrochemical studies indicated that the reorgan-
ization energy was insensitive to these functional groups.”

In fluid solution, Ru™" self-exchange rate constants for Ru"
polypyridyl compounds are orders of magnitude larger than
those of related Ru amine and aquo compounds.””** The 7*
orbitals in the bipyridine rings are of the appropriate symmetry
and energy to stabilize the dr orbitals on the Ru" metal center
which leads to the delocalization of the Ru-based dr orbitals
onto the bipyridine rings.””**~** This z-backbonding
effectively places more charge density on the bipyridine
ligands and increases the intermolecular coupling Hp,, relative
to the corresponding amine and aquo compounds.”® Various
experimental and computational studies have suggested that
2—25% of electron density of highest occupied molecular
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orbital in Ru" polypyridyl compounds is located on the z-
acidic diimine ligands.zg’  Therefore, one might expect the
electron-withdrawing or -donating groups in the 4 and 4’
positions of the bipyridine ring would tune self-exchange
electron-transfer rates by modulating the degree of orbital
mixing. Such behavior was reported by Kubiak and co-workers
for electron transfer in a series of oxo-centered ruthenium
clusters."** In these studies, it was shown that decreasing the
pK, of 4-substituted pyridine groups coordinated to these
clusters increased the self-exchange rate constants over several
orders of magnitude. Through NMR studies, they provided
clear evidence of enhanced charge density on a pyridine ring as
the pK, decreased. However, when the molecular symmetry
prevented significant orbital mixing between the Ru cluster and
the #* orbitals of the pyridine rings, no observable rate
enhancement was observed.”!

In the present study, a series of compounds of the type
[Ru(R,bpy),(P)]**, where P is 4,4'-diphosphonic acid-2,2’-
bipyridine and R,bpy is a 4,4’-disubstituted-2,2'-bipyridine
with six different R groups: —OCH,, —C(CHj;);, —CH;, —H,
—Br, and —CF;, Scheme 2. The functional groups were chosen

Scheme 2. Ru"" Polypyridyl Compounds Used in this Study

R = -OCHj3, -C(CHy)s, -CHg, -H, -Br, -CF,

to test the effects of both the electron-withdrawing/-donating
ability and the steric size on lateral self-exchange electron
transfer. Chronoabsorptometry was used to measure the
apparent diffusion coeflicients, which are proportional to the
self-exchange rate constants. Nonadiabatic Marcus theory was
used to investigate the interplay of the effects of steric size and
the electron-withdrawing or -donating ability of the sub-
stituents on [Ru(R,bpy),(P)]**/** self-exchange kinetics for
compounds anchored to the surface of TiO,. Variable surface
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coverages were obtained using dilute dyeing solutions. With
some assumptions, the variable surface coverage data revealed
an exponential dependence of the electron-transfer rate
constants with the intermolecular distance. It was concluded
that steric size and more specifically the intermolecular
distance predominantly determined the rates of self-exchange
electron transfer at these TiO, interfaces.

B EXPERIMENTAL SECTION

Materials. The following solvents and reagents were
obtained from the indicated commercial supplier and used
without further purification: acetonitrile (CH;CN, Burdick and
Jackson, Spectrophotometric grade); lithium perchlorate
(LiClO,, Sigma-Aldrich, 99.99%); perchloric acid (HCIO,,
Alfa Aesar, 70%), titanium(IV) isopropoxide (Aldrich,
>97.0%); fluorine-doped tin(IV) oxide (FTO; Hartford
Glass Co., Inc, 2.3 mm thick 15 Q/sq); and oxygen (O,,
Airgas, >99.998%). The following compounds were made as
previously described or were available from previous studies:
[Ru(MeObpy),(P)JBry, [Ru(dtb),(P)]Brs, [Ru(dmb)y(P)]-
Br,, [Ru(bpy),(P)]Br,, [Ru(Brbpy),(P)]Br,, and [Ru-
(btfmb),(P)]Br,.*> "’

Preparation of Thin Films. Titania nanocrystallites were
prepared via the hydrolysis of titanium(IV) isopropoxide using
the previously reported sol—gel method.'"’ Mesoporous thin
films were prepared by the doctor blade method on an ethanol-
cleaned FTO substrate using Scotch tape (~50 ym thick) as a
spacer to ensure a uniform thickness. The doctor-bladed films
were covered and allowed to dry at room temperature for 30
min. Once dry, the films were sintered under an O,
atmosphere (~1 atm) for 30 min at 450 °C. These films
were stored in a ~70 °C oven until used. The resulting films
were 3—5 pm, as measured using a Bruker Dektak XT
profilometer running the Vision 64 software.

The titania thin films were placed into concentrated aqueous
dying solutions of the desired [Ru(R,bpy),(P)]Br, compound
in 0.1 M HCIO, to allow for surface functionalization. For
studies with variable surface coverages, 25 mL of aqueous
solutions of [Ru(bpy),(P)]Br, in 0.1 M HCIO, was made with
concentrations ranging from 2 uM to S mM for 14 total
solutions. Films were submerged for at least 48 h to ensure that
uniform, saturation surface coverages were achieved. Prior to
use, the films were soaked in neat CH;CN solutions for at least
1 h to remove any weakly adsorbed molecules from the surface
to minimize dye desorption during the course of the
experiments.

Spectroscopy. All steady-state UV—visible spectra were
recorded on an AvaSpec UL2048 UV—visible spectrometer
and an AvaLight deuterium/halogen light source (Avantes) at
room temperature. All measurements were obtained using a 1
cm?” cuvette with the functionalized titania films placed along
the diagonal at a 45° angle to the incident probe light.

Chronoabsorptometry. Chronoabsorptometry (CA) was
performed using a WaveNow potentiostat (Pine Research
Instrumentation, Inc.) coupled to an AvaSpec UL2048 UV—
visible spectrometer and an AvaLight deuterium/halogen light
source (Avantes) all controlled by the AfterMath software
(Pine Research Instrumentation, Inc.). A standard three-
electrode arrangement was used with the functionalized titania
films as the working electrode, a Pt mesh counter electrode, a
Ag/AgCl pseudoreference electrode. The nonaqueous Ag/
AgCl pseudoreference electrode (Pine Research Instrumenta-
tion, Inc.) was filled with a 0.1 M LiClO, solution in CH,CN,
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and the applied potential was referenced to the E, ,,(Ru"™™) of
the [Ru(R,bpy),(P)]** on the surface. To measure Dy, a
potential of E; ,(Ru"™™) + 500 mV was applied, and full UV~
visible spectra were taken at fixed time intervals. All
chronoabsorptometry studies were performed using CH;CN
solutions containing 0.1 M LiClO,.

To measure the E; /Z(Rum/ 1), cyclic voltammetry was used
with the same three-electrode arrangement as described above
using a 0.1 M LiCIO, solution in CH3;CN. For these
measurements, the pseudoreference electrode was externally
calibrated versus the ferrocenium/ferrocene (Fc*/°) reduction
potential in a CH;CN solution containing 0.2 M LiClO,,
which is 0.31 V vs the standard calomel electrode (SCE).*
SCE is 0.241 V vs the normal hydrogen electrode (NHE).* All
potentials reported are vs NHE unless otherwise stated.

Data Analysis. Data fitting was performed in OriginPro
2016, with least-squares error minimization achieved using the
Levenberg—Marquardt method. The errors reported for fitting
parameters are the standard errors. The errors reported for the
[Ru(R,bpy),(P)]ITiO, data were quantified as a standard
deviation of 2—3 trials. The errors reported for the variable
surface coverage data were obtained through the propagation
of error for all of the values utilized.

B RESULTS

A series of 6 Ru" polypyridyl compounds of the type
[Ru(R,bpy),(P)]Br,, where R,bpy is a 4,4'-substituted-2,2'-
bipyridine and P is a 2,2'-bipyrdyl-4,4’-diphosphonic acid, was
synthesized using standard methods, Scheme 2.7 The R
groups used were —OCH;, —C(CH,;);, —CH;, —H, —Br, and
—CF; (MeObpy, dtb, dmb, bpy, Brbpy, and btfmb,
respectively). These functional groups were chosen to allow
for wide range of variability in electron-withdrawing or
-donating strength as well as steric size.

The TiO, thin films were functionalized with the desired
[Ru(R,bpy),(P)]Br, from concentrated dyeing solution in
aqueous 0.1 M HCIO, solutions. Thin films were left
submerged for a minimum of 48 h to ensure the saturation
surface coverage, I, was reached. Upon functionalization, the
films displayed the characteristic metal-to-ligand charge
transfer (MLCT) bands of [Ru(R,bpy),(P)]** compounds,
Figure 1. Assuming that the absorbance maximum, Ay cr, and
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Figure 1. Normalized UV—visible absorbance spectra for each

[Ru(R,bpy),(P)]ITiO, film submerged in CH;CN solutions contain-
ing 0.1 M LiClO, with an unsensitized thin film as a reference.
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Table 1. Relevant Electrochemical and Photophysical Properties of the [Ru(R,bpy),(P)](Br), Compounds

Jaer (nm)® (e 10° M~ em™) El/z(Rum/H)e (V vs NHE)

—OCH, 477 (1.18)° 1.24
—C(CH,), 460 (1.40)° 1.37°
—CH;, 461 (1.28)° 1.38
-H 458 (1.20)" 1.44
—Br 465 (1.34)° 1.58
—CF, 460 (1.66)7 1.74

Dea
(107 cm?/s)

Iy, (107 mol X cm™ X pum™) 5 (nm) kg (10° s71)
7.9 + 0.3 2.24 + 0.03 1.64 + 0.01 17.6 + 0.7
04 + 0.2 1.6 + 0.2 1.83 + 0.06 0.7 + 0.4
4+1 2.0 + 0.4 1.7 + 0.1 8 +2
5.1 +02 241 + 0.05 1.60 + 0.01 11.9 £ 0.5
7+1 3.1 +0.2 1.48 + 0.04 19 +£2
0.028 + 0.004 1.18 + 0.02 2.04 + 0.01 0.040 + 0.06

“Reported in H,O due to low solubility in CH;CN. bValue taken from ref 37. “Value taken from ref 39. “Value taken from ref 38. “Measured in 0.1
M LiClO, solutions in CH3CN. Error in the reported values is +£10 mV.

the molar absorptivity coeflicient, €, remain unchanged on the
surface relative to solution, I'y was calculated using eq 3, where
Ayper is the absorbance at Ayger. To account for the
pathlength of the film, the incidence angle of the probe beam
(45°) and the refractive index (1.59) measured for similar
mesoporous, nanocrystalline TiO, thin films were used.*'
Through the Snell-Descartes law, the angle of refraction
through the film was determined to be 36.7°, and d/cos(36.7°)
was added to eq 3 to adjust the measured surface coverage for
the thickness of the film. Note that I'; calculated in this way
has units of mol X cm™ X ym™" and corrects for any film-to-
film thickness variations. The measured I'y as well as the
relevant spectroscopic properties for these compounds are
listed in Table 1.

A =1000 X [, X & X (d/cos(36.7°)) (3)

Cyclic voltammetry was used to determine the half wave
potentials, E, /Z(Rum/ ) of the sensitized thin film in 0.1 M
LiClIO, CH;CN solutions. The cyclic voltammograms
displayed quasi-reversible waves with peak-to-peak splitting
between 100 and 300 mV.'® The measured values ranged from
1.24 to 1.74 V vs NHE and were consistent with the one-
electron oxidation of the compounds, Table 1. The measured
half wave potentials increased with the electron-withdrawing
ability of the functional groups.

To investigate the substituent effects on self-exchange
electron-transfer rates between surface-immobilized com-
pounds, chronoabsorptometry (CA) was performed utilizing
0.1 M LiClO,/CH;4CN electrolyte solutions. In these experi-
ments, a potential step 500 mV more positive than the
E, /Z(Rum/ ) was applied to oxidize the [Ru(R,bpy),(P)]l
TiO,, and the spectral changes were monitored as a function of
time. Figure 2 shows representative data for [Ru(dtb),(P)]l
TiO,, and spectra for all other [Ru(R,bpy),(P)]ITiO, can be
found in the Supporting Information. Upon oxidation, all of
the compounds exhibited a loss of the characteristic Ru!
MLCT transition and a growth of a weak, broad absorbance
feature at wavelengths above 600 nm. Both spectral changes
were indicative of the one-electron oxidation of the compound
from Ru" to Ru"™.

Single-wavelength kinetics were monitored at the Ay cr and
were plotted as the normalized absorbance change, AA, versus
the square root of time, t, Figure 3, for all six compounds.
These data were fit to the Anson equation, eq 4, where D¢, is
the apparent diffusion. The calculated D¢, values are given in
Table 1. The Anson equation was previously derived using
semi-infinite diffusion boundary conditions for molecules
diffusing to the electrode surface.”' !> Here, Ru" polypyridyl
compounds were anchored to the TiO, film of a finite
thickness. Therefore, the data deviate from the predicted linear
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Figure 2. UV-—visible absorption spectra measured after the
application a potential sufficient to oxidize [Ru(dtb),(P)]ITiO,. A
bleach of the characteristic MLCT transition was observed at 470 nm
as the film was oxidized from Ru" to Ru'™. A new absorption feature
associated with the Ru" species was observed to grow in centered at
675 nm. The inset shows the normalized absorbance change plotted
against the square root of time. The data were fit to the Anson
equation through the first 60% of the total absorbance change (red
line).

Normalized AAbsorbance

112
)

Time'2 (s

Figure 3. Normalized change in absorbance after the application of
sufficiently positive potential to oxidize the [Ru(R,bpy),(P)]ITiO,,
plotted as a function of the square root of time for all compounds
used in this study.

relationship described by the Anson equation, Figure 2 inset
and Figure 3. It has been shown by several groups that a linear
relationship is maintained for the first 60% of the total
absorbance change in CA experiments.”" "> Thus, only 60% of
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the total change was fit during the analysis, inset Figure 2 for
[Ru(dtb),(P)]ITiO, and Supporting Information for the
others. The smallest Dc, measured was 2.8 X 107" cm?/s
for [Ru(CF;bpy),(P)]ITiO, followed by [Ru(dtb),(P)]ITiO,,
which was an order of magnitude larger with a value of 3.6 X
107" cm?/s. The other four compounds measured all had
diffusion coefficients that were on the same order of magnitude
with values between 3.8 X 107 and 7.9 X 107 cm?/s. These
values agreed with those published for similar Ru" polypyridyl
compounds anchored to TiO, with phosphonic acid and
carboxylic acid binding groups.””'*'”* Throughout the
course of the experiments, no desorption of the surface-
bound compounds was observed.

HD/241/2
dn'’? (4)

As a control to test the effects of intermolecular distance, the
apparent diffusion coefficients were measured for films at
subsaturation surface coverages. Subsaturation surface cover-
ages were achieved by functionalizing the films from aqueous
0.1 M HCIO, solutions of different concentrations of
[Ru(bpy),(P)]Br, that ranged from 2 yM to S mM and
resulted in surface coverages between 4.4 X 107° and 6.2 X
107* mol X cm™* X um™". The diffusion coefficient for electron
transfer was measured for each of these films, Figure 4. The

AA =
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Figure 4. Variation of the measured apparent diffusion coefficients
(Dca) for [Ru(bpy),(P)]ITiO, with the fractional surface coverage
(T'/Ty), where 'y was the maximum surface coverage attained in the
most concentrated dyeing solution (S mM). The D, was measured
in CH;CN solutions with 0.1 M LiClO, electrolyte. Error bars for
D¢, included for all data.

onset for self-exchange electron transfer, i.e., the percolation
threshold, was between 50 and 60% of the saturation surface
coverage and was in agreement with what has been reported
previously for Ru"l polypyridyl compounds.”’® The observa-
tion of a percolation threshold also indicated that physical
diffusion of the molecules was not contributing significantly to
the measured diffusion coefficients.*>**

Conversion of the measured diffusion coefficients to a first-
order self-exchange “hopping” rate constant, kg, required
knowledge of the intermolecular distance, &, between the
molecules on the interface. The value of § is unknown, and
estimates based on critical assumptions were made. It was
assumed that the molecules were evenly distributed within the
pore volume of the TiO, from the measured I'y using eq 5

where I' X 10* is the surface coverage converted to
concentration with units of mol/cm?, N is Avogadro’s number,
and p is the porosity, which was assumed to be 60%.** This
“concentration” was converted to an intermolecular distance
with the assumption that the molecules were in a cubic lattice
arrangement using 8 = (cp)”'/3, as has been done
previously.”'® Note that the & calculated with these
assumptions represents an upper limit as the compounds
were assumed to be evenly distributed, and any aggregation
was not taken into account. With the computed 5, the ky was
calculated for each compound using the Dahms—Ruff
equation, eq 6.

(I x10Y) XN

C,
’ p (s)
kp6”
Dea = —¢ )
B DISCUSSION

A detailed understanding of the synthetic handles available to
tune lateral self-exchange electron-transfer rates at semi-
conductor interfaces is important for the optimization of
many solar energy conversion schemes.'™® Previous work to
determine if small structural changes in a homologous series of
Ru" polypyridyl compounds of the type [Ru(R,bpy),(dcb)]*,
where R,bpy was a 4,4’-substituted-2,2’-bipyridine and dcb
was 2,2'-bipyridyl-4,4’-dicarboxylic acid, revealed that sub-
stituents in the 4 and 4’ positions of the bipyridine rings did
influence the self-exchange rate though it was unclear if the
variation in the measured apparent diffusion coefficients, Dc,,
was due to the steric size, the relative electron-withdrawing or
-donating ability, or both for the chosen functional groups.”
Here, an expanded series of Ru" polypyridyl compounds of the
type [Ru(R,bpy),(P)]**, where P is 2,2'-bipyrdyl-4,4’-
diphosphonic acid, was reported with a wide variety of
functional groups of varying electron-withdrawing or -donating
strengths and steric sizes to elucidate the degree of influence
each had on lateral self-exchange. Chronoabsorptometry was
used to quantify the D¢,, and the measured values were
analyzed within the framework of nonadiabatic Marcus theory.
The data indicated that the substituent steric size was the main
factor that influenced lateral self-exchange through variations
in surface coverage and thus intermolecular distance.
Quantification of Reduction Potentials and Apparent
Diffusion Coefficients. The Ru™" formal reduction
potentials, E,,(Ru"""), were measured for each compound
anchored to the TiO, interface using cyclic voltammetry in 0.1
M LiClO, in CH;CN. The peak-to-peak separation between
the cathodic and anodic waves in the cyclic voltammogram fell
between 100 and 300 mV, which was consistent of a quasi-
reversible electrochemical process.'” The measured
E, /Z(Rum/ ) reflects the energy of the dr orbitals. As such,
comparing the E; /Z(Rum/ ) between the compounds anchored
to the surface reports directly on the degree of stabilization
imparted on the Ru dr orbitals from z-backbonding with the
bipyridine 7* orbitals. [Ru(MeObpy),(P)]ITiO, possessed the
least positive E;,(Ru"™"), 1.24 V vs NHE, whereas [Ru-
(btfmb),(P)]ITiO, was the most positive, 1.74 V vs NHE.
These observations agreed with the notion that the electron-
withdrawing groups stabilize the 7* orbitals of the bipyridine
rings and increased the z-acidity of the orbitals.”>~** In fact,
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the summative Hammett parameter, oy, of each compound
given by eq 7, was found to be strongly correlated with the
measured E, ,(Ru"™"), Figure 5. In eq 7, the sum of the

40
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w - =1
> <
2 >
o Lo
w {-2
3
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Figure 5. Dependence of the measured E, /Z(Rum/ ) (black, W) and
of log(ky/kg) (red, ®) on the summative Hammett parameter, o, for
all [Ru(Rybpy),(P)]ITiO,. The measured E,,(Ru"™") displayed a
strong correlation with o with a slope of 0.09 V. No such correlation
was observed with log(ky;/kg). Error bars are given for the log(ky;/kg)
data.

Hammett parameters for para-substitution, o,", is summed for
all of the substituents on the bipyridine rings. The ¢," values
were used to reflect the substituents ability to stabilize the
increasing positive charge in the transition state during Ru"
oxidation through resonance. Note that the 6," values have
been previously shown to correlate well with E; ,,(Ru"™") for
substituted Ru'" polypyridyl compounds.””** The slope of the
line in Figure 5 provided by linear regression was 0.09 V and
matched values reported for similar analysis with Ru''
tris(bipyridyl)-type compounds.”” Both o," and oy for each
compound are listed in Table 2. Note that the —PO(OH),

Table 2. Selected Hammett and Charton Parameters*®*’
Hammett summative Hammett Charton
parameter“ (o‘P+) parameterb (GT) parameter (l/)
—OCH;4 —0.78 -3.12 0.36
—C(CH,), -0.26 -1.04 1.24
—CH; —0.31 —-1.24 0.52
-H 0 0 0
—Br 0.15 0.60 0.65
—CF; 0.61 2.44 091

“Value given for a single substituent. “Value given for [Ru-
(Rybpy),(P)]** omitting the contribution from the —PO(OH),
function groups.

substituents were not included in oy as no values of o, were
found in the literature; however, the slope in Figure 5 would
remain unchanged with or without their inclusion since the o
for each compound has the same contribution from —PO-

(OH),.
T Z % )

Chronoabsorptometry (CA) allowed for the measurement of
the apparent diffusion coefficients, D,, for each compound at
the TiO, interface. The D, values were used as an analog to
the second-order self-exchange electron-transfer rate constants,

ky/, for compounds anchored to the interface as they are
directly proportional to one another, eq 6."'7'*'° However,
direct measurement of ki’ was difficult because of the
nebulousness of concentration at these interfaces. The
measured D¢, values were between 107! and 107 cm?/s.
These values were consistent with other reported values for
Ru'' polypyridyl compounds measured by CA.*”'"** Previous
studies with [Ru(bpy),(P)]ITiO, reported D, values to be
between 1.1 X 10~ and 1.3 X 1070 cm?/s.%!” These values
were about a factor 2 smaller than the value measured here. In
those reports, the surface coverages were smaller than those
reported here for the same compound, which would result in a
smaller Dc, value (vide infra). DiMarco and co-workers
previously concluded that [Ru(CF;bpy),(dcb)]ITiO, dis-
played no or extremely slow lateral self-exchange electron
transfer under the conditions of their study.” This was
consistent with the small D., value measured for [Ru-
(CF;bpy),(P)]ITiO, reported here.

It is often more convenient to convert the measured D,
values to a first-order hopping rate constant, kg, to compare the
measured rates with other techniques; however, one must
make numerous assumptions about the molecular arrangement
at the interface. Here, it was assumed that the compounds were
arranged in a cubic lattice pattern within the pore volume of
the film. The intermolecular distances calculated in this way
necessarily represented an upper limit to the intermolecular
spacing as it is often asserted that the molecules form a
monolayer and are not freely diffusing in the pores."> The ky
values were calculated to be between 10° and 10° s™'. In
operational dye-sensitized solar cells, photoinitiated excited-
state electron injection from the surface-bound molecule leaves
behind an oxidized chromoghore that can undergo self-
exchange electron transfer.">* Lateral self-exchange hopping
rate constants measured under these conditions were found to
be on the order of 10° s™! for both [Ru(dmb),(dcb)]ITiO, and
[Ru(dtb),(dcb)]ITiO, measured by nanosecond transient
absorption spectroscopy.”*” These values are 1—2 orders of
magnitude larger than what was calculated from the Dc,. In
these studies, interparticle electron transfer must occur to
oxidize the entire thin film. This differs from previous
anisotropy studies where hole hopping occurs in kinetic
competition with charge recombination.”””>" Though spec-
ulative, it may be that electron transfer between molecules on
different TiO, particles is slower than between those on the
same nanoparticle, which would be reflected in the rate
constants reported.

Substituent Effects on Self-Exchange Electron Trans-
fer at the Interface. Marcus theory has been successfully and
extensively applied to describe and predict electron transfer
between donor and acceptor compounds, including self-
exchange electron transfer between Ru" polypyridyl com-
pounds in fluid solution and anchored to semiconductor
interfaces.”'®** For self-exchange electron transfer where AG®
= 0 on TiO,, 4 has been reported to be independent of the
4,4’ -substituents.” Instead changes in ky were attributed to the
mixing of the donor and acceptor wavefunctions, Hp,,, through
increasing the intermolecular distance (steric size).

As shown above, the measured E; ,(Ru"™") values displayed
a strong linear correlation with o values that was indicative of
the better energetic overlap between the Ru-based dr and bpy-
based 7* orbitals with increasing electron-withdrawing
strength. This enhanced overlap would lead to more orbital
mixing as reported by Kubiak et al. for oxo-centered ruthenium
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clusters.>?* If the enhanced delocalization affected self-

exchange electron transfer at the interface, one would also
expect a correlation of the first-order hopping rate constants
with o as described by eq 8, where p is the sensitivity factor of
lateral self-exchange electron transfer to the electron-with-
drawing or -donating ability of the functional groups, R is the
gas constant, AAG" is the differences in the free energy of
activation between [Ru(bpy),(P)]ITiO, (AGy*) and [Ru-
(Rybpy),(P)]ITiO, (AGy?), and ki and kg are the first-order
hopping rate constants for [Ru(bpy),(P)]ITiO, and [Ru-
(Rybpy),(P)]ITiO,, respectively.”’”>* However, no correlation
was observed between In(kg/ky;) and o, Figure S. This implies
that there was no significant change in the intermolecular
coupling as the energetic separation between the dz orbitals
and the 7* orbitals became smaller. In the nonadiabatic limit of
Marcus theory, the AGy* is described by eq 9.** Since 4 has
been previously reported to be invariant to the identity of the
alkyl functional groups, it would be expected that AAG* is
equal to 0 in the absence of significant orbital delocalization,
and no correlation of In(ky/ky;) and 61 would be observed.

ke  AAG*
In — = = por
ky  RT (8)
A
AGE =2
Ry (9)

The steric bulk of the 4 and 4’ substituents have been shown
to decrease the saturation surface coverages, I'y, for Ru®
polypyridyl compounds.”’® Therefore, it was expected that
the substituents used here would also influence the surface
coverage. One measure of the steric size of substituents is
known as the Charton value, v, and is derived from the
difference in the van der Waals radii of a given substituent and
a proton.”>** Figure 6 shows the relationship between Ty and

T T T T
3x10° }-Br .
‘.:\
E v
X  §
“-‘E 2x10°® - -OCH; 4 ¢, -
g {.C«:HQ)3
[=]
» CF
§, 1x10° 4 ’ )
<
—
0 T T T T
0.0 0.5 1.0 15

Charton Parameter (v)

Figure 6. Dependence of the saturation surface coverage, Iy, with the
steric size of the substituent in the 4 and 4’ positions of
[Ru(R,bpy),(P)]ITiO, as given by the Charton value. Error bars
are included for the measured I,

v. Several observations are clear from these data. First, as the
steric size of the aliphatic groups increased, the measured I
decreased, as was previously reported.” Second, [Ru-
(btfmb),(P)]ITiO, yielded a smaller surface coverage than
expected. Fluorinated alkyl groups have been reported to be
larger than their nonfluorinated congener, behavior attributed
to a large electronic repulsion of the electron clouds around

19391

the strongly electronegative F atoms.”” It has also been noted
that typical measures of steric size often underestimate the size
of these fluorinated groups.” Thus, the small Ty value for
[Ru(btfmb),(P)]ITiO, was not unexpected. Finally, the —Br
substituents resulted in the largest surface coverages despite
their atomic size relative to an H atom. Typically, Langmuir-
type binding is used to describe surface functionalization of
TiO, thin films, which assumes that intermolecular interactions
do not influence surface binding.13 In the case of the —Br, it
may be that halogen bonding interactions between a halogen
and a —PO(OH), on a neighboring compound may act as
directing groups, as the molecules approach the surface leading
to more efficient packing and higher surface coverages.’>*’
As stated in the introduction, the intermolecular electronic
coupling is expected to have an exponential dependence on
intermolecular distance, eq 2. In the absence of measured Hp,
values in these self-exchange reactions, the calculated first-
order hopping rate constants were used to compare the
differences in electronic coupling, eq 10, where A¢ is the
difference between the calculated 6 and the smallest ¢ for a
given dataset. These data are plotted in Figure 7 from which it

16 T T T T T T

154
14 - .
134 .

® Surface Coverage
7 T T T T
0 1 2 3

A8 (A)

Figure 7. Ru"" lateral self-exchange electron-transfer rate constant
versus the difference in intermolecular distance, Ad. The distance was
varied by either (A, black M) changing the steric size of the -R group
at the 4 and 4’ positions (f = 1.2 + 02 A™') or (B, red ®)
functionalizing the TiO, with [Ru(bpy),(P)]** from dilute dying
solutions (8 = 1.18 + 0.09 A™"). Error bars are given for the In(ky).

is clear that the measured lateral self-exchange rate constants
correlate well with the intermolecular distance determined
from the measured surface coverages. From the slope, f was
determined to be 1.2 + 0.2 A™! for Ru"/! self-exchange across
the semiconductor surface. Note that this / value represents a
lower limit based on the assumptions used to calculate 6.

ky = e A% (10)
The apparent diffusion coefficient was measured for [Ru-
(bpy),(P)]ITiO, at variable surface coverages and the distance
dependence examined as above. The f was found to be 1.18 +
0.09 A™', which was reasonably close to that obtained from
data where the functional groups were varied. The similarity of
the f values coupled with the expected exponential distance
dependence strongly suggests that the variation in the
measured kp values with Ru compounds that possess different
functional groups results from an underlying distance effect.
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To our knowledge, these are the first estimated 8 values for
lateral self-exchange electron transfer between molecules
anchored to a TiO, interface. Typical attenuation factors
reported for bimolecular electron transfer between compounds
in frozen and fluid solutions range from 0.8 to 1.5
AT118202L58=61 3 values of 0.95 and 1.2 A™! have been
reported for inter- and intramolecular electron transfer in
acetonitrile.">®> Hence, although it is unclear how the TiO,
interface and the structure of the double-layer influence the
intermolecular coupling, the  values estimated here are in the
same range as those reported for organic solutions.

B CONCLUSIONS

A homologous series of six compounds of the type [Ru-
(Rybpy),(P)]ITiO,, where P is 2,2'-bipyrdyl-4,4’-diphosphonic
acid and R,bpy is a 4,4’-substituted-2,2'-bipyridine is reported,
and their lateral self-exchange electron-transfer kinetics across
the metal oxide surface were quantified. The measured
apparent diffusion coefficients ranged from 107" to 107’
cm?/s. The 4,4'-functional groups (—OCH,; —C(CHj;)s,
—CH,, —H, —Br, and —CF;) were chosen with the expectation
that these would provide information on how the electron
density of the bipyridine ligands influences hole hopping.
However, it was experimentally found that the steric size of the
functional group was the key factor. With some assumptions, a
measured attenuation factor # = 1.2 + 0.2 A™! was determined
that is in the range expected for electron transfer in fluid
acetonitrile. The results herein further indicate that sterics are a
reliable synthetic tool that can be used to tune the self-
exchange electron-transfer rates across semiconductor inter-
faces.
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