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Abstract: The -electrochemical and spectroscopic properties of eight bis(tridentate)
cyclometalated Ru'' compounds covalently linked by a phenyl- or xylyl-thiophene bridge to a
pendant triphenylamine (TPA) were characterized in fluid solution and immobilized on metal
oxide surfaces. Upon surface immobilization, the TPA* reduction potentials of the phenyl bridged
compounds exhibited large changes, =100 mV, relative to solution-based values, yet those
observed for the xylyl-bridged compounds were relatively unchanged. The highest occupied
molecular orbital of the surface-immobilized compounds was associated with either TPA or Rul,
enabling the study of the electron transfer in opposite directions. Electron transfer in the
compounds mixed valent states was found to proceed by different optical pathways for Ru"l —
TPA" relative to TPA — Ru'". Mulliken-Hush analysis of intervalence charge transfer (IVCT)
bands for the phenyl bridged compounds revealed that the electronic coupling matrix element,
Hpa, was ~ 950 cm™ for Ru! — TPA*, while Hpa for TPA — Ru'" appeared to be 2500 cm™!. In
contrast, the xylyl-bridged compounds were weakly coupled. A superexchange analysis, where
unoccupied bridge orbitals were taken directly into account, led to a very different conclusion:
Hpa did not depend on the charge-transfer direction or path. The results imply that the electron
transfer direction can alter optical charge transfer pathways without influencing the electronic

coupling.



Introduction:
Covalently linked donor-bridge-acceptor compounds comprised of bimetallic,
organometallic, or organic redox-active bridged centers have garnered intense interest for

IS conductive metal-organic frameworks,® logic

application in molecular wires and switches,
gates,”® information storage,” solar energy conversion.!%!*. In one class of compounds, the bridge
contains oligomers of m-electron rich units that allow quantum mechanical mixing (Hpa) of the
donor and acceptor wave functions. This extended conjugation enhances light absorption and
influences the yield and rate of electron transfer.!>'¢ Large bodies of theoretical and
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experimenta research have focused on how subtle changes in molecular structure control the

1819 or protonation state.?’

degree of electronic coupling through substituent effects,!” geometry,
Surprisingly little research has investigated how the direction of electron transfer can dictate the
discrete molecular orbitals, i.e. an orbital pathway, that participate in moving the electron between
a donor and acceptor.?!*> Here we report systematic studies of this type showing that different
pathways are accessed depending on the direction of optical electron transfer through a common
bridge.

Investigating directional thermal and optical electron transfer is both fundamentally
meaningful and practically important. Indeed, for solar energy conversion it is often desirable to
translate charge toward a catalytic site or to prevent unwanted thermal loss of injected electrons.
Natural and artificial photosynthesis achieve this charge separation through free energy gradients

of spatially arranged redox-active centers.”® In a similar way, for solar energy conversion and

storage, light excitation of Ru" polypyridyl compound results in electron injection into TiO» and
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formation of Ru™. Subsequently, a covalently bound electron donor reduces the Ru™ and
effectively relocates the hole away from the TiO» surface. In principle, the bridge would facilitate
the charge separation and inhibit unwanted reverse reactions made possible through coupling of
the two redox sites. As such, a systematic study where the direction of electron transfer was
reversed around an identical molecular bridge presents a fundamentally important contribution to
the literature.

Such an experimental approach is depicted in Scheme 1. Two Ru'' compounds covalently
linked to a pendant triphenylamine (TPA), the structures of which are described further below, are
immobilized onto metal oxide thin films. Through careful synthetic modification, the highest-

occupied molecular orbital (HOMO) is varied between the two compounds, either being localized



onto the Ru'" or on the triphenylamine (TPA) moiety. Upon electrochemical oxidation, mixed
valent states are obtained and characterized by markedly different charge transfer spectroscopic
features. These features are indicative of accessing discrete optical pathways that depend on the
electron transfer direction i.e. which redox center the electron originates from. Experimentally
observed spectroscopic features are reminiscent of intervalence charge transfer (IVCT) transitions
and provide, through theoretical work by Mulliken and Hush, a direct measurement of Hpa through
analysis of the IVCT band. ?**’ This indicated very different electronic coupling mechanisms
between Ru'" and TPA, either ‘direct’ Ru'/TPA coupling or ‘indirect’ coupling using unoccupied
high-energy states, an effect commonly termed superexchange.?

Scheme 1: Representation of the reversal of the electron transfer pathway following one-electron oxidation.
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This study utilizes eight bis-tridentate cyclometalated Ru'l compounds covalently bound to
a pendant 4,4’-dimethoxy-substituted TPA through an aryl-thiophene bridge, Chart 1. Substitution

on the cyclometalating ring allowed for independent tuning of the Ru""'!!

reduction potential, with
either an electron donating methoxy group (1), or an electron withdrawing trifluoromethyl group
(2).?” The TPA unit was chosen because it provides an independent spectroscopic handle of the
redox chemistry and has promising hole-transport properties for energy applications.®*!
Spectroscopic and electrochemical characterization of the eight compounds indicated that the

pendant TPA ™ potential varied minimally across the series.



Chart 1: Nomenclature and structures of the 8 compounds studied.

OMe

Compound Substituent
R, R, R;
1pg -H  -OCH; -H
1xg -CH; -OCH, -H
2pg -H -H -CF,
2xg -CH; -H -CF,
1pc -H  -OCH; -H
1xc -CH, -OCH, -H
2pc -0 H  -CF,
2x¢ -CH;, -H  -CF,

The choice of bridge, either a phenyl- (p) or xylyl-thiophene (x) unit allowed for independent
modification of the electronic coupling by enforcing a rotational energy barrier that tuned orbital
overlap.>? Further, substitution in the para position of the pyridines that constitute the terpyridine
ligand, either ethyl ester, (E) or carboxylate (C), enabled investigation both in fluid solution and
anchored onto conductive thin films of Sn:In,O3 nanoparticles (nITO). Surface immobilization
of the 1pc series resulted in a negative shift in the TPA* reduction potential relative to the solution

value of 1pk that was absent for all xylyl bridged compounds.

Results:

The UV-visible absorption spectrum for the ester and carboxylate compounds in neat
acetonitrile and methanol are presented in Figure 1. In all cases, appreciable absorption features
extending beyond 700 nm were observed, with no significant absorbance beyond 800 nm.
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Figure 1: Absorption spectra of the ester forms of the compounds in neat CH3CN (left). Absorption spectra of the
carboxylate forms of the compounds in CH3zOH containing tetrabutylammonium hydroxide (right).



Table 1. Spectroscopic and electrochemical properties of the compounds studied.

Ewz (MV vs. NHE) AE(mV)e K
Compound Amax, NM (g, x10° M cm'1) Ru'I g TPA™O,

1pe? 328 (50.5), 437 (45.0), 531 (32.0) 950°, 1.10 875°, 1.05 75 19
2pe? 327 (50.5), 430 (40.4), 519 (36.0) 1110¢, 1.15 930¢, 1.14 180 1100
Ixe? 327 (69.0), 431 (31.0), 530 (22.0) 960¢, 1.17 915¢, 1.03 45 6
2xe? 325 (65.0), 422 (28.0), 514 (21.0) 1085¢, 1.05 925¢, 1.05 160 420
1pcP 325 (39.6), 436 (31.3), 536 (26.7) 865¢, 1.41 9409 1.16 -75 0.05
2pcP 324 (49.3), 430 (32.0), 522 (33.7) 1050, 1.50 955¢ 1.15 90 33
1xcb 323 (63.3), 425 (22.0), 535 (21.5) 840¢, 1.23 920¢, 1.02 -80 0.04
2xcP 325 (61.0), 418 (17.8), 517 (19.8) 1010¢, 1.32 9454 1.17 65 13

3Recorded in neat CH3CN. PRecorded in CH3OH with ~ 1 equiv of TBAOH. Measured in 0.1M LiCIO4/CH;CN
solution. YMeasured after being anchored onto nITO in 0.1M LiClIO4/CH;CN solution. ¢Calculated relative to
E12(TPAY) couple. FFrom equation 3.

The extinction coefficients for 1pe and 2pe in CH3CN were similar to those reported previously
for the methyl ester derivatives in neat CHsOH.3® Absorption features observed between 500 and
600 nm were typical Ru' metal-to-ligand charge transfer (MLCT) transitions.3* The band at 450
nm was assigned to inter-ligand charge transfer (ILCT) transitions between the cyclometalating
ligand and the pendant TPA.%* We note, however, that the covalent Ru-C bond and Ci-symmetric
Ru'! center complicates traditional assignment of MLCT and ILCT transitions as the orbital mixing
between the ligands and metal is strong.3® Absorption features below 400 nm correspond to T—m"
transitions of TPA, terpyridine, and the cyclometalating ligand. In general, the extinction
coefficients of the x-series were found to be lower than that of the p-series at wavelengths greater
than 400 nm. In the UV region (ca. 330 nm), the x-series exhibited higher extinction coefficients,
g =~65x10° M cm, than those measured for the p-series, € = ~50x10° M cm™®. The extinction
coefficients and absorption maxima are presented in Table 1.

The Ru"""and TPA*° reduction potentials were measured in 0.1 M LiClO4/CHsCN for the
ester substituted compounds through spectroelectrochemical methods, Figure 2. Insets showing
single wavelength absorption changes as a function of applied potential illustrate TPA* formation
and Ru" MLCT disappearance over the potential range. All electrochemical potentials reported
here are given vs. NHE. For the compounds in fluid solution the application of positive potentials
resulted in spectral changes indicative of two consecutive, one-electron oxidation events through
the appearance of isosbestic points. Applying potentials between +800 and +950 mV resulted in

the appearance of absorption bands beyond 700 nm, Amax = ~750 nm indicative of TPA™ formation
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which were observed prior to Ru' oxidation events in all cases.>” For 1pe and 2pg, bleaches in
ground-state absorption were also observed below 700 nm, Amax ~ 450 and 520 nm. However,
growth beyond 800 nm was essentially absent in 1xe and 2xe within the same range of applied
potentials. Applying potentials between +920 mV and +1100 mV resulted in spectral bleaches
below 700 nm for 1pe, 1xe, 2pg, and 2xe, indicative of Ru'"' formation by the loss of the MLCT

transitions.
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Figure 2: Representative spectroelectrochemical data for 1pe (upper left), 2pe (lower left), 1xe (upper right) and 2xe
(lower right) in CH3sCN containing 0.1M LiClOa. Insets show single wavelength absorption changes as a function of
applied potential, and all applied potentials are reported vs. NHE.

The carboxylate derivatized compounds were anchored to mesoporous nITO thin films and
the Ru™" and TPA™ formal reduction potentials for 1pc/nITO, 2pc/nITO, 1xc¢/nITO, and
2xc/mITO were obtained through UV-Vis-NIR spectroelectrochemistry in a similar fashion as
described above. Similar solution-phase experiments were not possible for the carboxylate
compounds due to limited solubility in CH3CN. At applied potentials between +750 and +1100
mV, large absorption changes were observed throughout the visible and NIR regions, indicative
of multiple redox events that occurred nearly simultaneously. Indeed, in many cases the growth of

TPA* at 750 nm was coincident with the bleach of Ru' at ~500 nm. Upon application of potentials



beyond +1150 mV vs. NHE, the TPA" feature was observed to decrease which indicated an
additional oxidation event, presumably the second oxidation of the TPA moiety. Representative
spectroelectrochemical data is shown in Figure 3 for 1pc (left) and 2pc (right). The corresponding
data for 1xc and 2xc in the mixed valent state did not show appreciable absorption features
indicative of electronic coupling, as presented in the supporting information (SI). The reduction

potentials, non-ideality factors, and electrochemical splitting are given in Table 1.
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Figure 3: Spectroelectrochemical oxidation of 1pc/nITO (left) and 2pc/nITO (right). Insets show difference spectra
taken relative to 0 mV of applied potential. Applied potentials are vs. NHE.

Formal reduction potentials were measured at the point of potential when equal concentrations
of the reduced, [Red], and oxidized, [Ox], species were present. A modified Nernst equation was
used to model changes in absorbance at single wavelengths corresponding to each redox event,
Equation 1, where R is the gas constant and F is Faraday’s constant.*® In all cases, a non-ideality

factor, a, was necessary to model the spectroelectrochemical data, o> 1.

_ __ aRT [Red]
E= E1/2 nF In ( [Ox]) (1

In all cases, a was larger for compounds immobilized on nITO compared to the solution
counterparts which represents deviations from Nernstian 59 mV steps to achieve a factor of ten
change in concentration, as discussed later. However, in general, the modeled changes in TPA*°
absorption features were more Nernstian than was the Ru™! redox chemistry.?

Accurate modelling of the IVCT bands was difficult due to overlapping absorption
features, small difference between Ru™" and TPA*? reduction potentials, AE ~ 80 mV, and non-

ideal electrochemistry. A small electrochemical window existed where appreciable concentrations
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of the mixed valent forms were spectroscopically detectable, as predicted by the
comproportionation constants, K, in Table 1 and defined in equations 2a.*%*' In essence, Kc
describes the relative thermodynamic stabilization of the one-electron oxidized mixed valent state

relative to the ground state and doubly-oxidized state of the compounds, equation 2b.

nr
K, = Eexp(AE) (2a)
Rul — B —TPA+ Ru' — B —TPA* = 2Ru!' —B—-TPA* (2b)
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Figure 4: Plots of mole fractions for 1pc/nI1TO (left) and 2pc/nITO (right) in the ground, Ru''-B-TPA (black), doubly-
oxidized, Ru''-B-TPA* (red), and one-electron oxidized states (blue), as a function of applied electrochemical
potential, where B represents the phenyl-thiophene bridge. The dashed lines represent the mole fractions for ideal (a

= 1) Nernstian behavior.

Figure 4 shows the mole fractions of the ground state and the singly-, and doubly-oxidized
states as a function of applied potential. Without comproportionation corrections the concentration
of the mixed valent state would be underestimated based on the assumption that all of the
molecules were in a one-electron oxidized state. For example, before comproportionation
corrections, the extinction coefficient for the IVCT band in 2pc/nITO was found to be emax =
7.5x10° M em™, yet increased by nearly 45% to emax = 10.8x10° M! cm™ after accounting for
the true mixed valent compound concentration due to comproportionation and non-Nernstian
electrochemistry. This is evident in Figure 4 as the mixed valent state (blue triangles) represents
only 50% of the total number of molecules on the surface. This analysis also revealed that the
transition observed at 480 nm had a larger extinction coefficient after correction, gmax = 29.8%10°
M cm!, than the value, &max = 25%10° M™! cm!, initially measured by the uncorrected spectra.
Figure 5 shows the experimentally observed spectra for 1pc/nITO and 2pc/nITO after one-

electron oxidation, as well as the spectrum corrected for comproportionation chemistry.
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Figure 5: Absorption spectra of 1pc/nITO (top) and 2pc/nITO (bottom) in their ground (black), one-electron
oxidized (blue), and two-electron oxidized (red) states. The dashed blue line represents the comproportionation
correction in the mixed valent state from spectral modeling which reveals intense I\VCT-type transitions at 450 nm for
1pc/nITO and 1100 nm for 2pc/nITO.

Discussion:

The ground state, one-, and two-electron oxidized states of eight donor acceptor
compounds of the type Ru"-B-TPA with a phenyl- or xylyl-bridge were quantified in fluid solution
and anchored to metal oxide thin films, Figures 2 and 3. These compounds were previously used
for applications in dye-sensitized solar cells: the MLCT excited states quantitatively injected
electrons into TiO; and subsequent hole transfer through the xylyl bridge to the TPA inhibited
recombination with the injected electron. Interestingly, there was no kinetic advantage with
respect to charge recombination for the phenyl bridged compounds.’* To minimize free energy

0 reduction potentials were

losses associated with the hole transfer reaction, the Ru™" and TPA
nearly the same and for these compounds, [Ei2(Ru™") — E;2(TPA™?)| < 180 mV. Upon one-
electron oxidation of Ru', electron transfer originated from TPA. However, the opposite was true
when TPA* was electrochemically generated prior to Ru'' oxidation, Scheme 1. Hence the
experimental approach used herein allowed optical electron transfer to be explored in opposite

directions through the same bridge.



One would reasonably expect similar low-energy transitions regardless of the direction for
symmetric compounds. Indeed, the most striking observation in the absorption spectra of the
mixed valent compounds was the appearance of a low energy IVCT transition, Amax ~ 1000 nm for
Ru-B-TPA" (2pc/nITO), that was substantially less pronounced for the opposite mixed valent
state, Ru'-B-TPA (1pc/nITO). Instead the mixed valent form of 1pc/nITO displayed an intense
absorption near 480 nm. However, the absorption spectra of the ground- and fully oxidized states
were nearly identical spectroscopically. A low-energy IVCT transition is characteristic of direct
electron transfer between the two redox active sites.”’” In contrast the higher energy visible
absorption band is most consistent with TPA to cyclometalating ligand charge transfer.*>* Here
the optical excitation proceedes from TPA-centered orbitals to an unoccupied high energy
cyclometalating ligand orbital, implying indirect charge transfer. A depiction of the alternative
pathways is provided in Scheme 2. An important point arises in distinguishing ‘direct’ and
‘indirect’ pathways which correspond to optical charge transfer transitions rather than thermal
electron transfer reactions. Regardless, analysis of the mixed valent absorptions with a 2-state

model provided very different electronic coupling parameters, as discussed further below.

In order to further understand the influence of different optical pathways on the electronic
coupling, a common 2-state model was utilized to characterize the electronic coupling, Hpa,
between Ru'' and TPA. The analysis indicated that Hpa was significantly different between these
two discrete pathways. That is, that the electronic coupling seemed to depend on the electron
transfer direction due to changes in the orbitals accessed during light absorption.

In addition to the two-state model, a 3-state superexchange model was also used. This
model portions the direct coupling between Ru'' and TPA, Hpa, into step-wise electronic coupling
elements between the Ru' and bridge (Has) as well as the TPA and the bridge (Hps), Scheme 2.
The 3-state superexchange analysis revealed that the Ru'"/TPA coupling was pathway independent.
Remarkably, even though the orbitals accessed during the optical charge transfer were found to
ultimately depend on the electron transfer direction, Hpa was found to be independent of the
direction. Evidence of these pathways and the electronic couplings responsible for them are
described further below beginning first with the electrochemical properties of the compounds.
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Scheme 2: Representation of superexchange theory for bridge-mediated electron transfer (left) as well as for the
‘indirect’ electron transfer pathway when Ru' is oxidized prior to TPA (middle) and the ‘direct’ pathway when TPA
is oxidized first (right).

Superexchange i "Direct"
!
i
!

Mo Moo TG

—A— —r :
LUMO g
1
!
AEML :
:
i
Ry ;
TPA™ |
!
HOMO §
Bridge '
« — _ X’
!
Hoa 3
i
!

Electrochemistry:

Figure 6 provides a visual representation of the reduction potentials determined from
spectroelectrochemical experiments. The Ru""" reduction potentials were significantly (~100 mV)
more negative when anchored to the oxide surface than in fluid solution. Such behavior has
previously been reported and emanates from the inductive influence of the electron withdrawing
ester groups relative to the carboxylates present on the oxide surface.®® Interestingly, the
E12(TPA™) potentials were nearly insensitive to substituents on the terpyridine ligand while the
phenyl-bridged compounds showed a marked 75 mV positive shift. Such behavior is consistent
with a through-bond inductive effect transmitted through the conjugated phenyl-bridge. An
important lesson from these comparative studies is that the surface anchoring groups can in
themselves alter interfacial energetics. A clear example is 1pe, where the TPA was oxidized first
in solution while the Ru' is oxidized first when anchored to the oxide, Figure 7. Such a redox
‘switch’ would not have been recognized if the solution behavior of the ester (and presumably the
carboxylic acid) were assumed to be the same as that for the carboxylate form present on the oxide

surface.
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Figure 6: Representation of E;(Ru""") (red) and E12(TPA*0) (blue) for the 8 compounds in fluid acetonitrile solution
and immobilized nITO.

A more subtle influence of the oxide surface was found in the non-Nernstian redox
chemistry. In prior studies on TiO», it was found that a much larger potential step was required to
induce a factor of ten change in concentration of the Ru"™'/Ru" ratio relative to that for TPA*/TPA.*
Both required more than the 59 mV predicted by the Nernst equation for a one-electron transfer
process at room temperature. This behavior was attributed to an electric field effect wherein
charges at the oxide interface create fields that influence the proximate Ru center to a greater
degree than the more distant TPA.*** Similar effects of this type have been demonstrated for
porphyrazines immobilized onto gold, where the first reduction potential was increased by ~+400
mV based on proximity to the surface.*® The present case was attributed to an electric field effect,
rather than an inductive effect, as the non-ideality factor was insensitive to the coupling provided
by the bridging ligand.*’ Small, but measurable, deviations from Nernstian behavior were
quantified for the ester derivatives in fluid acetonitrile electrolyte. The origin(s) of this behavior is
less clear yet may result from ion-pairing interactions in the electrolyte that will be the subject of

future research.
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Figure 7: Redox potential switch upon surface immobilization for 1pe and 1pc/nITO as well as 1xe and 1xc/nITO.
The dashed lines connecting the redox potentials are guides to the eye.

Mulliken Hush Hpa Calculations:

The IVCT absorption band has traditionally been used to determine the strength of orbital
interactions between the ‘donor’ and ‘acceptor’ potential energy surfaces along a reaction
coordinate. The magnitude of Hpa was calculated using the semi-classical theory of Mulliken and
Hush, Equation 3. Here the macroscopic parameters of the IVCT transition, namely the full-width
at half-max Avi, (cm™), molar absorption coefficient at the absorbance maximum, emax, transition
energy Eop (cm™), as well as the distance between centers, r, allows for direct calculation of
coupling matrix elements.*® Spectral deconvolution and subsequent least-squares analysis with
multiple Gaussian functions afforded band parameters and successfully minimized the influence

of overlapping absorption bands that would otherwise have overestimated the FWHM and &max

values of the IVCT transition.

0.0206

Hpy = EopgmaxAvl/Z 3)

Constructing one-dimensional approximations of the potential energy surfaces for the product
and reactant states presents a powerful tool to visualize electronic transitions arising as a result of
mixed valent redox states. Scheme 3 represents a 3-state model, discussed in more detail below,
and represents the reactant (blue), product (red), and bridge (green) states in the absence (dashed)
and presence (solid) of electronic coupling, Hpa.*? Experimentally, Eqp = AG® + A, where AG® is

the standard free energy change and A is the reorganization energy. Unlike the 2-state model, where
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the splitting between the product and reactants surfaces is 2Hpa, in a 3-state model this difference
corresponds to Hpa. Energetically high-lying bridge states mediate electronic coupling between
the energy surfaces through donor-bridge charge transfer (DBCT) transition, with electronic
coupling Hps.

Scheme 3: Potential energy surface diagram for 3-state optical electron transfer.?

Energy

Egp=A +AG®

Reaction Coordiante

3DBCT (donor-to-bridge charge transfer) corresponds to the high energy TPA — ligand or generic metal-to-ligand
charge transfer transition. IVCT (intervalence charge transfer) corresponds to a low energy transition between TPA
and Ru'"". Effective coupling, Hpa®arises from mixing between all three surfaces which enables the optical transitions
to be observed.

The calculation of Hpa by Equation 3 requires an estimate of the charge transfer distance, r,
which was assumed to be the geometric distance between the Ru' metal center and central nitrogen
atom of the TPA group. Electronic coupling calculated by this method presents a lower-limit of
the coupling.**>! A distance of 14 A and 13 A for ‘direct’ and ‘indirect’ electron transfer was

garnered from density functional theory optimized structures, respectively.

These analyses yielded values of Hpa on the order of 950 cm™ for 2pc/nITO. In the case of
1pc/nITO, the higher energy IVCT type band gave Hps ~ 2500 cm™'. We emphasize that the
calculated coupling for 1pc/nITO represents TPA to cyclometalating ligand coupling, Scheme 2.
A crude estimate of Hpa was possible for the low energy transition observed in the mixed valent
spectrum 1pc/nITO in the near-IR, &max ~ 1300 M™! cm™!, and gave Hpa < 250 cm™. As a control
experiment, the magnitude of Hpa was determined in a similar way for the compounds in fluid

solution by oxidation with Cu(ClOs4)> and are presented in Table 2 with spectra provided in Figure

14



8. Both 1pe and 2pe had similar spectral signatures to that of 2pc/nITO with IVCT bands
appearing ~1000 nm, with Hpa = 950 cm™'. By contrast the x-series compounds did not display
any indication of IVCT transitions at concentrations used herein, and Hpa was estimated to be <

100 cm™!.3? Additionally, while K. values have been reported to correlate strongly with electronic

coupling, careful analysis has provided evidence that this approach is not always applicable.’?>3
Table 2: Tabulated values of IVCT band parameters and the associated electronic coupling matrix elements.
3 1 1 1 1 ]
Compound Egp (NM), (&, x10° M cm )P Av,, cm )¢ H,, (cm ) H_,(cm )
1pe? 1025 (9.0) 4480 920¢ -
2pe? 1000 (11.4) 4080 1000°¢ -
1pc/nITO 480 (29.8) 4000 ; 2500¢
2pc/nITO 1110 (10.5) 4460 950° -

3Measured by chemical oxidation with Cu(ll). °Determined from spectral modeling after correcting for
comproportionation. Calculated for direct IVCT from the low-energy bands. “Electronic coupling between the TPA
center and the cyclometalating ligand, Hps. ®From deconvoluted spectral analysis.

1.0 T T T T T T T T T T T

Equivalents of Cu(Il) added Equivalents of Cu(IT) added
—0.0

Absorbance

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

Figure 8: UV-Vis-NIR absorption spectra of 1pe (left) and 2pe (right) in neat CH3CN with Cu(ll) titrated in as a
chemical oxidant. Note the appearance of low energy IVCT transitions at ~1000 nm for both compounds.

The calculated electronic coupling values presented in Table 2 for phenyl-bridged compounds that
undergo direct ET are among the highest reported for this class of compounds.®*>® It is worthwhile
to place the studied compounds in the context of other bis-tridentate Ru'' compounds with similar
cyclometalating motifs to briefly address what factors contribute to the strong electronic
interactions. Sauvage and others have shown that electronic coupling between centers was
enhanced when the N atom of the central pyridine ring in 2,2°,2”’-terpyridine was replaced with a
carbon atom, Scheme 4.3"° However, when a peripheral nitrogen was replaced with a carbon

atom, there was no evidence for coupling between the metal centers. Other investigations of Ru''-
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B-TPA compounds, where B = phenyl, has also shown appreciable coupling on the order of Hpa
~450 cm™.9%%! In this regard, it is surprising that electronic coupling is strong in the present
compounds, Hpa ~ 1000 cm™!, considering that the Ru-C bond is in a peripheral position. This
highlights the importance of thiophene as an effective mediator of electronic coupling, which has

recently garnered much experimental interest.*>:62-64

Scheme 4: Previously reported cyclometalated Ru" mixed valent compounds with the corresponding values of Hpa.
Taken from ref. 46-48 and 52.

X =Y =N:Hp, =380 cm!
X =C,Y=N: Hp, =1030 cm™!
X =N, Y =C: Hp, = None Observed

Superexchange Hpa Calculations:

The McConnell relationship for superexchange has been widely invoked for many cases of
long range electron transfer where the redox orbitals are degenerate in energy; an energetic
situation that holds approximately for these compounds.®>% When ET is mediated by the high-
lying bridge LUMO transiently, the electronic coupling, Hpa, can be calculated through Equation
4 as derived by Ratner and co-workers.5"68

HpgH
Hpy = —gﬁ EzA (4)

This expression treats the electronic coupling between the donor and acceptor sites as the product
of multi-site, or stepwise, electronic coupling elements between the donor and the bridge, Hpeg,
and between the bridge and the acceptor, Hga.%®"® The quantity E-Eg corresponds to the energy
separation between the donor or acceptor, E, and the bridging ligand, Eg, and is frequently referred
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to as the tunneling energy gap.”*"® It is difficult to measure experimentally, but can be related to

the redox potentials of the individual donor, bridge, and, acceptor units.”

For optical investigations of moderately coupled mixed valent charge transfer compounds
where the bridge orbitals mediate ET, the Creutz, Newton, and Sutin model depicted in Scheme 3
provides the effective coupling through Equation 5. The same methodology was used for the
phenyl bridged compounds studied herein.

eff _ HapHpp
HDA - 2AEMmL (5)

In this expression the term AEmL refers to the difference between the metal and bridge states and

is given by Equation 6,

1 1( 1 1 ) (6)
AEymL 2 \AEmpcr  AEmrcTt—AEver

where AEwmict and AEwct are the spectroscopically observed energies for the metal to
cyclometalating ligand and the IVCT energy, respectively.?® Note the factor of 2 in Equation 6
arises from degeneracy factor for symmetric compounds and is not necessary in this analysis.
Similar approaches often approximate this factor as differences in free energy or ionization
potentials.”>"® Unfortunately, the measurement of electrochemical redox potentials of
cyclometalating ligands often result in irreversible electrochemistry. Onset reduction potentials
typically begin at -1.9 V vs. NHE.3®"’

The value of AE\cr is readily available from the compounds that exhibit direct IVCT and is
~10% cm™. Inspection of the UV-Vis provides the value of AEmict for Ru to the cyclometalating
ligand, Amax = 23.5x10% cm™ (425 nm), which was observed at higher energy relative to Ru to
terpyridine MLCT, ~520 nm, presumably due to the electron rich nature of the covalent Ru-C
bond.?® From these values AEm. was found to be 2.2 eV. Electronic coupling between the metal
and the ligand, Hag, was calculated from Equation 5 with typical linewidths for polypyridyl MLCT
transitions, Aviz = 4000 cm™ and common values for metal-ligand coupling values, Has, range
from 3-6x10° cm™ for Ru'" to bipyridyl MLCT transitions.*® This analysis provided Has = 8400
cm, such a large degree of coupling is startling, but is not unreasonable considering that strong
o-donating and n-back bonding effects are operative for a covalent Ru-C bond. The magnitude of
Hpg is provided in Table 2 for 1pc/nITO.
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WET was

With all the necessary quantities in hand, the effective coupling for TPA > Ru
calculated, Hpa®™ = 1200 cm™, which is likely an upper limit for the coupling arising from
underestimating AEmL and/or overestimating Has. However, the value calculated here is consistent
with the results of Creutz, Newton, and Sutin.*® A critical experimental detail that indicates an
alternative optical pathway may be operative is the absence of an appreciable low energy transition
for 1pc/nITO relative to 2pc/nlTO, Figure 5. Indeed, since the coupling is large, Hpa®™ = 1200
cm?, then the appearance of a low-energy transition would be expected under the experimental
conditions. Phrased differently this raises an interesting question: Why is a low-energy transition
absent in 1pc/nITO despite having a comparable effective electronic coupling? This is likely the
result of the alternative orbital pathway that proceeds virtually through the ligand LUMO in

superexchange interaction.

In addressing the alternative pathway it is likely that the bridge previously defined as
phenyl-thiophene is influenced by the electron donating/withdrawing ability of the -OCHjs or -
CF3 substituents on the cyclometalating ring. Qualitatively, one would expect the donating nature
of the -OCHj3 to destabilize the bridge LUMO relative to —CFs.” Therefore, the tunneling energy
gap, (E-Eb, equation 3) should be larger for 1pc/nITO and thus less contribution from a
superexchange pathway would be expected. This is contrary to experiment where the indirect path
was operative for electron transfer. Therefore, it seems that inductive effect of the two groups does
not appear to be significant.

From this analysis, an important distinction exists for optical versus thermal electron
transfer. In thermal electron transfer processes, the tunneling energy gap represents the energetic
difference between the donor or acceptor orbitals and the bridge HOMO or LUMO at the transition
state of the reaction.”® On the other hand, mixing between states during optical ET necessarily
occurs between high-lying unoccupied bridge orbitals while the system is in the nuclear geometry
of the ground state. In principle, the bridge-centered HOMO also contributes to the total
superexchange interaction, though it is difficult to quantify the impact without spectroscopic
handles such as ligand to metal charge transfer transitions.”® Indeed, cyclometalation of the Ru"
center moves the energy of the bridge HOMO closer to that of the Ru'"" state, which provides

access to more energetically favorable thermal pathways whereas for optical transitions a LUMO-
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mediated superexchange mechanism is most prominent.32%68%  Thys, thermal and optical electron

transfer occur through very different mechanisms.
Conclusion:

The electrochemical redox potentials and spectroscopic features of eight cyclometalated
Ru'" compounds immobilized on a surface and in fluid solution were reported. Electrochemical
experiments indicated that AG® between the two centers was small enough to enable interchange
of the molecular HOMO between Ru' and TPA. Upon one-electron oxidation, appreciable
amounts of the mixed valent state were formed. Compounds containing a phenyl bridge displayed
intense IVCT transitions that were absent for the xylyl-bridged compounds. The electronic
coupling between the Ru' and TPA redox active centers was determined using a combination of

Mulliken-Hush and a 3-state superexchange-type analysis.

This analysis indicated that modifying the direction of electron transfer in model donor-
bridge-acceptor compounds with an identical molecular bridge can provide access to different
orbital transitions that may facilitate electron transfer. Such orbital pathways are evident in the
steady-state electronic spectra of the one-electron oxidized forms of the conjugated phenyl-bridged
compounds. Intense IVCT transitions provided direct approaches to measuring and characterizing
the electronic coupling between the Ru" and TPA redox centers. Use of a 2-state model, indicated
that the electronic coupling between the Ru'' and TPA centers ultimately depended on the direction,
i.e. what orbitals the transition originated from. However, the use of a 3-state model indicated that

electronic coupling was independent of the charge transfer direction.

The origins of the different spectral features can be qualitatively understood through the
molecular orbitals and electron densities. Each redox state possesses significantly different orbital
character between the Ru'' d-orbitals and nitrogen sp® orbitals. To a first approximation, the Ru"
dr orbitals mix significantly with the cyclometalating ligand ="~ orbitals and this degree of mixing
is expected to decrease dramatically when the Ru'' is oxidized to Ru"'. By comparison, the amine
orbitals are not as diffuse and upon oxidation of TPA, direct charge transfer from Ru'' occurs to
the empty orbitals of the TPA unit because of the large electron density associated with the Ru"
and the corresponding cyclometalating ligand states. In the opposite case, the absence of electron

density in the Ru""" drn orbitals cannot be accessed directly by the TPA electron density which
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results in a charge transfer pathway that more easily proceeds from the amine to the

" center.

cyclometalating ligand proximal to the Ru

A systematic study of 8 Ru'-B-TPA compounds both in solution and anchored onto a
conductive surface was carried out. Spectroscopic and electrochemical experiments revealed that,
following one-electron oxidation, charge transfer proceeded in different directions across a
common bridge. This study demonstrated that electronic coupling between the two redox active
centers is independent of which center is oxidized first. This was accomplished through explicit
inclusion of high energy bridge-centered orbitals. Taken together, these observations present a
fundamental contribution to the study of hybrid inorganic/organic materials that have potential

applications in energy conversion or storage, or as electrochromic materials.

Experimental:

Thin Films and Sensitization: Colloidal nITO was prepared by previously published
literature methods and deposited onto 1-cm wide optically transparent F doped SnO- glass slides
via doctor blading. The resulting films were usually 3 pm thick. The newly deposited films were
annealed following the procedure of Farnum et. al. to yield oxidized nITO, which appeared pale
yellow to the unaided eye.®! Films were sensitized by immersion in stock solutions of a carboxylate
derivative of one of the compounds in neat methanol for 10-20 minutes. The resulting thin films
had peak absorbance values of 0.6 or lower in their electronic ground states over the range of
wavelengths measured.

Spectroscopic Characterization: UV-Visible absorption spectra were measured using a
Varian Cary 60 spectrometer in a 1 cm path length cuvette. The molar extinction coefficients for
the ester derivatives were determined in neat acetonitrile. However, the carboxylic acid derivatives
were not soluble in acetonitrile and only sparingly soluble in neat methanol. To completely
dissolve the compounds, 1 equivalent of ~1.5 M tetrabutylammonium hydroxide (TBAOH) in
water was added to the methanol solution. In a typical experiment, stock solutions of 25 mL were
prepared with 1 equivalent of base which was approximately 0.5 pL of the stock TBAOH solution,
except for 1pc, which required 5 pL. The resulting change in volume was considered negligible.

Solution Spectroelectrochemistry: Formal reduction potentials in bulk solution were
determined in CH3CN containing 100 mM LiClO4 as the supporting electrolyte in a standard 3-

electrode set up. The working electrode was a Pt honeycomb microelectrode with a Pt counter
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(Pine Research Instruments), and a nonaqueous pseudo Ag/AgCl reference electrode. The half-
wave potential of the Fc(+/0) was measured in 100 mM LiClO4 in CH3CN both before and after
the experiment to account for potential drift.. The pseudo-reference electrode was externally
referenced to NHE by using the measured value of the Fc(+/0) redox couple and adding a standard
value of +630 mV.%? Spectra were collected using a Avantes AvaLight DHc light source with an
Avantes StarLine AvaSpec-2048 UV/Vis spectrometer while the electrochemical potential was
applied using a Pine Wavenow potentiostat. All of the devices were controlled by Aftermath
software (Pine Research Instruments).

The resulting potential-dependent spectra were analyzed by subtracting the ground-state
spectrum of the molecule at each applied potential, resulting in so-called “difference spectra”. The
difference spectra, which represented changes due to the applied potentials, displayed positive
values of absorbance indicative of feature growth and negative values of absorbance which
indicate ground-state bleaching. Single wavelength data were selected at maxima of growths and
bleaches, isosbestic points, and intermediate wavelengths and fit to the Nernst equation to give the
formal reduction potential of each oxidation event.

Surface Spectroelectrochemistry: UV/Vis/NIR spectroelectrochemistry of the
carboxylate substituted molecules anchored onto thin films of nITO on FTO slides were monitored
using a Varian Cary 5000 spectrometer while simultaneously applying a potential. The slides were
immersed in 100 mM LiClO4/CH3CN solutions at a 45° angle in a 1 cm path length cuvette at low
surface coverages. Electrochemical potentials were applied by a BASi epsilon potentiostat using
the EClipse software in a standard 3-electrode arrangement. In the experiments, the FTO glass
served as the working electrode with a Pt gauze counter and a Ag/AgCl pseudo-reference electrode.
Potentials were applied stepwise on the order of 10-20 mV/step and held for a minimum of 15
seconds before a scan was taken to ensure electrochemical equilibrium, after which data were
recorded. Spectra were recorded until changes were minimized. The same methodology to
standardize the applied potentials was used as previously stated. The Cary 5000 was operated in
the standard dual beam set up with reduced slit height, fixed slit-band widths, and a grating and
detector changeover at 850 nm. Notably, a “spectral discontinuity” was occasionally observed
during the experiment, which is not uncommon, and was corrected for by adjusting the appropriate
slit-band widths. Background spectra collected from 350 nm to a minimum of 1700 nm were of

bare FTO and solvent to account for the NIR absorbance of CH3CN. Measuring beyond 2000 nm
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was not possible due to intense cuvette absorption. Separate background spectra of nITO were
recorded due to its behavior as a function of applied bias.

Chemical Oxidation: Redox titrations of 1p. and 2p. were performed on ester derivatives
in neat acetonitrile using Cu(ClO4)26H20 as the sacrificial oxidant in the form of the Cu(II/I)
redox couple.®*** In all experiments, a stock solution of 0.6 mM Cu(ClO4), was used. Aliquots of
20 uL were added to a 1 cm path length cuvette containing 3.0 mL of ~1 uM ester compound with
a Hamilton syringe and carefully stirred to ensure equilibrium was established. Spectra were
recorded using a Varian Cary 5000 spectrometer, in a similar fashion described as above, until
subsequent spectral changes were negligible. The resulting spectra were corrected as a function of

total volume over the course of the titration.

Associated Content

Supporting Information: The supporting information is available free of charge. This document
includes experimental details of spectral modeling and reconstruction, information about the
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