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Abstract: The luminescence lifetime of Ru(tpy)2
2+ (tpy ) 2,2′:6,2′′-terpyridine) is 8.0µs in H2SO4/H2O and

HSO3F/H2O glasses (25% v/v) at 77 K, and 10.2µs in D2SO4/D2O (25% v/v). Addition of moderate
concentrations of the powerfully oxidizing Fe(OH2)6

3+ ion to the glasses leads to accelerated and highly
nonexponential *Ru(tpy)2

2+ decay kinetics. The quenching is attributed to electron transfer from *Ru(tpy)2
2+

to randomly dispersed Fe(OH2)6
3+ complexes. The luminescence decay kinetics and quantum yields in the

three aqueous glasses indicate that the electron-transfer rate constants decrease from∼1013 s-1 at van der
Waals contact with an exponential distance decay constant of 1.68( 0.07 Å-1.

Introduction

Electron transfers (ETs) are the only chemical reactions that
proceed at significant rates when the reactants are separated by
long distances (>10 Å).1-4 The wealth of experimental data
accumulated during the past three decades provides a remarkably
uniform picture of long-range ET; rates (kET) decrease expo-
nentially with increasing donor-acceptor separation (R).5-12

Superexchange-coupling models provide a theoretical rationale
for this behavior,13-16 defining an exponential distance decay
constant (â) that is sensitive to the composition of the medium
separating the electron donor (D) and acceptor (A). Large values
of â (3-5 Å-1) are expected when D and A are separated by a
vacuum because the direct electronic interaction between redox
sites decays rapidly with increasingR.17,18 Superexchange

coupling via hole and/or electron states of an intervening
medium will facilitate long-range transfers; indeed,â values in
the range 0.8-1.2 Å-1 have been obtained from experimental
investigations of intramolecular ET in donor-bridge-acceptor
(D-br-A) complexes.5-10 Analyses of the D-br-A data tend
to focus on superexchange coupling via states of the covalent
bridges alone. Experiments on D-br-A complexes with
C-shaped bridges, however, indicate that electronic coupling
through solvent molecules can be an important factor.19-22

Owing in part to a lack of data, the roles of solvent hole and
electron states in mediating long-range couplings in D-br-A
complexes are not well understood.23-25 Unique challenges
confront the measurement of the ET coupling properties of
solvents. In fluid solution, when the positions of D and A are
not constrained by a covalent bridge, diffusion places an upper
limit on the time scale (<10-9 s) and, therefore, the distance
range (<9 Å for â ) 1.0 Å-1) for electron tunneling.
Nevertheless, analyses of nonexponential fluorescence-quench-
ing kinetics are consistent withâ ) 1.2( 0.2 Å-1 for tunneling
through fluid organic solvents.26 Longer tunneling distances can
be examined if D and A are immobilized. Pulse radiolysis and
photochemical investigations of intermolecular electron transfer
in aqueous and organic glasses have producedâ values in the
0.75-1.4 Å-1 range.4,27,28

Although immobilizing D and A eliminates the problem of
diffusion, it introduces complications into the analysis of the
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kinetics data. In a typical experiment, a small concentration of
electron or hole donors is embedded in a glassed solvent amid
a higher concentration of randomly distributed acceptors. The
donor is a photoexcited chromophore or a radiolytically gener-
ated radical. The time-dependent survival probability of the
donor depends on the concentration of the acceptors, the rate
constant for electron/hole transfer when D and A are in van
der Waals contact (k0), and the distance decay factorâ.
Extracting reliable values fork0 and â from time-resolved
spectroscopic measurements, however, can be rather difficult
because the two parameters are highly correlated.26,29 For the
case of photoinitiated ET in glasses, measurements of lumines-
cence decay kinetics and luminescence quantum yields at several
different quencher concentrations provide enough information
to decouplek0 andâ, permitting reliable values to be determined
for each parameter.26

Of the many solvents that could be examined, water enjoys
a unique position as a medium for electron transfer. Aqueous-
solution redox processes pervade chemistry and biology, and
ET reactions in water have been among the most intensively
studied.30-32 The high dielectric constant of water has long been
recognized to impose large reorganization barriers to ET,31 but
little is known about its ability to mediate long-range cou-
plings.20,24,25In 1984, Larsson suggested that long-range ET in
water would be inefficient (â ) 2.4 Å-1) because of the large
energy gap between the hole states of water and those of D and
A.33 More recent theoretical treatments, however, have produced
â values in the 1.0-1.8 Å-1 range.18,24,34Experimental inves-
tigations have not fared much better in definingâ. Pulse
radiolysis studies of ET in aqueous glasses have been interpreted
in terms ofâ values between 0.5 and 1.4 Å-1,27,35while a value
of 0.75 Å-1 was extracted from transient conductance measure-
ments in fluid solution.36 There is clearly no consensus from
theory or experiment about the effectiveness of water as a
tunneling medium. We have, therefore, investigated ET in
aqueous acidic glasses in order to defineâ values for these
media.

Photoinitiated electron tunneling in rigid solvents at cryogenic
temperatures is possible only with carefully chosen donors and
acceptors. It is difficult to prevent pure water from crystallizing
at low temperatures, but concentrated aqueous acidic solutions
(>20% v/v) will vitrify when cooled to 77 K. The first
requirement for D and A, then, is thermal and photochemical
stability in strong acids. ET reactions that proceed readily in
fluid polar solutions often slow dramatically when the solvent
is frozen. Excited-state ET reactions in glasses usually cannot
compete with radiative and other nonradiative decay processes.
This behavior is attributed to the inability of the rigid solvent
to stabilize the D+/A- charge distribution, effectively reducing
the driving force for the reaction.37 To sustain efficient ET in
low-temperature glasses, the fluid solution reaction must be

highly exergonic. We have found that the D/A pair Ru(tpy)2
2+/

Fe(OH2)6
3+, with a *D to A ET driving force greater than 1.5

eV in fluid aqueous solution, is well suited for study.

Experimental Procedures

Materials. [Ru(tpy)2]Cl2 (tpy ) 2,2′:6,2′′-terpyridine) was synthe-
sized and purified according to published procedures.38 The following
were used without further purification: [Ru(bpy)3]Cl2 (bpy ) 2,2′-
bipyridine) (>98%), (NH4)Fe(SO4)2 (99.99%), H2SO4 (doubly distilled),
D2O (99.9%), D2SO4 (99.9%) (Aldrich); [Ru(NH3)6]Cl3 (>99%)
(Strem); and HSO3F (>97%) (Fluka).

Glassing SolVents.Stock solutions of 25% v/v acid (H2SO4, HSO3F
in H2O, and D2SO4 in D2O) containing∼10 µM [Ru(tpy)2]Cl2 were
prepared for each experiment. A 0.5 M (NH4)Fe(SO4)2 solution was
prepared with the [Ru(tpy)2]Cl2 stock solution, and serial dilution (also
with the [Ru(tpy)2]Cl2 stock solution) gave Fe(H2O)63+ concentrations
in the 0-0.5 M range. This procedure ensured identical concentrations
of Ru(tpy)22+ for all the samples in a series. The solutions were degassed
with Ar for 5 min in a 5 mmo.d. tube that fit into a liquid nitrogen
finger dewar (Wilmad). The samples were frozen slowly (dipping rate
∼ 0.2 cm/s) in liquid nitrogen to minimize crack formation in the
aqueous glasses.

Methods

Quantum Yields. The 514.5 nm wavelength line from an argon
ion laser (Coherent Innova 70) was used to excite Ru(tpy)2

2+ embedded
in the glasses. The luminescence was dispersed by a 0.75 m spec-
trograph (Spex 750M) and detected with a liquid-nitrogen-cooled CCD
(Princeton Instruments). The CCD provided accurate luminescence
intensity measurements over three orders of magnitude; a large range
of quencher concentrations (0-0.5 M) could be spanned without
changing instrument parameters. Quantum-yield measurements in
glasses are very sensitive to sample positioning and the homogeneity
of the glasses. Small fractures in the glasses gave rise to large deviations
in the measured luminescence intensities. To minimize these intensity
fluctuations, the finger dewar containing the sample was placed in a
homemade integrating sphere constructed from a 1 L frosted round-
bottom flask. A steady flow of nitrogen gas eliminated condensation
on the optical faces. Quantum-yield measurements were repeated at
least three times; with care, intensity fluctuations could be kept to the
∼1% (SD/mean) level. To test our ability to reproducibly position
samples, both steady-state and time-resolved fluid solution Stern-
Volmer quenching experiments were performed with Ru(bpy)3

2+ as the
chromophore and Ru(NH3)6

3+ as the quencher. We obtained excellent
linear correlations (R ) 0.9999) when the integrated luminescence
intensity was plotted against luminescence lifetime.

Luminescence Decay Kinetics.Samples were excited at 10 Hz with
10 ps, 532 nm pulses from a regeneratively amplified mode-locked
Nd:YAG laser.39 The luminescence was dispersed through a mono-
chromator (Spex 270M) onto a photomultiplier tube (PMT) (Hamamatsu
R928). The PMT current was amplified and recorded with a transient
digitizer (LeCroy 9354A).

Data Analysis. The luminescence decay kinetics (I(t)) for a
chromophore embedded in a rigid face-centered-cubic lattice with
nearest neighbor distanced, surrounded by a random distribution of
ET quenchers at lattice points is given by eq 1.40,41
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The luminescence decay, relative to its value at time zero (I(t)0)),
depends on the luminescence decay kinetics in the absence of quencher
(I0(t)), the distance decay factor (â), and the ET rate (k0) at contact
distance (b) between luminophore (Ru(tpy)2

2+) and quencher (Fe-
(OH2)6

3+) molecules. The sum over lattice pointsi excludes the origin
(luminophore) and any lattice points closer thanb. The factor of 2348
is appropriate for quencher concentrations ([Q]) measured in moles
per liter and distances in angstroms. The sum overj can be truncated
after the first term for [Q]< 5 M.41

The goal of this analysis is to determine the ET distance decay factor,
â, from luminescence decay kinetics measured at several different
quencher concentrations. As written, eq 1 contains three unknown
parameters:â, k0, and I(t)0). Variations in laser power and sample
positioning lead to different values ofI(t)0) for each quencher
concentration. Since a significant amount of quenching occurs on the
subnanosecond time scale, the 5 ns time resolution of our instrument
prevents direct measurement ofI(t)0). When luminescence kinetics
data are normalized to the intensity of the earliest measured time point,
the two remaining parameters,â andk0, are strongly correlated and a
unique solution cannot be found (Figure 1a).29 Independent measure-
ments ofI(t)0) are necessary to decoupleâ andk0.26 Measurements
of luminescence quantum yields, relative to an unquenched sample,
provided time-integrated luminescence intensities, permitting accurate
scaling of the time-resolved data. With properly scaled luminescence
kinetics data, it is possible to extract reliable values forâ andk0 (Figure
1b). Quantum-yield-normalized decay kinetics for quencher-containing
samples were used in all fitting procedures. There were some variations

in best-fitâ andk0 values for different quencher concentrations. These
fluctuations were likely the result of errors in scaling the time-resolved
luminescence data.

Data were fit to eq 1 using a Levenberg-Marquardt algorithm42 with
two adjustable parameters (â, k0) to minimize the sum of squared
relative deviations between calculated and observed luminescence
intensities (ørel

2 ) ∑[Icalc - Iobsd]2/[(N - 2)Iobsd
2], whereN ) number

of data points). Better fits resulted when an experimental decay function
was used forI0(t) rather than an exponential function. The quality of
the fits also depended on the magnitudes ofb andd; ørel

2 became smaller
as the two parameters decreased. For values ofb e 5 Å andd e 3 Å,
ørel

2 reached minimum values; forb e 4 Å, â andk0 approached limiting
values.

Given the dependence oførel
2 ond, we also examined the continuum

limit for the acceptor distribution. The low-concentration limiting form
of the discrete-lattice model described by eq 1 can be generalized to a
continuous medium, replacing sums with integrals, yielding eq 2.41

This equation is analogous to expressions developed earlier43,44 but
accounts for the finite volume of the chromophore. The factor of 132.12
is appropriate for quencher concentrations measured in moles per liter
and distances measured in angstroms. Data were fit using the same
minimization algorithm and criteria employed for eq 1. Overall, the
continuous model (eq 2) gave slightly better fits than the discrete-lattice
model (eq 1) ford g 3. Fits to eq 2 gave results that were virtually
identical with those obtained with eq 1, usingd ) 2. The best-fit values
of â (1.60-1.75 Å-1) again approached lower limits forb e 4 Å. It is
clear from eqs 1 and 2 that the magnitude ofk0 is coupled to the value
of b. The results reported in Table 1 correspond to fits to eq 2 usingb
) 4. Detailed fitting results using eq 2 for *Ru(tpy)2

2+ quenched by
Fe(OH2)6

3+ in 25% H2SO4, D2SO4, and HFSO3 are given in the
Supporting Information.

Results and Discussion

In the absence of quenchers, the luminescence lifetime of
Ru(tpy)22+ is 8.0 µs in H2SO4/H2O and HSO3F/H2O glasses
(25% v/v) at 77 K and 10.2µs in D2SO4/D2O (25% v/v). In
contrast to Ru(bpy)3

2+, Ru(tpy)22+ does not display any thermal
or photochemical reactivity in these strongly acidic media. We
examined several organic electron acceptors (methylviologen,

(42) Press, W. H.; Vetterling, W. T.Numerical Recipes in FORTRAN:
The Art of Scientific Computing, 2nd ed.; Cambridge University Press: New
York, 1992.
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(44) Thomas, D. G.; Hopfield, J. J.; Augustyniak, W. M.Phys. ReV. 1965,

140, A202-A220.

Figure 1. Simulated luminescence decay kinetics calculated using eq
1 (b ) 4; d ) 2; I0(t) ) exp(-t/τ0); τ0 ) 8 × 10-6 s) with three different
pairs ofk0 andâ values (2× 1011 s-1, 1.35 Å-1 (- - -); 1012, 1.50 (s);
7.5 × 1012, 1.65 (- - -)); [Q] ) 0.0, 0.05, 0.1, 0.25, 0.50 M (upper to
lower); (A) luminescence intensities are normalized to the earliest
calculated time point (10-9 s); (B) intensities are scaled according to
luminescence quantum yields.

Table 1. Best-Fit Values ofâ andk0 (Eq 2)a Extracted from
Luminescence Decay Kinetics and Quantum Yields of Ru(tpy)2

2+

Quenched by Fe(OH2)6
3+ in Aqueous Acidic Glasses at 77 K

solventb [Fe(OH2)6
3+], M â, Å-1 k0, s-1

H2SO4 0.05 1.74 5.7× 1013

0.10 1.65 1.6× 1013

0.25 1.63 1.1× 1013

0.50 1.71 3.9× 1013

HFSO3 0.05 1.78 9.4× 1013

0.10 1.72 4.7× 1013

0.25 1.60 6.1× 1012

0.50 1.61 5.3× 1012

D2SO4 0.05 1.64 8.4× 1012

0.10 1.61 6.7× 1012

0.25 1.67 1.6× 1013

0.50 1.57 1.4× 1012

a Scaled kinetics fit to eq 2 withb ) 4 Å. b Acidic glasses were
25% v/v.

ln( I(t)

I(t)0)) ) ln(I0(t)) -

( [Q]
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∞
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tetracyanoethylene, benzoquinone) and found that they do not
quench *Ru(tpy)22+ luminescence in the frozen glasses. The
addition of moderate concentrations of the powerfully oxidizing
Fe(OH2)6

3+ ion (0.01-0.5 M, E° ) 0.77 V versus NHE38) to
the glasses, however, leads to accelerated and highly nonex-
ponential *Ru(tpy)22+ decay kinetics. Electron transfer is the
most likely mechanism for this quenching. In fluid solution,
for example, Fe(OH2)6

3+ quenches excited Ru(bpy)3
2+ by

electron transfer with a rate constant close to the diffusion limit
(2.7× 109 M-1 s-1).38 Dipole-dipole energy-transfer quench-
ing45 will be very inefficient because the spectral overlap of
the Fe(OH2)6

3+ absorption (λmax ) 794 nm,ε ) 0.1 M-1 cm-1;
λmax ) 540 nm, ε ) 0.1 M-1 cm-1 46) and the Ru(tpy)22+

luminescence (λmax ) 600 nm) is negligible. Electron exchange
energy transfer is unlikely to be competitive because the distance
decay factor for this process should be twice that for ET.47

Distance decay constants for Fe(OH2)6
3+ quenching of *Ru-

(tpy)22+ in aqueous glasses were extracted from measurements
of luminescence decay kinetics (Figure 2) as functions of
quencher concentration. The luminescence lifetime of *Ru-
(tpy)22+ in aqueous glasses is long enough to allow a significant
distance range (∼25 Å) to be probed. Because quantum-yield
data were used to scale the intensities of the decay kinetics,
only two parameters (Table 1) were required to fit the data.
We find that a distance decay constant of 1.68( 0.07 Å-1

adequately describes ET in the three different glasses and that
the rate constants for ET at van der Waals contact are near 1013

s-1. The 1.7 eV driving force for *Ru(tpy)2
2+/Fe(OH2)6

3+ ET
in fluid solution is evidently great enough to compensate for
the loss of product stabilization in the glass matrix. Although
large concentrations of acid (25% v/v) are required for vitrifica-
tion, water is still the dominant component in these matrices.
On a molar basis, the acidic glasses are>90% H2O/H3O+. The
fact that the distance decay parameter in the HSO3F glass is
virtually identical with that obtained in the H2SO4 glass
provides additional evidence that the oxo anions are not playing
an important coupling role.48

Our results provide an interesting comparison to some early
ET studies in organic glasses. Pulse radiolysis initiated ET from
the biphenyl radical anion to a variety of organic acceptors in
2-methyltetrahydrofuran (MTHF) glasses at 77 K has been
interpreted in terms ofâ ) 1.20 Å-1.4 In these studies, the donor
survival probability was probed directly by transient absorption
spectroscopy; consequently, theâ andk0 values extracted from
the kinetics data were not strongly correlated. Superexchange
coupling models suggest that two factors are important in bridge-
mediated ET: the coupling between adjacent units in the bridge;
and the energy gap between the tunneling electron and the hole/
electron states of the bridge.13 The individual bridge elements
in water are coupled via hydrogen-bonded interfaces. Several
experimental investigations have shown that hydrogen-bond-
mediated ET is quite efficient.49-56 The extensive network of
hydrogen bonds in liquid water, therefore, should provide
stronger coupling between adjacent bridge elements than that
found in MTHF.

The significantly greaterâ value for ET in water compared
to MTHF is likely the manifestation of a larger tunneling-energy
gap. The far UV absorption spectra of water and THF provide
indirect measures of these energy gaps. The onset of UV
absorption in THF is 6.2 eV (200 nm), with the first maximum
appearing at 6.6 eV (188 nm).57 The band gap in water is
significantly larger; absorption begins at 7 eV (177 nm), and
the first maximum is at 8.2 eV (151 nm).58 It is difficult to
locate the energy of the tunneling electron at the transition state
nuclear configuration in relation to these solvent band gaps,
particularly for reactions in rigid media. Nevertheless, the
solvent band gaps should provide a first approximation to the
tunneling-energy gap for long-range ET, and the largerâ value
for ET in water is consistent with its larger band gap.

The â values that we have found for ET in aqueous glasses
(Table 1) are in excellent agreement with calculations that
suggest the ET distance-decay constant in water is in the 1.5-
1.8 Å-1 range.18 These calculations support Larsson’s initial
suggestion that tunneling through water would be unfavorable,
owing to the large tunneling-energy gap.33 The â values
previously reported for ET in aqueous glasses are comparable
to or lower than those of saturated organic bridges (0.5-1.4
Å-1), which would suggest an important role for coupling
through the solvent in long-range ET. Our results, however,
show clearly that water is a poor medium for electron transfer.
In addition to the large reorganization barriers associated with
ET in water, we must add the penalty associated with poor
electronic coupling.
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Figure 2. Luminescence decay kinetics for Ru(tpy)2
2+ in a H2SO4/

H2O glass (at 77 K) in the presence of Fe(OH2)6
3+ (upper to lower

traces: 0.0, 0.05, 0.10, 0.25, 0.50 M). Dots correspond to calculated
decays using eq 1 and the parameters listed in Table 1.
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The results from a variety of long-range ET measurements
are summarized in Figure 3. ET rates in D-br-A complexes
with saturated alkane spacers are best described by an expo-
nential distance decay constant of 0.9 Å-1.9 The 1.2 Å-1 decay
found in MTHF can be explained by weaker coupling between

bridge elements in the solvent than in the covalently bonded
alkane chain. An exponential distance decay constant of 1.1
Å-1 provides a reasonable first approximation to a broad set of
data from Ru-modified proteins.8,10,59 The scatter of the
measured rates around the exponential decay line can be
attributed to the fact that a protein does not provide a
homogeneous tunneling barrier; the secondary and tertiary
structure of the protein must be taken into account in order to
understand long-range couplings.60 The region representing the
distance decay for coupling through water (â ) 1.61-1.75 Å-1)
demonstrates that, although better than that through a vacuum
(â ) 3-4 Å-1), tunneling 20 Å through water is at least 100
times slower than tunneling through protein or hydrocarbon
bridges. Exclusion of water from the space between redox
centers is a key factor in maximizing the efficiency of long-
range ET in biological molecules and assemblies.
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Figure 3. Tunneling timetable for ET in Ru-modified proteins: azurin
(b);8 cytochromec (O);10 myoglobin (4);10 cytochrome b562 (0);59

HiPIP ()).56 Solid lines illustrate tunneling pathway predictions for
coupling alongâ-strands (â ) 1.0 Å-1) andR-helices (â ) 1.3 Å-1);
dashed line illustrates a 1.1 Å-1 distance decay.10 Distance decay for
electron tunneling through water is shown as a gray wedge (â ) 1.61-
1.75 Å-1). Estimated distance dependence for tunneling through vacuum
is shown as the black wedge (â ) 3.0-4.0 Å-1).
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