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Mixed valency is important in many areas of chemistry, from
synthetic to biological systems, from the simplest systems to
the most highly complex. The purpose of our research is to
understand the principles of mixed valency in localized, ne-
arly delocalized, and delocalized systems, and to apply our
knowledge to the rational design of molecular devices. This
microreview discusses our group's research over the last ten
years. It reviews methods of estimating picosecond electron-

transfer lifetimes from infrared spectral lineshapes, studies of
the localized-to-delocalized transition and the effects of fro-
zen solvents, charge gating by non-covalent interactions,
electron-transfer-gated electron transfer, and the distribution
of charge within a molecule probed and controlled by an ap-
plied electric field.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

The year 2007 marked the fortieth anniversary of the
seminal findings of Robin, Day, Creutz, Taube, and Hush
on the classification, synthesis, and physical properties of
inorganic mixed-valence ions.'?! For all that we have le-
arned in the past forty years about inorganic mixed valency,
there is still much that we do not know. In this microreview
we take a look at the current frontiers of inorganic mixed-
valence chemistry, and attempt to point out directions
where important future discoveries may be made.

In 1997, we began the study of a class of mixed-valence
complexes composed of dimers of ruthenium trimers, Fig-
ure 1. These compounds share a number of characteristics
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which make them amenable to a wide variety of studies,
from those purely physical in nature to those which lay the
groundwork for future device applications. Our early in-
vestigations were focused on the effects of picosecond intra-
molecular electron transfer in the mixed-valence state on
vibrational spectra.l’] Variability of ligands in the ancillary
positions (“L” in Figure 1) enabled us to synthesize mixed-
valence species from moderately electronically coupled (ex-
changing electron localized) to highly electronically coupled
(exchanging electron delocalized).) The CO ligand has
proven to be a valuable spectroscopic “reporter” of the re-
dox state and exchange rate between inequivalent sites. IR
spectra of v(CO) stretching modes show clear evidence of
dynamic coalescence, an indication that exchange occurs
on, or near, the vibrational timescale.[! These spectroscopic
characteristics allow for a detailed investigation of the local-
ized to delocalized transition and picosecond dynamics in
solution.!
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Figure 1. Dimers of pyrazine (pz)-bridged ruthenium trimers. In
neutral complexes the formal oxidation states of ruthenium metal
centers are Rus!-Hpz RuWLHILIL i the mixed-valence state the
complexes are monoanions and oxidation states on the ruthenium
atoms are Ruy!MH pz Ry, LI

Our improved understanding of these areas at the fore-
front of physical inorganic chemistry led us to explore ways
to design and control charge distribution in solution and in
self-assembled monolayers (SAMs). The following sections
describe our recent studies that began with some of the first
reported rate constants for picosecond ground-state elec-
tron transfer in mixed-valence ions and progressed to con-
trolled gating of electron transfer in solution and probing
the polarizability of monolayers of mixed-valence com-
pounds with an electric field.

2. Solvent Effects in Nearly Delocalized
Complexes

In recent years many inorganic chemists have been con-
cerned with attaining a clear understanding of the Class II/
IIT borderline for mixed-valence complexes. This is, after
all, the most fundamental question in mixed-valence chem-
istry: is the system localized or delocalized? Mixed-valence
complexes have been classified by their electronic, solvent,
and vibrational motions.'l In Class II complexes the ex-
changing electron and solvent are taken to be localized. In
Class III complexes the electron is delocalized and the sur-
rounding solvent is averaged. In his 2001 review, Meyer at-
tempted to provide a concise definition of “borderline”
Class II/IIT behaviour: in Class II/III complexes the ex-
changing electron is localized and the solvent is averaged.!®!
Many attempts have been made to define the localized to
delocalized transition by quantitative analysis of interval-
ence charge-transfer (IVCT) bands. In our work, we have
been able to directly address the localized to delocalized
transition of our nearly delocalized mixed-valence systems
by IR spectral analysis of the effect of solvent dynamics
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upon the rates of electron transfer.”-8! The key concept is
that if a mixed-valence species rests at the Class II/I11 bor-
derline, it must be nearly delocalized, and the barrier for
intramolecular electron transfer should be nearly zero. In
this regime, pre-exponential terms in the normal rate expres-
sion for ET will come into play. The ET rate expression for
a symmetric mixed-valence complex with no driving force
is given by [Equation (1)]*!

ke = K vy exp[(AG,* — Hap + Hap’4 AG;*)/RT) (D

and depends on the transition probability, x (x = 1 for adia-
batic systems), the nuclear frequency factor, vy, electronic
coupling, Hag, and the thermal activation barrier, AG;*
[where AG,* = (A — 2Hxg)*/4J. and / is the vertical reorgani-
zation energy]. In Class II/III systems, Hap approaches 4/2
and the rate of electron transfer begins to depend on the
frequency factor, vy, in the preexponential term, which is a
weighted average of the inner-sphere and outer-sphere mo-
tional modes that contribute to the electron-transfer reorga-
nization energy. For intramolecular ET reactions in solu-
tion, these modes include solvent frequencies and intramo-
lecular vibrations that promote ET. Because the timescale
for solvent dynamics is very fast, the effects of solvent dy-
namics are usually seen only in very fast electron transfers,
such as those proceeding from electronic excited states.!7]
Figure 2 shows the solvent dependence of v(CO) spectra
in the IR for dimer 3™ in acetonitrile, dichloromethane, and
tetrahydrofuran with estimated electron-transfer rate con-
stants in the terahertz regime. Rate constants for electron
transfer are obtained from simulations based on modified
Bloch equations analogous to those used in dynamic NMR
coalescence. The theory behind these simulations is detailed
in a review written by Turner.'') We have carefully consid-
ered the effect of solvent on electron-transfer rates, where a
host of solvent thermodynamic (time-independent) param-
eters and dynamic (time-dependent) parameters were com-

2000 1950 1900 1850
v/em'!

Figure 2. IR bandshapes for the v(CO) stretch of 3= in CH;CN,
CH,Cl, and THF where estimated electron-transfer rate constants
are 2.6X102s!, 1.8X10"%s!, and 1.1X10'2s!, respectively.
More coalesced spectra are associated with faster rates of electron
transfer.
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pared.® We concluded that in the nearly delocalized limit,
solvent thermodynamic parameters do not significantly im-
pact rates of electron transfer. The time-independent pa-
rameters we examined were the solvent reorganization en-
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Figure 3. Electron-transfer lifetimes of four symmetric dimers, 1
(gray inverted triangle), 2~ (gray triangle), 3~ (gray circle), and 4
(black square), are plotted vs. various solvent parameters. The sol-
vents used in this study are CH;CN, CH,Cl,, DMF, THE, DMSO,
CHCl;, and HMPA. a) Plot of ET lifetime vs. (1/g,, — 1/¢), the
variable portion of the outer-sphere reorganization energy, A,. b)
Plot of ET lifetime vs. the characteristic solvent relaxation time, 7.
¢) Plot of ET lifetime vs. the moment of inertia along the solvent’s
x-axis.
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ergy, optical and static dielectric constants, and solvent po-
larity. Commonly, rates of ET depend on the solvent reor-
ganization energy, as seen in Class II systems. This is not
the case for our systems, as can be seen from the plot (a) in
Figure 3 where the ET lifetimes of four symmetric mixed-
valence dimers in seven different solvents are plotted vs. the
solvent reorganization energies. The extremely poor linear
correlation points to a profound absence of solvent reorga-
nizational influence on kgt This result shows that as the
barrier to ET approaches zero, the solvent reorganizational
contribution to the barrier becomes unimportant.

This becomes clearer upon examining time-dependent
solvent parameters. The best correlation to electron-ex-
change lifetime (kgr ') was with the solvent dipolar reorien-
tation times determined by Maroncelli and co-workers. This
group measured the time-resolved Stokes shift in the fluo-
rescence of Coumarin 135 in 24 common organic sol-
vents.['?l In general, these studies show a biexponential sol-
vent response, where the fastest solvent response times are
due to solvent inertial (rotational) motion. In part b of Fig-
ure 3, the ET lifetime is plotted against the parameter ¢,
which encompasses the total evolution of solvent-dynamic
response to changes in local environment. For comparison,
the lifetimes are also plotted vs. solvent moments of inertia
in Figure 3 (c). These plots are almost identical, underscor-
ing the important role of solvent inertial motions in solvent
reorientation. This study illustrates that solvent dynamics
significantly influence ET in the ground state of nearly de-
localized mixed-valence complexes.

Of the modes that contribute to vy, the solvent dynamics
are expected to be the major contributor in fluid solution,
as they are slower than internal molecular vibrations. We
know from previous resonance Raman studies that electron
transfer is mediated in part by the vg, symmetric stretching
frequency of the pyrazine bridging ligand.['*! The frequency
of this vibration is 4.8 X 103 57!, while the fastest solvent
dipolar reorientation frequency of the solvents studied by
Maroncelli is 6.7 X 10'2s7! (for acetonitrile).!'3! It is clear
that solvent relaxation can limit the rate of ET in a Class
II/III system. At this point it is interesting to consider what
would happen if solvent dynamic modes were decoupled
from electron transfer. Would the observed rate of electron
transfer increase or decrease?

3. Non-Arrhenius Behaviour in Frozen Solvents

Decoupling fast solvent reorientations from ET was
achieved by freezing solutions of a mixed-valent dimer.['4]
One expected consequence is that the dynamic solvent re-
orientation will no longer contribute to the pre-exponential
term and vy will include a more heavily weighted average
of inner sphere (molecular) vibrations. Parts a and b of Fig-
ure 4 show v(CO) stretches of 1" in acetonitrile and dichlo-
romethane at decreasing temperatures.®! These spectra
show that as the solution approaches its freezing point, the
degree of v(CO) spectral coalescence increases. Once the
solvent is frozen (-92 °C for dichloromethane and 44 °C
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for acetonitrile), completely coalesced bandshapes are ob-
served. Cooling the solvent beyond its freezing point brings
about no further changes in the v(CO) bandshape. Life-
times for ET were obtained by spectral simulation and are
given for each temperature.l'> The key conclusion regarding
Figure 4 is that as the solvent is cooled to its freezing point,
kgt increases, and once the solvent is frozen kgt remains
the same. These results demonstrate a localized to delocal-
ized transition at the freezing point, where solvent dynamics
become largely uncoupled from electron transfer and in-
ternal vibrational modes of the molecule dominate vy
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Figure 4. IR band shapes for v(CO) of the mixed-valence dimer, 1-,
in acetonitrile (top) and dichloromethane (bottom) as a function of
temperature. The mixed-valence anion was produced by a chemical
reduction with 1.1 molar equivalents of cobaltocene. The band
shape shows increasing coalescence as temperature is reduced. Elec-
tron-transfer lifetimes obtained from spectral simulation are listed
to the right of each spectrum.

The studies described above allow for a more complete
picture of mixed valency at the Class II/III borderline. Rates
of intramolecular electron transfer in nearly delocalized sys-
tems are highly dependent on solvent dynamics and not sol-
vent thermodynamic parameters. Clearly, the solvent does
not appear averaged to the exchanging electron, but limits
in a motional sense how fast the electron can exchange. De-
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coupling solvent modes from ET reveals this fact unambig-
uously. A precise definition of Class II/III mixed-valence
compounds that follows from our research is that solvent-
dynamical parameters control the rates of ET in borderline
complexes, and tend to localize otherwise delocalized elec-
tronic states.

4. Restoration of Broken Symmetry as a Driving
Force for Cooperative Noncovalent Host—Guest
Chemistry

Current research within the fields of supramolecular
chemistry and molecular electronics hinges on the need to
understand the directed self assembly of functional nano-
structures.l'8! It is commonly understood that cooperative
interactions between molecules are a necessity in “guided”
self assembly processes. Also, it is highly desirable to de-
velop functional molecular devices that operate in the tera-
hertz regime. Here, we describe studies in which our
mixed-valence complexes act as the guest molecule in a co-
operative non-covalent binding event with calix[6]arene, a
host molecule. The symmetry of the mixed-valence ion 5
(Figure 1) is broken by the binding of a single calix[6]arene
and is accompanied by a decrease in the stabilization of
the mixed-valence state. The energetic gain provided by the
restoration of symmetry drives binding of a second calix[6]-
arene in a cooperative fashion.[!”]

It is well known that calix[6]arene plays host to aromatic
compounds.['®] In our system this is realized by the revers-
ible binding of calix[6]arene to the phenyl group on the an-
cillary 4-phenylpyridine ligand. This interaction leads to be-
haviour which is similar to that of “mixed-valence iso-
mers,”['] with the important difference that the asymmetry
in this system is not a permanent manifestation of the con-
nectivity of molecules, but rather is present in the following
dynamic equilibrium [Equation (2)].

5 + 2 [calix[6]arene] <> [5][calix[6]arene] + [calix[6]arene] <>
[5 ][calix[6]arene], 2

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) experiments were used to deduce the ener-
getics of this type of supramolecular system. The CV of 5
in dichloromethane shows two reversible one-electron re-
ductions with half-wave potentials (E;,) of —1.126 V and
—-1.500 V vs. Fc/Fc* corresponding to an electron being
added to each cluster sequentially. The electrochemical
splitting in a symmetric mixed-valence system, AE), is a
qualitative measure for the amount of electronic coupling
that exists between electron donor and acceptor.’’l AE,,,
for this process is 374 mV, and indicates a high degree of
electronic coupling.

A series of DPV experiments were performed on 5 with
successive titrations of calix[6]arene. Figure 5 shows for-
ward and reverse scans in the presence of 0.0 and 6.0 molar
equivalents of calix[6]arene. There are three important
points to mention about this data which are summarized in
Scheme 1. First, the potential of the first reduction, E;,5(1),

Eur. J. Inorg. Chem. 2009, 585-594
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changes by -2 mV. Second, the potential of the second re-
duction, E;»(2), changes by +19 mV. Third, the change in
AE,), (i.e. AAE ) upon the addition of 6.0 molar equiva-
lents of host is 21 mV.

T
= 1000 -1500

Potential (mV)

Figure 5. Forward (top) and reverse (bottom) DPV scans of a 2 mm
solution of 5 in CH,Cl, with 0.1 M TBAH with 0.0 equiv. of calix-
[6]arene (solid lines) and 6.0 equiv. of calix[6]arene (dashed lines).
Potentials are vs. Fc/Fc* couple.

0.0 molar £4(1) £12)
equivalents -1.126 V -1.500'V
S|
| AE,,= 374 mV ’]
'. /
L I3
2myv )\ ME,=-21mV /+19mv
1 1
'. U
| A£,=353mV |
/'I
6.0 molar Ep(1) £,p(2)
equivalents -1.128 v -1.481V

Scheme 1. Halfwave potentials from DPV for the first and second
reductions of 5 in the presence of no calix[6]arene (top) and 6.0
molar equivalents of calix[6]arene (bottom). The change in poten-
tial of the first reduction, Ej,(1), is -2 mV and the second re-
duction, E|»(2), is +19 mV. The total change in electrochemical
splitting, AAE, )5, is —21 mV.

The overall observed shifts in the reduction waves of 5
can be understood in terms of two different electronic per-
turbations: inductive and resonance stabilization. We first
consider the inductive stabilization. Upon the binding of
calix[6]arene to the 4-phenylpyridine ligand, the pK, of the
ligand is decreased. This has the effect of stabilizing the Rus
cluster by “inductive effects.” Changes in inductive stabili-
zation appear as changes in Ej/»(1) and Ej/»(2). The change
in “resonance stabilization” is reflected in the change in
AE\ . AE,), is related directly to the comproportionation
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equilibrium constant, K., a measure of the thermodynamic
stability of a mixed-valence ion arising from electronic delo-
calization.

The quantitative contributions of the inductive and reso-
nance effects to the observed value of the redox potentials
can be separated as follows. The observed change in AE;),
upon binding of calix[6]arene is a decrease by 21 mV. This
change should affect E;,»(1) and E;;»(2) symmetrically, i.c.
Ej/5(1) should shift more negative by 11 mV and Ej;(2)
should shift more positive by 11 mV. This implies that the
total observed shift in E;»(1) upon addition of 6.0 molar
equivalents of calix[6]arene of —2 mV must be the result of
a shift of AAE;, of —11 mV countered by a shift of
E (1) by +9 mV. Following the same reasoning, the ob-
served change in Ej/»(2) of +19 mV can be resolved as a
contribution from AAE),, of +11 mV, and a contribution
from the inductive change in E;,»(2) of +8 mV. The poten-
tial shifts in E,»(1) and E;,»(2) indicate that the binding of
calixarene has a slight inductive stabilizing effect of the
cluster to which it binds. In contrast, the decrease in AE;),
indicates that calixarene binding slightly decreases the sta-
bility of the mixed-valence state by decreasing delocaliza-
tion.

Plotting AE) > vs. increasing concentrations of host mole-
cule reveals an additional interesting feature of the binding
of calix[6]arene to the mixed-valence ion 5, Figure 6. The
sigmoidal shape of the plot is a clear indication of coopera-
tive binding. That is, the binding of one calix[6]arene to the
dimer positively influences the binding of a second calix-
[6]arene. The observed positive cooperativity of the binding
of calix[6]arene to the mixed-valence ion 5 is a conse-
quence of the loss and restoration of symmetry caused by
the binding of one or two calixarene molecules, respectively.
This is most easily seen by considering the potential energy
surfaces for symmetric and asymmetric mixed-valence com-
pounds. Scheme 2 describes the energetics of our system
from the perspective of the Marcus—Hush two-state model
for mixed-valence complexes. In stage A, where no calix-
[6]arene is bound, the potential energy surface describes a
symmetric mixed-valence complex. In stage B, the binding
of a single calix[6]arene to one of the clusters slightly stabi-
lizes that cluster (inductive effect), and introduces a slight
asymmetry to the potential energy curve for 5. In the singly
bound host-guest complex, the energetic offset between the
two energy minima is equal to the driving force introduced
by calixarene binding, AG,. One important result of 1:1
host—guest binding is that the barrier to electron exchange
increases approximately by the amount of driving force
present in the asymmetric potential energy surface (AG).
The unavoidable conclusion is that the degree of electron
delocalization in the asymmetric 1:1 complex (stage B) is
less than in the symmetric case (stage A). The cooperative
binding is easily explained by the restoration of symmetry
upon binding of the second calix[6]arene. Symmetry re-
storation eliminates the driving force offset (AGy) from the
electron-exchange barrier, and the symmetric 1:2 complex
is resonantly stabilized, relative to the asymmetric 1:1 com-
plex.
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Scheme 2. Stage A — The dimer is in its symmetric uncomplexed form. Stage B — One calix[6]arene binds to the dimer through the 4-
phenylpyridine ligand, which provides energetic stabilization to this cluster. This also introduces asymmetry to the dimer as a whole,
which decreases the resonance stabilization of the mixed-valence anion. Stage C — Symmetry is restored to the dimer upon the binding
of a second calix[6]arene. The binding of the second calix[6]arene is driven by the stabilization to the individual cluster to which it binds,
as well as the overall resonance stabilization of the complex. It is this additional resonance stabilization which drives cooperative binding

in this system.

0.3754

*

0.350

T T T T T T T
0 1 2 3 4 5 6

Equivalents of calix[6]arene

Figure 6. Plot of AE;, vs. equivalents of calix[6]arene. The sig-
moidal curve is fit with an R> = 0.9985 and a y> = 1.987 X 107".
The strong sigmoidal shape of this curve is a clear indication of
positive cooperative binding.

This study is another example of the extreme sensitivity
of nearly delocalized compounds to their environment.
Even the very weak noncovalent binding interactions at the
distal positions give rise to perceptible electronic effects
within the complex. This work also underscores the impor-
tance of the dynamic environment in the energetic land-
scape of systems undergoing fast exchange. In addition, it
demonstrates rudimentary supramolecular control over
picosecond electron exchange.

There have been many reported attempts at gating and
otherwise controlling electron transfer on the basis of mo-
lecular dynamics,*!1 pH,??I magnetism,>¥ ion selectivity,**
and light.>>] In the next two sections, we review our work
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on two new mechanisms for controlling electronic distribu-
tion in a molecule that go beyond our supramolecular
work, and expand our understanding of the contributions
of local environments. In section 5, electron transfer from
donor to acceptor is gated by electron transfer to and from
the bridge. In section 6, an applied field probes the polariz-
ability of a mixed-valence self-assembled monolayer.

5. Electron-Transfer-Gated Electron Transfer

The synthetic modularity of the trinuclear ruthenium
clusters allows a depth of study unusual in spectroelectroch-
emical work. Replacing the bidentate pyrazine bridge with
tridentate trispyridyltriazine resulted in the zeroth-genera-
tion ligand-centered dendrimer (LCD) (6), depicted in Fig-
ure 7.29 In the anodic region of the cyclic voltammetric
(CV) analysis, this complex displays two separate, reversible
three-electron oxidation waves corresponding to the
RuMRu™MRu'/Ru™MRu™Ru™ (+0.17V vs. Fc/Fc*) and
RuMRu"Ru/Ru™Ru"Ru'Y (+0.95 V) couples occurring
for each of the three clusters in a concerted manner indicat-
ing no electronic communication. In the cathodic region,
the cluster reductions are split into two distinct reversible
processes. A one-electron reduction at —1.24 V is assigned
to the RuRuMRu/Ru™Ru"Ru! reduction of one cluster,
and a two-electron reduction at —1.36 V is assigned to the
concerted reduction of the other two clusters. The one-elec-
tron reduction of the triazine bridge is seen at —1.79 V.

Eur. J. Inorg. Chem. 2009, 585-594
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Figure 7. Zeroth-generation ligand-centered dendrimer (LCD)
[Ru3;0(0AC)6(CO)(py)]3-13-2,4,6-tripyridyl-S-triazine.

With these electrochemical assignments and our prior
knowledge of the electronic behaviour of the pyrazine-
bridged dimers of trimers,®! the infrared spectroelectro-
chemical (IR-SEC) response was investigated in order to
probe the electronic communication evident in the CV. At
low temperature (=30 °C) the v(CO) region behaves as ex-
pected at reducing potentials. As the three clusters are re-
duced, the v(CO) of the neutral cluster at 1940 cm™! de-
creases in intensity, and that of the reduced cluster at
1895 cm™! increases, as shown in Figure 8 (a). At room tem-
perature, the change stops at the point where the intensity
ratio indicates two reduced clusters and one neutral cluster
(Figure 8, b), and the triazine region (1500-1650 cm™!) indi-
cates that the bridge is reduced (Figure 8, c, d), a feature
not seen in the low-temperature spectrum.

In comparing the IR spectra with two reduced clusters
and one oxidized cluster at different temperatures (Figure 8,
f), dynamic broadening is evident only in the room-tem-
perature experiment. Lineshape analysis equivalent to that
discussed earlier yields estimated rate constants for electron
transfer of kpr = 1.1 X 10'?s7! at room temperature, and
ket < 10'' s 7! at low temperature. The relatively small tem-
perature difference is insufficient to explain the observed
difference of several orders of magnitude in kgp, and the
reduced bridging ligand seen only in the room-temperature
spectrum must be invoked. A proposed mechanism ex-
plaining the observed phenomena is shown in Scheme 3.
Briefly, after three clusters are reduced, one cluster reduces
the bridge. This creates an energetically more favourable do-
nor-bridge-acceptor overlap and leads to faster ET. We be-
lieve this to be the first reported example of the turn-on of
intramolecular electron transfer mediated by an electron-
transfer event within the molecule.
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Figure 8. IR spectroelectrochemical response of (a) LCD at —30 °C
and -0.95V, (b) LCD at room temperature and —-1.05'V, (c) 2,4,6-
tri-4-pyridyl-S-triazine at room temperature and —-1.20 V, (d) LCD
at room temperature and —-1.05V, (¢) LCD at room temperature
and —1.05 V after 9 min of electrolysis, and (f) a comparison of the
spectra of LCD at —-30 °C and room temperature. All potentials are
vs. Ag wire.

6. Electric Fields Can Both Control and Probe
Oriented Mixed-Valence Compounds

The electron-transfer-gated electron transfer described
above led us to extend the idea of charge gating to the appli-
cation of an electric field. Indeed, relatively little work has
been done exploring the electrostatic responses of mixed-
valence ions in ordered monolayers,[*”] despite the fact that
mixed-valence ions fulfil many of the requirements for mo-
lecular computing set out by the International Technology
Roadmap for Semiconductors, including bistable states and
terahertz switching times.[?8! In this section we describe our
work on effecting changes in charge distribution within a
mixed-valence molecule by application of an electric
field.*”!

Tetrathiafulvalene (TTF) undergoes two one-electron
oxidations, and the monocation TTF* has been classified
as a delocalized Robin-Day Class III mixed-valence ion."]
The neutral molecule 7, shown in Figure 9, was synthesized
by the literature proceduresi*!l and deposited on gold (111)
surfaces as a self-assembled monolayer. Electrochemical
measurements confirm a surface-bound species and a stable
mixed-valence ion. The two reversible oxidations E,(0/+)
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Scheme 3. The LCD initially undergoes a three-electron reduction (step 1). An intramolecular electronic reorganization follows, in which
one of the reduced clusters donates an electron to the triazine ligand (step 2). This represents the “turn on” of ultrafast intramolecular
ET. Upon its reduction, the triazine pushes the reduction potential of the clusters more negative, resulting in the subsequent oxidation

of one of the clusters (step 3).

= -0.00 and E;»(+/2%) = +0.40 (vs. Fc¢/Fc* in MeCN) show
peak currents proportional to the scan rate and persist
without loss on repeated scanning. The narrow bandshapes
seen in the surface infrared (PM-IRRAS) analysis qualita-
tively demonstrate good monolayer ordering.

N
s

rm

-

Figure 9. Tetrathiafulvalene (TTF) and ferrocene derivatized for
binding to Au: molecules 7 and 8.
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PM-IRRAS was also used to characterize the mixed-val-
ence state 7*. Exposure of neutral SAMs of 7 to ca. 10 mm
ferrocenium PF4 in CH,Cl, resulted in the appearance of
a strong PF, band at 862 cm™!, and new broad bands at
ca. 3500, 3200, and 1500 cm™" correspond closely to bands
observed in the liquid-phase IR spectrum of TTF*. A
charge-transfer complex SAM of 7 codeposited with tetra-
cyanoethylene (TCNE) was assigned an oxidation state of
7+985 on the basis of the v(CN) stretch shifting from
2257 cm™! for free TCNE to 2201 cm™! in the SAM.132

Kelvin probe force microscopy (KFM) is often used to
determine electric fields (surface potentials or contact-po-
tential differences) due to trapped charges, voltages applied
to conducting substrates, or permanent dipoles of the mo-
lecular components of SAMs.3] In the most common
KFM experiment, an AC voltage is applied to the tip at its
resonant frequency causing an oscillation as the tip be-
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comes charged and is alternately attracted and repulsed by
a static electric field emanating from the substrate. As a
DC voltage between the tip and the substrate is swept, the
amplitude of the oscillation changes according to the fol-
lowing proportionality [Equation (3)].

Appis < % Voc KC,RMS 3)
Here, dC/dz is the capacitance (expressed as a gradient
because it is dependent on the electrode separation), AVpc
is the difference between the applied voltage and the nega-
tive of the surface potential, and V¢ is the AC voltage.’4
The amplitude is minimized when the field from the applied
DC voltage nullifies the electric field from the sample, elimi-
nating electrostatic forces felt by the tip. Normally the sur-
face potential is the parameter of interest, but here the slope
of the amplitude response gives information about the rela-
tive capacitances of SAMs of 7, 7"PF4~, and 7-TCNE.
The microscope here does not measure the dielectric con-
stant, but simply measures the dipolar field between the
gold substrate and the tip as an electric force. The positive
charge delocalized on the TTF* group responds to the AC
field as depicted in Scheme 4, and the resulting internal di-
polar field in the monolayer decreases the capacitance of
the system. Representative plots of KFM results for SAMs
of 7, T"PF4~, and 7-TCNE are shown in Figure 10 along
with results from control experiments on SAMs of ferrocen-

+ + + + 4+ + o+

30+
8+
25 8'PF,~
20 7
T 15
Sw 7-TCNE
£ 101 7'PF,~
<
5,
0_
600 -400 -200 O 200 400 600
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Figure 10. Representative KFM amplitude responses of 7, 7-
TCNE, 7*PF¢, 8, and 8"PF4 . Smaller slopes indicate greater elec-
trostatic polarizabilities.
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ylpentanethiol (8) and the ferrocenium PF4 analogue
8"PF¢ . Comparing ferrocene and ferrocenium PF4~ based
SAMs demonstrates that the large increase in polarizability
stems from the delocalized charge on the TTF* and not
simply from the charge-separated ionic character.

While the Robin-Day Class I1I delocalized TTF* exhib-
ited increased polarizability, Class II and II-IIT compounds
are expected to exhibit bistability. To this end, self-as-
sembled monolayers of Class II biferrocenyl derivatives are
currently under investigation.

7. Summary and Outlook

In this microreview, we have mapped out key results from
our group from the last ten years. This included studies
which focused on physical understanding of mixed-valence
systems that approach delocalization by estimating picose-
cond lifetimes from dynamically coalesced IR bandshapes
and clarifying the role of solvent in the localized-to-delocal-
ized transition, as well as applied studies investigating sup-
ramolecular cooperativity and electrostatic control of mo-
lecular electronic distribution. As with any field of research,
each new discovery inspires new questions which will
deepen our understanding of the systems we study. A few
areas for future research that we think will be particularly
fruitful are briefly detailed below.

Certainly our research has contributed to understanding
the important role of solvent in Class II/III mixed-valence
systems, but we are still far from a unifying theory for the
localized-to-delocalized transition in mixed valency. As out-
lined succinctly in a recent review* the ultimate challenge
lies in defining a theory whereby probing nearly delocalized
systems by systematic experimentation provides physically
meaningful quantities. In this light, the most obvious future
contribution from our group will be a systematic analysis of
the intervalence charge-transfer bands of the monoanionic
ruthenium clusters which range from localized-to-delocal-
ized in behaviour. We are poised to address important theo-
retical questions. Systematically modifying the ancillary li-
gands and the bridge to tune electronics, varying the solvent
and temperature, and freezing the solvent will elucidate the
relative effects of each change to the system, and allow new
predictions for molecular events which occur on the pico-
second timescale.

Ultrafast 2D infrared spectroscopy, a vibrational ana-
logue of 2D NMR spectroscopy, is an exciting new tech-
nique which we plan to employ in our future work.**) With
femtosecond time resolution, 2D IR will enable indepen-
dent estimates of rate constants for electron transfer, and
will provide further insight into solvent-solute dynamics.

Class II bistable systems such as the biferrocenium
monocation will allow a systematic study of molecular elec-
tronic switching mediated by an electric field when oriented
in a monolayer and analyzed like the TTF-based mono-
layers described above. These will be investigated within the
framework of symmetric and nearly symmetric mixed-val-
ence systems, and many of the common methods for analy-
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sis (IR, UV/Vis, Méssbauer) can be applied. This work will
subsequently be extended to surface-based analogues of the
ruthenium clusters, where ultrafast electron transfer can be
investigated by IR methods. These studies will not only give
early insight into mixed valency in ordered monolayers but
demonstrate the utility of ultrafast mixed-valence systems
in nanotechnology and work toward molecular computing.
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