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[. Introduction

The solvent plays an important role in many
chemical reactions, especially charge transfer where
there is typically a substantial change in electronic
distribution between the initial and final states.!™3
Surrounding solvent molecules respond to this change
and can influence both energetics and dynamics to a
substantial degree. Changes in solvent can change
the rate constant for electron transfer or cause
dramatic shifts in absorption or emission, for
example.!=® Transition metal complexes have pro-
vided useful probes for studying solvent effects.58-15
They have easily measured spectroscopic properties
and can be varied by making changes in the sur-
rounding ligands.'5~1° The goal of this account is to
summarize the results of solvent dependence studies
on metal complexes, especially d® polypyridyl and
ammine complexes relying on a survey of the litera-
ture to late 1996. They will be compared with
relevant organic examples and both will be examined
critically in light of available theories. There is a rich
panoply of solvent-dependent, charge-transfer be-
havior in these molecules and our goal is to describe
them and analyze them systematically with a section
at the end for overview and conclusions.

[l. Role of the Solvent: A Theoretical
Background

A. Solvent Models

In the absence of an electric field, solvent molecules
are randomly oriented (in H-bonding solvents struc-
tured clusters exist which are, themselves, randomly
oriented).?22 The electric field of an added ion
induces partial alignments of permanent dipoles of
neighboring solvent molecules, distortion of electron
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clouds and bonds, and translational displacements
of solvent molecules from their equilibrium positions.
The magnitude of the polarization depends on the
individual and collective properties of the solvent
molecules and the strength of the electric field.321-23
The total polarization is a sum of contributions from
changes in electronic, local translational oscillations,
and orientational displacements. Their response
times are ~107%%, ~107'%, and ~107% s,
respectively.1321-2¢ The local translational oscilla-
tions are analogous to phonon motions in the solid
state and the orientations are collective rotations of
solvent dipoles.?>~27

In dielectric continuum treatments, the solvent is
modeled as a structureless continuum characterized
by its macroscopic dielectric constant. Because of the
different time scales of the contributors, the dielectric
constant (or relative permittivity) depends on the
frequency of the applied electric field.3?*~24 For some
polar organic solvents the frequency dependence can
be described by the Debye function,

e*(w) = €, + (€, — €)/(1 + iw7p) (1)

€*(w) is the dielectric constant at w (= 2xv), the
angular frequency of the applied field. . (= Dop) and
€ (= Ds) are the dielectric constants at very high
(optical) and zero (static) frequencies. ¢, > €, because
in an oscillating electric field of very high frequencies,
orientational changes are too slow to follow the field
and do not contribute to €*(w). 7o is the Debye
relaxation time. ¢, can be measured from the change
in capacitance in the presence and absence of the
dielectric, and e, ~ n? where n is the refractive index
of the solvent.
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Equation 1 is valid only for simple liquids at low
frequencies. In short-chain alcohols which form
H-bonded clusters, as many as three Debye-like
terms are needed to describe frequency-dependent
dielectric properties.?®=3° They have been attributed
to hydrogen-bonding dynamics in molecular ag-
gregates, monomer reorientation, and rotation of
terminal C—OH groups.

A quantum treatment of the solvent was proposed
by Levich and Dogonadze and applied to electron
transfer.?531 In this model, molecules in liquids were
assumed to perform diffusive jumps between tempo-
rary equilibrium positions and collective rotations
about temporary equilibrium positions (orientations)
determined locally by molecular symmetry and in-
termolecular interactions. The effects of diffusive
jumps on electron transfer were neglected because
they occur on a longer time scale (~1071° s). Orien-
tations were treated as harmonic oscillators and
treated analogously to lattice vibrations in crystals
(phonons).®273*  The quantum spacings for these
modes are small for common organic solvents (<50
cm™1) and they were treated classically at or near
room temperature.3835

There is a well-established theoretical basis for
treating liquids as a set of simple harmonic oscilla-
tors.?” Following the initial work of Zwanzig,3¢ new
theoretical approaches have been developed on the
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basis of quenched normal modes®” and instantaneous
normal modes?’ and applied to the description of
liquid properties. These models give insight into the
origin of solvation and solvent dynamics on short
time scales. They are partitioned into collective
rotations and fast, phonon-like translations.
Implementing these models computationally is
difficult because of the large number of solvent
molecules involved. There is still considerable value
in describing solvent motions as a collection of
coupled harmonic oscillators. A quantum mechanical
description of solvent polarization is provided and,
with it, useful quantitative relationships emerge
which are applicable to electron transfer and spec-
troscopy. These relationships originate from physi-
cally transparent models which incorporate temper-
ature and entropic effects. More sophisticated models
and their applications to solvation and solvent dy-
namics have been summarized in recent reviews.%-42

B. Classical Theories of Electron Transfer

The rate constant for intramolecular electron trans-
fer at a defined separation distance, in the limit that

solvent dynamics are not rate limiting, is given
by6,8,43748

Ker = ver eXp(—AG*/RT) = kv, exp(—AG*/RT%Z)

AG* is the free energy of activation and ver is the
frequency factor for electron transfer. It is the
product of the effective frequency for nuclear motion
(or motions) along the reaction coordinate (v,) and
the probability that electron transfer will occur at the
nuclear coordinates of the activated complexes (x).

For a bimolecular reaction in which electron trans-
fer occurs at close contact and well below the diffu-
sion-controlled limit, the experimentally observed
rate constant, Ko, is the product of the rate constant
for electron transfer within the association complex
of the reactants (ket) and the equilibrium constant
for its formation K,:84344.49-51

Kobs = KaKer (3)

More generally, electron transfer can occur over a
range of internuclear separations (d), not just at close
contact, and Kaker is replaced by the result of
integration over a distribution function of separation
distances weighted by a distance dependent
Kg.8:43:4447.50

Preassociation between ions in a bimolecular reac-
tion introduces a solvent dependence because of the
electrostatic work required to bring the ions together
(w). From the Eigen—Fuoss equation for spherical
ions in a dielectric continuum:52-54

47N, d?
KA = W exp[—(W/RT)] (4)
Z,Z,8*
w=_—"2 1 (4a)

dD (1 + Bdvi)
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Ka depends on the separation distance between the
centers of the ions (d), their radii (a; and a;) and
charges (Z; and Z,), the static dielectric constant (D)
and the ionic strength (). Na is Avogadro’s number,
B is the Debye length, (87NAe%/1000 DRT)¥?, and w
is the electrostatic work required to bring the ions
together, e is the unit electron charge. Equation 4
is valid only if a; = a,.

Near the diffusion-controlled limit, diffusion (kp)
and electron transfer (ketKa) are comparable in
magnitude and kinetically coupled:8434449-53

1 1 1
e 5
kobs kD kETKA ( )

This introduces an additional solvent dependence
through kp and the solvent viscosity () since for
spherical ions:50:55-57

_ | 2RT aQ &
ko = (_3000n)(2+a2+a1)6 ©
w/RT (6a)

~ exp(W/RT) — 1

For the electron-transfer step Marcus and Hush
derived a quadratic dependence for the activation free
energy (AG¥*) on the free energy change (AG°) and
reorganizational energy (1):5:89:43-48.58-65

AG* = (A + AG®)%/4) (7

A is the sum of intramolecular (4;) and solvent (1)
reorganizational energies:

A=A+ (8)

Ao was calculated by dielectric continuum theory
in which the discrete character of individual solvent
molecules is neglected and the solvent is treated as
a structureless continuum. Electronic polarization
does not contribute to 4, because its response time is
rapid compared to electron transfer and it always
remains in equilibrium with the charge distribution
of the system during the transition. Reorganization
is required in the translational and orientational
parts of the polarization. Marcus devised a two-step
thermodynamic cycle for calculating 1,.2#%® In the
first step, reactant charges are changed to those
appropriate for electron transfer in the activated
complex. In the second, charges are returned to those
of the reactants but having the translational and
orientational polarizations of the activated complex.
The form derived for 4, depends on the geometrical
model chosen to represent the charge distribution.
For spherical reactants, 4, is given by?368926,3143-4858-67

1 1 1\[ 1 1
A== === - = 9
© (Za1 2a, d)(DOp DS) ©)
As we shall see in later sections, dielectric continuum
theory breaks down if there are specific solute—
solvent interactions,® dielectric saturation,’°~73 or
coupled quantum modes in the solvent.”
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Intramolecular vibrations have higher energy quan-
tum spacings than coupled solvent modes and, in
general, must be treated quantum mechanically. If
hw < kgT, they can be treated as classical harmonic
oscillators and 4; is given by®8434861.75

1
A= JZEfJ(AQe,,-)Z (10)

The summation is over all coupled modes, j, with f;
the force constant for mode j assumed to be the same
in the initial and final states, and AQ.; the change
in equilibrium displacement. The only contributors
to A; are those that have AQ.; = O.

In the nonadiabatic limit, nuclear motions are
rapid on the electron-transfer time scale, the popula-
tions in coupled intramolecular and solvent vibra-
tions remain in thermal equilibrium as electron
transfer occurs, and@43:44.76

27Hpp°

47/RT (11)

1 )1/2

Hpa is the electron-transfer matrix element. It is the
resonance energy arising from orbital mixing be-
tween the donor and acceptor.

In the adiabatic limit, Hpa is sufficiently large that
the exchanging electron is always in equilibrium with
the nuclear coordinates and « = 1, and ver = v, in eq
2. In the classical limit, v, is given by the weighted
average of the frequencies of the coupled solvent and
intramolecular modes (v;):84377.78

Jz/ljvj
X

J

2|12

Vn

with 4; = 1/2f{(AQj)?. If v is dictated by longitudinal
relaxation in the solvent:2879-98

v = %IA (12)

7y is the longitudinal relaxation time. For solvents
that are described by eq 1, 7, is related to the Debye
relaxation time by 7, = 1p(esle;). The constant A
depends on the model and assumptions used in the
analysis.”97%8

Classical theories are adequate for reactions in
which there are no coupled high- or medium-
frequency modes and at high temperature. In gen-
eral, there are coupled high- or medium-frequency
modes and they must be treated quantum mechani-
cally in order to include transitions from low-lying
vibrational levels (nuclear tunneling).

C. Theory of Time-Dependent Processes

The probability per unit time that a transition will
occur between two electronic states is given by the

Chen and Meyer
“Golden Rule” result in eq 13.399-104

27

= W' |H'|PHS(E' — E) (13)

W =

W, W', E, and E' are wave functions and energies of
the two states and H' the perturbation that induces
the transition. The Dirac delta function 6(E' — E)
ensures that the transition occurs with energy con-
servation. This result is valid only in the weak
coupling limit where the perturbation is small and
the transition probability low.

For molecular systems, application of the Born—
Oppenheimer and Condon approximations allow the
integral in eq 13 to be partitioned between nuclear
and electronic parts:

W= %@éﬂH'lwelﬁ@’(ﬂbwvibﬁa(E' —B) (14

This is a general result applicable to light absorption,
emission, electron transfer, and excited-state
decay.®92651,102-108 H' js different for the different
processes. The g and e are electronic wave func-
tions for the final and initial states. It is assumed
that the electronic matrix element, [y H'|ypel] is
independent of nuclear coordinates.

Wuin and yyip are total vibrational wave functions
for the final and initial states. They are products of
wave functions for all normal modes including col-
lective solvent vibrations;%9109.110

Yyib = HXVJ- (15)
j

Yuip = H%vj' (16)
j

xv; and y,, are wave functions for mode j in the initial
and final states. vj and vj' are the associated vibra-
tional quantum numbers.

For harmonic oscillators with no frequency change
(hwj = hwj'), the vibrational overlap integrals have
the form:3.9°

Vit ey
Gty 0= exp(=S)S“ LY (ST (17)
q

L\(,‘J_’J'_"i)(S,-) is a Laguerre polynomial:

, Vj VJII (_SJ)V
L{™(s)) = (18)
! v=o(v; — VNV — v v

S; is the electron-vibrational coupling constant, or
Huang—Rhys factor:%9105

1(Mj“’j

S=5 T)(AQE,J-)Z (19)

M;j is the reduced mass. The physical significance of
the vibrational overlap integrals is that they give the
extent to which the final and initial states coincide
along the normal coordinate.
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The population in level vj is given by
p(v;) = exp[—(vjhwkgT)IIZ; = exp[—(v;5)1/Z; (20)

with gj = hwj/ksT and Z; the vibrational partition

function,
1
z; =" exp|—|v; + |5
Vj 2

If hw;j > kgT, only v; = 0 is appreciably populated
and

(21)

sy
Ty ol = eXPC=S) oy (22)

The only modes coupled to a transition between
states are those that have S; = 0 and/or hw; = hwj'.
The sum of the AQe; changes for these modes adds
up to the differences in molecular structure between
states. These coupled modes determine the band
shape in absorption and emission, define the barrier
to electron transfer, and act as energy acceptors in
excited-state decay. For all other modes, [y, [y, 0= 1
for v; = vj' or O for v; = vj and they have no effect on
band shapes or barriers.

Quantum spacings for the solvent modes (orienta-
tions and translations) are typically small with kgT
> hw.® Their energy levels form a continuum or near
continuum at or near room temperature and the sol-
vent can be treated classically. The solvent adds to
the barrier through 4, and provides a continuum or
near continuum distribution of levels required for
energy conservation through individual reaction chan-
nels.

D. Electron Transfer

Application of the Golden rule result in eq 14 to

electron transfer in the nonadiabatic limit
giVeSS,8,26,76,102,lll—120

27 Hpa’
DA
ET— p(v;)
h (472, RT)M2 ljvzjvj :
v;!
NERVA | gy
exp(~S)8;" LTSI x
J' .

exp[—(AG® + Y (v —v)hw; + Ao)140,RT] (23)
J

ket is the Boltzmann weighted sum of k's for transi-
tions through a series of vibrational channels from a
set of initial levels v; to final levels vj'. The solvent
is treated classically and included in the exponential
distribution function. It gives the fraction of mol-
ecules surrounded by solvent polarizations having the
required appropriate energy to achieve energy con-
servation for a given channel.

In eq 23 it is assumed that hw = hw' for the high-
frequency modes included in the summation. Fre-
quency changes in the solvent modes (and low-
frequency vibrations) are included in AG® (see section
11.H).8115-117.121-124 | the classical limit with Aw; <
keT and A = 4; + 4,843
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2
27 Hopa

= Wexp[—[(AG° + 2)°I4ART]] (24)

kET

The classical result works reasonably well for metal
complexes where the reaction barrier is dominated
by coupled low-frequency metal—ligand vibrations
and the solvent,8-13.77.125-130

With one coupled medium- or high-frequency mode
(or averaged mode), only the v = 0 vibrational level
is appreciably populated at room temperature (hw >
kBT)' and8,43,112,115,131

o Hpa® s
k Zexp(—S) —exp[—[(AG® +
7 V'l

ET= . ..
h (474, RT)Y?
vho + 1,)°144,RT]] (25)

In this limit the coupled vibration does not contribute
to the temperature dependence since the only con-
tributing reaction channels originate from v = 0. If
there are coupled low-frequency vibrations, they can
be treated classically and included in eq 25 by
replacing A, with 4,,. It is defined by

;Lo,L =t j‘i,L (26)
with

Aip = Zs,hw, (27)

This is the reorganizational energy contributed by
the low-frequency modes. The summation is over the
coupled modes.

In the adiabatic limit, a treatment by Burshtein
et al. predicts that the frequency factor is controlled
by repopulation at the crossing points of a few
dominant reaction channels rather than by electronic
coupling.’® They can become depleted forming “holes”
in the thermal distribution. If the holes are dynami-
cally linked by energy interconversion, the individual
channels are coupled and the total rate constant
cannot exceed the rate constant through the fastest
channel 132133

E. Electron Transfer in the Inverted Region

The classical result in eq 24 predicts that ker
should increase with —AG® (if —AG® < 1) and reach
a maximum at 1 = —AG®° with

2
_ 27 Hpa

A (4722RT)2 (8)

ET

Further increases in —AG*® are predicted to decrease
In(ket) quadratically. This is the well-known “in-
verted region” effect predicted by Marcus.*6-62

With a single coupled high- or medium-frequency
mode (or averaged mode), eq 25 applies and the
dependence of In(ket) on —AG?® in the inverted region
is predicted to be less than quadratic. State-to-state
vibrational transitions are dominated by channels
through v = 0 and there is no requirement for barrier
crossing. In the limit, —AG® > Shw and Aw > kgT,
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a closed form expression for ket can be derived giving

the approximate “energy gap law” result in eq
29:113,131,134,135

k.. =28 Ho’
TR (ho(1AGe] — 2"
AG°| — A
exp|-s — /¢ ha') o (Vh+ 1) 2ok T] (29)
—In w] _ (30)
v= Shw

This result predicts that In(ket) should decrease
linearly with —AG°.

There are some unusual features associated with
the solvent in the inverted region. Solvent dynamical
effects are small or negligible for all but the fastest
reactions.848592136-138  Ag for nonradiative decay,
electron transfer can continue to occur even in frozen
media (section VI1.B).13%7141 For bimolecular reactions
in the normal region, ket is predicted to decrease with
separation distance d and to reach a maximum at
close contact.#2143 This is because Hpa decreases
with d (section I11.A) and 4, increases (eq 9). In the
inverted region A, appears in the energy gap term,
exp[—[(y/hw)(|]AG°|—A,)], and this favors electron
transfer at longer distances. The value of d that
maximizes ket represents a balance between the
distance dependences of Hpa and 4,.142143

F. Excited State Decay

Rate constants for radiative (k) and nonradiative
(knr) excited-state decay can be evaluated from life-
time (7) and emission quantum yield (®.n) measure-
ments:

=k, + Ky (31a)
K =@, " (31b)

1. Radiative Decay
The rate constant for radiative decay by spontane-
ous emission is given by104.134,144,145
k, = 87hcn’m °0'B (32)

n is the index of refraction of the solvent and @31
is defined as

0" = (f1®) dn)/(S1)v > dv)

v is the average emission energy (in cm™1) and I(¥) is
the emission intensity in quanta per energy interval
per second at 7.1% The Einstein_B coefficient is
related to the transition moment, M, by

87 - 2303
3;:20|M2 AN, [e®d(n?) (33)

B =

Na is Avogadro’'s number and «(») the molar extinc-
tion coefficient at . _It follows from egs 32 and 33
that k; is related to M by
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64.7t n®

k, = M2 30t (34)

2. Nonradiative Decay

In nonradiative decay, the initial electronic energy
of the excited state appears in vibrational and solvent
modes of the ground state.51134135146-15% The transi-
tion between states is induced by “promoting modes”
which perturb the electron clouds and induce the
transition. The excess energy of the excited state is
channeled into the “acceptor” modes and the solvent.
If there is a single coupled high- or medium-
frequency acceptor mode (or average mode) with Aw
= hw', hw > kgT, ky, is given by31.134.147

on V& s
knr = Zexp(—S) , exp[—[(|AG°| -
h (472 RT)Y2% V'l

vio — 1,)°144,RT]] (35)

In this equation, the solvent is treated classically and
frequency changes in solvent modes are included in
AG®, section 11.G.2. The solvent influences the
magnitudes of the vibrational overlap integrals
through its effect on the energy gap and it also acts
as an energy acceptor,135151,152

If there is a single promoting mode of quantum
spacing hwy and coordinate Qy,34153-156

Rz,
= _Ey’e| |a/an|weI|:[%v '|3/3Qk|Xv U

v mw/»e. 1818Q, 1o Tha, /2)"% = C\(hew,/2)"? (36)

k

Mk is the reduced mass of the promoting mode k. Vi
is the vibrationally induced electronic coupling ma-
trix element. It arises from the effect of selected
vibrations in mixing the excited and ground-state
electronic wave functions and is a breakdown of
Born—Oppenheimer approximation. Equation 36 is
applicable to internal conversion. For intersystem
crossing, the effect of spin—orbit coupling on the
mixing of the electronic wave functions must be
included.

The energy gap law form of eq 35 for nonradiative
decay with E, (= |AG°|—41,) > Shw and Aw > kgT is

gi\/en by102,134,135
\/;“Ukckz vE, v+ 1\2 i
a hw o Bl
(37)

nr

——eX
/
(2hwE )"

E,
y—ln[Sh ] 1 (38)

The solvent enters this expression both through 4,
and its effect on the energy gap, E,. Related forms
of the energy gap law have been derived!3+135150-156
and applied to nonradiative decay in organic,57-162
lanthanide,'63-165 and other transition metal complex
excited states,134166-172

G. Absorption and Emission

Application of the Golden rule to single photon
absorption gives®0.100.104-107
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w(v) = 55 IMIPW() (39)

W(v) is the energy density of the electromagnetic
field at frequency v, M is the transition moment, and
n, the refractive index. For an electric-dipole allowed
transition with higher order terms negligible, M is
given by

M = [Bpaled Tole ) vipl 0= AT yiplthyinD (40)

i = WleY Folyall (41)

The absorption intensity is determined by the mag-
nitude of the transition dipole, zi. The sum is over
all of the electronic coordinates, y\i, and y.i, are the
total vibrational wave functions in eqgs 15 and 16.

1. Franck—Condon Analysis of Spectral Band Shapes

_ The integrated absorption spectrum is related to
M by

An? NV

T "2
3000cnA In 10| | (42)

fe(v) dv =

Evaluation of the vibrational overlap integrals in eq
40 gives73’1°°'1°4'123

fe(v) dv =
27N, ik

3000 In 10cnh? (47A k T)l’2 77

SVJ\/I
Z(v — Vpho; + A)p(V;) exp(—S)—— [|_<Vl P x

J
exp —[(v — (AG® + (v — Vha + 2,)/42okgT]
’ 43)

This assumes hw = hew' with frequency changes in
the solvent included in AG®.

For a single coupled vibration or averaged vibration
with Aw > kgT

27N, =12
m Z (AG®
3000 In 10cnh? (474 kg T)V2 9
V'ho + ;) exp(—S) x

gV (hv — (AG® + Vho + 1,))°
— exp|— (44)
V'l 4, kg T

fe(v) dv =

This is an equation for a series of vibronic lines at
AG® + Ao, AG® + A, + hw, AG° + 1o+ 2hw, etc., each
broadened by the exponential solvent distribution
function. The full width at half-maximum for each
vibronic component, Avyp,, is given by%73123.173

(ADy,)* = 16kgTA, In 2 (45)

The equivalent of eq 43 for emission is’3104
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|M|

J1w) dv—

[1AGe| - Z(V -
S"Jv'l
v )ho, = A,1°p(v)—— [L("J ViM% x exp[—[hv —

vy
[AG® = Y (v — vj)ho; — A 1144 ksT1| (46)

7
The notation is the same as for absorption but the

initial and final states are reversed. If there is a
single coupled medium or high-frequency vibration

8Ny
S1w) dv = > (1AG| — vho —
3c*H3 (4 kg T)V2Y
o) exp(—S) X
g (hv — (JAG°| — vhw — A,))
— exp|— 47)
v! 4} kg T

If Aw; = hwj', normalized absorption (e(v)/v) and
emission spectra (I(v)/v®) are mirror images. The
crossing point between them defines the 0—0 energy
E(0—0) and E(0—0) = |AG"|.

2. Temperature and Solvent Dependence by Moment
Analysis

Application of the generating function method of
Kubo'% and the moment analysis of Lax?? gives, for
the first two moments of an absorption band,'?3

My =AE° + Y4 + 1/22hgj coth(3/2) (48)
J J

(ho)')?

=2

] j

4 coth(B;/2) +
1/22(h9j)2 coth?(3,/2) (49)
J

The first moment is the mean band energy and the
second moment is related to the bandwidth. For a
Gaussian-shaped band,

M, = E_ (50)

M, = (A7,)%(8 In 2) (51)

where E.ps is the absorption maximum and Avy, the
width at half-maximum.

Equations 48 and 49 introduce frequency changes
between states with Q;, j’, and §; defined as

((Uj')2 - ((Uj)2

QJ' - zwj (52)

' = IM(0))HAQ, ) = Shoy 53
i T2 j(wj)( Qe,j) = 9jhw; (53)
B; = hoj/kgT (54)

A and hwj' are the reorganizational energy and
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TAQ,:

Figure 1. Schematic energy diagram along normal coor-
dinate Q; illustrating energy terms for absorption and
emission. The energy surfaces are treated as harmonic
oscillators with different frequencies for the ground and
excited states. The reorganizational energy along the
excited-state surface is A' (for absorption) and that along
the ground-state surface is A (for emission). In the case
illustrated, ' > 4.

guantum spacing for mode j along the excited-state
energy surface, 1; and hw; are the corresponding
quantities for the ground-state surface. They are
illustrated in Figure 1. 4; and 4;" are internal energy
guantities, assumed to be temperature-independent.
In the classical treatment of Marcus and Sutin, the
reorganizational energies (1) are free energies.?12?
This distinction is of fundamental importance, but
it remains to be resolved.

Changes in frequencies (and quantum spacings) for
the coupled vibrations and solvent modes make M;
and M; temperature dependent and introduce an
entropic change, AS°, which is defined in eq 55:1%

TAS® ~ —1/22h9j coth(B;/2) (55)
J

Equation 55 is valid if Aw; = |oj' — 0j| < wj, of'. It
does not include the electronic entropy change (ASe)
arising from changes in electronic multiplicity.

In the classical limit, coth(hwj/2ksT) — 2keT hwj,
and

ij
TAS® ~ —kBTZ— (56)
T Wj

The ratio Aw/w is usually small for high-frequency
intramolecular vibrations. The solvent dominates
because there are many coupled solvent modes of low
frequency.

In the absence of pressure—volume work, AE°® =

AH°, and
M, = AH® — TAS® + le' =AG° + Zij' =
J JAG° + 1 (57)
The temperature dependence of M; gives —AS®,
oM, /0T = —AS°® (58)

If the second term in eq 49 is neglected (wj'? > (w;')?
— (), M, is given by
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M, = Zhwjlj' coth(5;/2) (59)
J

or, in the classical limit

M, =5 2}/ kgT = 24" kgT (60)
J

It follows from eqs 51 and 60 that

(A¥y,)* = 161" kgT In 2 (61)
or, if only the solvent is treated classically

(AD,,)? = 164Kz T In 2 (62)

This shows that 1,' can be evaluated experimentally
by measuring the bandwidth as a function of tem-
perature.

An equivalent set of equations can be written for
emission with 4; and gj' defined similarly to 4;' and
Bi, with wj' replacing wj and vice versa.'?® For the
first moment

M,*" = E,,, = |AG°| — Zii = |AG°| — 1 (63)
J

M "MOT = —AS° (64)
For the second moment,

M,"" = S hwy; coth(8/2) (65)
J

or, in the classical limit
M2em = 2AkgT (66)

H. Spectral Evaluation of Vibrational Kinetic
Parameters

1. Absorption and Emission

Electron transfer and nonradiative decay are spon-
taneous processes but are linked to light absorption
or emission between the same two states since the
same vibrations and solvent modes are coupled to the
transitions.®73101,103123,134135 The phand-shape param-
eters S;, hwj, 1o, and AG® in eqs 43 and 46 also define
the electron-transfer barrier in eq 23. Application
of band-shape analysis to extract these parameters
can be problematical because there tend to be many
coupled vibrations. For charge-transfer absorption
and emission this results in broad, featureless bands
which are superpositions of many vibronic contribu-
tors, each broadened by coupling with the solvent.

Even in these cases it is possible to derive useful
information by spectral fitting to only one or two
modes by using mode averaging. In this procedure
the coupled vibrations are grouped into average
mOdeS according t0102,134,135,147,174,175

S= JZSJ- (67)

and
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Ao = Zthwj/ZSj (68)
] ]

This procedure is reasonably accurate if the spread
in vibrational energies is less than the weighted
average. It allows parameters to be derived for use
in single mode equations such as 25 and 29.

2. Resonance Raman

Resonance enhancement of Raman bands is ob-
served when the frequency of the incident light is
tuned into the absorption band of an electronic
transition. Resonance enhancement occurs only for
the coupled vibrations, those with AQej = 0. Raman
band energies give hw; and S; can be calculated from
excitation profiles by use of Heller theory.193.175-178
It uses wave packet dynamics to relate the Raman
cross section for mode j, o(v;), to the time-dependent
overlap of the initial vibrational wave function on the
excited-state surface, y¢(0), with the evolving ground-
state wave function, yi(t). The result is

o(v) = A dtexp(2iAv — D)tEp(0)[y()0 (69)

In this equation Av is the frequency difference
between the incident light and the electronic transi-
tion, I' is a damping factor, and A is a constant.
Relative values of A;j (= (2S;)?) are obtained by fitting
the excitation profile for each band by using eq
69. In certain limits the ratio of Raman intensities
for two coupled vibrations is given by

1.

2 2
|_Aiwi

T A2 2
i Ao,

(70)

Absolute values of the individual Aj's can be obtained
by a normalization procedure which involves analysis
of absorption or emission bandwidths.

Resonance Raman provides the mode-specific pa-
rameters S; and hwj required to calculate vibrational
barriers to electron transfer and nonradiative decay
on a mode-by-mode basis.193178-185 Straightforward
application is limited to those cases where there is
resonance enhancement from well—defined charge-
transfer absorption bands free of spectral overlap
with other transitions.

lll. Solvent Effects on Charge-Transfer
Absorption

Shifts in absorption band energies with solvent
(solvatochromism) can be large for charge-transfer
bands. For the organic dye 2,6-diphenyl-4-(2,4,6-
triphenyl-1-pyridinio)phenolate (1), Eans Varies from
63.1 kcal/mol in water (453 nm) to 37.5 kcal/mol (762
nm) in diphenyl ether.2:186.187

A series of “solvent polarity” scales have been
developed to correlate data of this kind.?68187-192
Examples are the Er scale of Dimroth-Reichardt
which is defined as the energy of the lowest charge-
transfer absorption band for 1 in (kcal/mol)'86187 and
the Donor Number scale of Gutmann, which is the
molar reaction enthalpy in 1,2-dichloroethane for the
formation of a 1:1 adduct between SbCls and the
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added solvent as donor.®® Others include the unified
solvation model of Drago et al.1%3-1% and the Z scale
of Kosower.1%61%7 These scales are commonly used
in the literature and are of value empirically, but
they are not well-defined in a fundamental sense.

The results of section Il provide a quantitative
basis for accounting for solvent effects based on
analysis of spectral band shapes. If dielectric con-
tinuum theory is applicable, the solvent contributions
to AG° and 4, can be calculated from the known
geometry of the solute and the dielectric properties
of the solvent. If specific interactions dominate, the
solvent is still included in the relationships defining
absorption and emission, but there is no general
theory for relating these quantities to solvent proper-
ties.

A. Intervalence Transfer (IT)

For the mixed-valence complexes in eq 71, low-
energy absorption bands are often observed in the
near infrared (NIR) or visible which can be assigned
to intervalence transfer (IT) or, as they are sometimes
called, metal-to-metal charge transfer (MMCT) or
even intervalence charge transfer (IVCT) transi-
tions.210.198-203 For the symmetrical example in eq
71 with L = pyrazine (pz), a broad, featureless band
appears in CH3CN at 1300 nm (7700 cm™?1) of
bandwidth 4900 cm~1,204-208

cis,cis-[(bpy),CIRu"(L)RU"Cl(bpy),]*" =
cis,cis-[(bpy),CIRu"(L)Ru""'Cl(bpy),]*" (71)
(L = pz, 4,4'-bpy, bpe)

\ 7 \ 7 \ 7 \ 7
(pz) (4,4-bpy)

(trans-bis(4-pyridyl)ethene; bpe)

The solvent dependences of IT bands have been
analyzed by using the results of section 11.G.2. For
a Gaussian absorption in the classical limit (eq 57)
with A =4

E.pe = AG® + 1 (72)
and
(AVy,,)* = 16(E 4 — AG°)kgT In 2

(at RT incm™)
(73)

= 2310(E,,, — AG®)

abs
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These equations were originally derived by Hush.%4765
He also derived relationships between band-shape
parameters and the electron-transfer barrier

AG* = (AGO + 1)2 — Eabs2 — 578Eabs2
4), 4(E ps — AG®) (Apm)z
(atRT incm™) (74)
If AG® =

E..=41 (75)

(Av,,)> =2310E,,, (atRTincm™) (76)

E
AG* =77 = % (77)

These relationships are valid only if Hpa < 4 with
Hpa the electron-transfer matrix element, section
I1.B. For a Gaussian-shaped band, Hpa can be

calculated from simple band-shape param-
eters9~1°"‘7*55’2°9

Hoa = [(4.2 x 10 )emaAT1pE ] /d (78)

€max (in M~1cm™1) is the molar extinction coefficient
at the maximum and d the charge-transfer distance
(in A).

This analysis provides a framework for using IT
band measurements to calculate barriers and rate
constants for electron transfer. This is important
since for technical reasons it has proven difficult to
measure the dynamics of intramolecular electron
transfer for mixed-valence complexes by direct mea-
surement.

1. Application of Continuum Models

The classical approximation is reasonable for in-
tervalence transfer in metal complexes where the
coupled vibrations are low-frequency metal—ligand
modes.8~13.125-130.182,183210.211 \\/jth the electron donor
and acceptor modeled as nonpenetrating spheres and
AG° = 0, application of dielectric continum theory to
the solvent (eqgs 8, 9, and 75) gives

gLl o111
=i+ 2o =€+~ 25— o)

op S

(79)

or for a symmetrical mixed-valence complex with a
= ai ~ ay,

d/\D D

Ege =4 + 4, =4 + e2(l - 1)(i - i) (80)
a op S,

Equations 79 and 80 neglect the volume occupied by
the acceptor next to the donor and vice versa (the
excluded volume) and are only valid if a < d. They
predict that (1) Eaus should vary linearly with the
solvent dielectric function (1/D,, — 1/Ds) with a slope
of e(1/a — 1/d) and intercept 4; at (1/Dgp — 1/Ds) = 0;
and (2) in a single solvent with the bridge length
varied, Eaps should decrease with 1/d (at fixed a with
slope €?(1/Dyp — 1/Ds).
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The first solvent dependent study by Creutz and
Taube, on [(NH,)sRu(pz)Ru(NHs3)s]°*, led to a sur-
prise.?’2 An IT band was observed at 1570 nm in
D,O. However, it was structured, the bandwidth
(Avy2 = 1250 cm™1) was narrower than predicted by
eq 76 by ~%3, and Eaps was nearly solvent indepen-
dent. These properties are a consequence of strong
electronic coupling accross the bridge as discussed
in section 111.D.3.

The predictions of eq 80 were verified for the
polypyridyl complexes in eq 71.2047208 Plots of Eaps
vs 1/Dy, — 1/Ds were linear (R2 = 0.92 to 1.00) for
each L with slopes within 20% of values calculated
by assuming a = 6.0-6.5 A (depending on the
bridging ligand) and bridge lengths of 6.9, 11.1, and
13.2 A for L = pz, 4,4'-bpy, and bpe. A plot of Eqs VS
1/d in CH3CN was also linear with a slope of 4.7 x
10% cm~YA, near the value calculated from e?(1/Dqp

— 1/D) = 6.1 x 103 cm~YA for the complexes in eq
71_204,207

Extrapolation of Eaps Vs 1/Dgy — 1/Ds plots to (1/Dep
- 1/Ds) = 0 for the complexes in eq 71 gave 4; = 5700—
6300 cm~1,2%7 which was larger than 4; ~ 3900 cm™!
estimated from known Ru—CIl and Ru—N bond dis-
tance changes.?® In addition, experimental Avy,
values were larger than those calculated from eq 76
by 10—40%.27 Both of these effects arise because
there are actually three overlapping IT bands which
result in a broad absorption manifold. They arise
from transitions from the three dx orbitals at Ru'' to
the hole at Ru"", dm;, dirp, ds(Ru,") — ds(Rup'').214
The degeneracy of dx orbitals is lifted by low sym-
metry and spin—orbit coupling at Ru}' produced in
the transition. Separate IT bands have been ob-
served for cis,cis-[(bpy).ClOs"(PPh,CH,PPh,)Os!"'CI-
(bpy)2I*" (PPh,CH,PPh; is bis(diphenylphosphino)-
methane) and [(bpy).CIOs"(CN)Ru'"'(NHz)s]3".25 The
spin—orbit coupling constant for Os"" (¢ = 3200 cm™2)
is greater than for Ru"' (¢ = 1200 cm™?) by ~3 and
this splits the transitions sufficiently to observe
separate bands.?526 The lowest energy band, dss-
(M) — dzz(M'"), corresponds to the lowest energy
electron-transfer pathway. The products of the other
two transitions are formed in the interconfigurational
excited states at M"", ds;2dm,tds? or dmytdm,?drs?.

In a related study on biferrocene cations, [(CsHs)-
Fe"'(C5H4—05H4)Fe"(C5H5)]+, [(C5H5)FGIII(C5H4_CEC—
C5H4FB”(C5H5)]+, and (C5H5)Fe(“'C5H4CEC—CEC—
CsHj)Fe'((CsHs)]*, a correlation was found between
Eabs and the solvent dielectric function, but the slopes
were too small by ~%/3.217 These results were ques-
tioned because of possible ion-pairing effects (section
111.C.3),228219 put they were later verified by McManis
et al. who made measurements in relatively polar
solvents at low concentrations where ion-pairing was
negligible.??° The smaller than expected slopes were
explained by a mean spherical approximation with
solvent molecules modeled as hard spheres with
embedded dipoles rather than as a continuum. The
decreased slopes may also be a consequence of
extensive dz(Fe'")—dx(Fe'') mixing across the ligand
bridge, see below. Scatter in Eas VS (1/Dgp —1/Ds)
plots correlated with the Acceptor Number of Gut-



Charge Transfer in Metal Complexes

mann (section 111.C), suggesting that specific solute—
solvent interactions also contribute to A,.

The two-sphere model is only applicable to non-
penetrating spheres. Ellipsoidal cavity models have
been used to analyze solvent effects in nonspherical
molecules, such as [(NH3z)sRu(L)Ru(NH3)s]°>*, and ion
pairs, such as [Ru(NHs)s(py)]** and [Fe(CN)g]*~.2*
Charge transfer is treated as a dipole inversion
within a low dielectric cavity with the transition
dipole length given by the charge-transfer distance.
An analytical expression for 1, derived by Brunschwig
et al. is given in eq 81:?%

Ael[1 1l X,
0 —_ — —_— — —
R Din Ds n= In(Din’Ds)
1 1le X,
Din Dop n= In(DinvDop)

Xn=2(2n + [L = (=1)"TP,A(EJIQn )Py (1)

_ . Dyl lo = Pria(l5)/Pi(lo)
I(Dg Dﬁ) =1 Dﬁ lo = Qni1(10)/Qx(15)
A2 1/2
l, = [m] o

In these equations Dj, is the dielectric constant in
the cavity; R, the interfocal length; & = d/R; d, the
separation distance between the two redox sites; and
Pn and Q, are Legendre polynomials of the first and
second kinds. 2A and 2B are the lengths of the major
and two minor axes, respectively. With an appropri-
ate choice of cavity parameters and Dj, values from
1.8 to 2.2, good agreement was obtained between
calculated and experimental slopes and intercepts of
plots of E,ps Vs the dielectric function in eq 81 for the
complexes in eq 71, for example.

Electronic coupling across 4,4'-bipyridine in [(NH3)s-
Ru(4,4'-bpy)Ru(NHs3)s]>" is considerably less than for
L = pz. Eas is solvent dependent and varies with
(1/Dgp — 1/Ds) as predicted by eq 79, but the slope
was only ~ 40% of the value calculated from a = 3.5
A, d=11.3 A10221-224 Qne explanation advanced was
that partial dielectric saturation occurs in the first
solvation shell but this has been ruled out on the
basis of an interpretation of selective solvation effects
(section 111.C.2).2257227 Stark effect measurements
gived = 5.1 + 0.7 A rather than the 11.3 A estimated
from the molecular geometry.??822° The decreased
charge-transfer distance was explained by dz—m*-
(4,4'-bpy) mixing and electronic polarization of the
dsr donor orbital onto the bridge.23® Withd =5.1 A,
either the two-sphere or ellipsoidal cavity models
satisfactorily account for the solvent dependence.
Polarization effects along the ligand bridge are less
important for the bpy complexes in eq 71 because of
competing dz—a*(bpy) mixing.
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For unsymmetrical mixed-valence complexes,?31-233

cis,cis-[(bpy),Cl1Os" (L)Ru"'Cl(bpy),]*" =
cis,cis-[(bpy),Cl0s" (L)Ru""'Cl(bpy),]*" (82)

Eabs also depends on AG® (eq 72). Solvent depend-
ences of 1, and AG° were evaluated separately by
spectral and electrochemical measurements. AG°
was estimated from the difference in reduction
potentials between the Ru"" and Os""" couples,
measured electrochemically (AE1; = E1/2(2) — E1/2(1)
~ AG°) which is only an approximation (section
111.D.1). The dependence of E,,s 0n AG® was verified
by Curtis et al. in cis,trans-[(bpy).CIRu"(pz)Ru"'-
(NHa3)4(L)]*" (L = NHs, pyridine, 4-methylpyridine,
3,5-dimethylpyridine, etc.) with AE,, found to vary
through the series by 0.39 V in DMF and by 0.27 V
in acetonitrile.* AEi, in [(bpy).CIRu'"(pz)Ru''-
(NHz)4(L)]*" (L = NH3 and pyridine) was also varied
by solvent changes. The Ru""" potential for the
ammine couple was found to be more sensitive to
solvent than the bpy couple because of specific
H-bonding interactions with the ammines, section
11.C.1.

2. Noncontinuum Effects

The continuum approximation breaks down if there
are specific solvent effects or coupled high-frequency
vibrations in the solvent (hw >kgT). The latter does
occur as evidenced by the H,O/D,0O kinetic isotope
effects of ~2 for Fe(H,0)s32* self-exchange!?6:235.236
and nonradiative decay in [Ru(bpy)s]?*,%" section
V.B.1.

Coupled quantum modes were invoked to explain
the fact that E.ns is 15—20% higher for cis,cis-[(bpy).-
CIRu"(4,4'-bpy)Ru"Cl(bpy).]** in H,O than predicted
by extrapolation of a plot of Eaps Vs (1/Dgp — 1/Ds).238
The dielectric properties of H,O and D,O are es-
sentially the same as a function of frequency until
the onset of the librational region.?° It was suggested
that H,O librations at 450, 550, and 775 cm~*, which
are associated with rotations of individual H,O
molecules within five-membered water clusters,?
may be coupled to intervalence transfer. If so, they
contribute ~700 cm™ to Egps With S ~ 1.2.238

Ulstrup et al. noted that the dielectric function
1/Doy — 1/Ds incorporates the entire spectrum of
solvent motions including librational and molecular
O—H stretching and bending modes.?®® If the high-
frequency modes are separated out (by using a lower
cut-off frequency for Dgp in eq 9), the deviation from
dielectric continuum theory is even greater. They
suggested two additional effects, a hydrophobic effect
caused by H-bonding close to the ion and a structural
effect which causes “solvent nonlocality” and “struc-
ture breaking”.

Matyushov and Schmid have introduced a molec-
ular solvent theory to explain solvent effects includ-
ing water and hexamethylphosphoramide (HMPA)
which systematically fail in applying dielectric con-
tinuum theory.?40-242. They separate A, into a com-
ponent from orientational fluctuations of solvent
dipoles (E,) and one from density fluctuations (trans-
lations) (Eg)
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2o =E, + Eg4 (83)

Individual solvent molecules (treated as spheres) are
included by introducing their hard-sphere repulsive
core diameters (o) and dipole moments (x). Correc-
tions for excluded volume are made and equations
derived based on two-sphere and ellipsoidal cavity
models.

By using this approach, they could account for the
solvent dependence of IT bands in [(bpy).CIRu'(bpe)-
Ru''Cl(bpy)2]**, [(NH3)sRu''(4,4'-bpy)Ru"(NH3)s]>*
(withd=5.8 A), and [(C5H5)Fe”'(C5H4—CEC—C5H4)—
Fe!'(CsHs)] " including H,O and HMPA.24 The anoma-
lous behavior of these two solvents in simple con-
tinuum treatments was attributed to their volumes,
HMPA has the largest volume (o = 6.87 A) of the
common solvents used and H,O (o = 2.84 A) the
smallest. For most common solvents, o = 4—5 A.

E, and E4 are influenced by o in opposite ways.
According to this theory, it is the use of solvents of
comparable molecular volumes that helps to account
for the success of the continuum theories.

E, is mainly enthalpic and temperature dependent
because of the temperature dependences of D, and
D, largely from the orientational fluctuations of the
latter. Eq4 is mainly entropic and temperature de-
pendent because of the temperature dependence of
the density.

3. lonic Strength and lon Pairing

lon-atmosphere effects influence IT band energies
and widths for [(CsHs)Fe!'(CsHy—C=C—CsH,)Fe'!-
(CsHs)]t (Fc—C=C—Fc") in low dielectric solvents
such as nitrobenzene and dichloromethane?!® and for
[(bpy)CIRU" (pz)RU'"(NH3)4(L)]*" (L = pyridine de-
rivatives) in nitromethane.?®* Blackbourn and Hupp
extended and verified the earlier results on bifer-
rocene which had been questioned by Hendrickson
et al.?17:218.243-245 They were able to discern separate
IT bands for ion-paired and non-ion-paired forms of
the mixed-valence ion:?4°

Fc'—C=C—Fc -~ Fc—C=C—Fc"  (84)
X", F¢*—C=C—Fc¢ 2 X~ ,Fc—C=C—Fc" (85)

A shift to higher energy for the ion pair was at-
tributed to an electrostatic asymmetry, AE', created
by the switch in ion atmosphere caused by charge
transfer:

Eope =4 + A, + AE’ (86)

A similar interpretation was advanced to explain
the dependence of Eaps in 2 on added [N(n-CsHo)a]-
(PFg) in DMSO and N-methylformamide. Eg,,s was
found to vary with the extended Debye—Huckel
function, ~/u/(1 + +/u) (u is the ionic strength).24

[(NH3>5Ru“—S<><>S—Ru“l(NH;)ﬂs*

(0)]
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lon pairing is more appropriately treated as a
reorganizational energy since AG° = 0 for the analo-
gous thermal electron transfer:

X~ ,Fc"™—C=C—Fc — Fc—C=C—Fc" X~ (87)

This introduces a new molecular motion, translation
of X~ between the donor and acceptor, which adds
an increment to the reorganizational energy, Ax-. Eaps
is given by

Eaps =4 T4, T A4 (88)

The predicted dependence of 1x- on d is not qua-
dratic.?*” The motion of X~ could also dictate ver
since translational diffusion is relatively slow (10~°—
1070 s),

In the series, [(NHz)sRu(L)Ru'"'(NH3)s]°*, trans,-
trans-[(py)(NHs)sRu(L)RU"'(NHz)a(py)]>*, [(bpy)(NHz)s-
Ru(L)RU™(NHs)s(bpy)]°" (L = pz, 4-cyanopyridine,
4,4'-bipyridine), solvent effects are dominated by
specific solute—solvent interactions for most mixed-
valence ions.?*® In nitromethane with added [N(n-
C4Ho)4](PFe), electrolyte effects are clearly observable
in the data but are of lesser magnitude than solvent
effects. They arise from both ion pairing and diffuse
ion—atmosphere effects with the latter maximized for
[(NH3)5RU(4,4’-bpy)RUI”(NH3)5]5+.

B. Metal-to-Ligand Charge-Transfer (MLCT) Bands

The solvent dependences of absorption and emis-
sion have been examined both theoretically and
experimentally by many authors.3973249-261 Eql|ow-
ing the notation of Brunschwig et al.,'”® in the
classical limit Egps is given by
E.ps = AG°(vac) + 4; + 4, + Aw(D,)  (89)

AG°(vac) is the free energy difference between
excited and ground states in a vacuum and Aw(Ds)
the difference in solvation energies. As derived by

Kirkwood, the solvation energy for a spherical ion
i3262

7% 1 I
Wby =7, (DS 1) + as(zo ¥ 1) (90)

with higher order terms (quadrupole, octupole, etc.)
neglected. Application of this result to a spherical
light absorber (the dipole-in-a-sphere model) gives

S

AW(D)ZL(‘EZ_—J)E (91)
ST e THe D+

The Born solvation energy terms cancel in this case
because there is only a charge redistribution within
the spherical cavity enclosing the solute. iy and e
are the point dipole vectors of the ground and excited
states, a the radius of the spherical cavity, and AG°-
(vac) and 4; are taken to be solvent independent. The
solvent reorganizational energy is given by

1. _,4Di—1 Dy-1
*o= W~ B lop +1 " 2D, +1) 2
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and the shift in Eg,s with solvent, AE,,s, by
AE s = 4, + Aw(Dy)
1. D,—-1
= 3| e g — e)2D +1°

g~ fe) 5| (93)
Wy~ A oD, 1

In these equations the internal dielectric constant of
the cavity is assumed to be 1 although a more
realistic value of ~2 is probably appropriate for most
molecules.t”

There is an equivalent set of equations for emis-
sion:

Eem = AG°(vac) — 4; — 4, + Aw(Dy)  (94)
AE,,, = Aw(D) — A,

D—1
e)2D +1

(e = 793p, +1] (93)

1({—- -
zgzﬂe'(ﬂg

The energy difference between absorption and emis-
sion is given by

E Eemn = 2(4; + 4,)

abs

=2+ 5@, - >(ﬁ

Equation 93 was applied to the solvent dependence
of MLCT absorption in [Ru(bpy)s]?*, [Os(bpy)s]?*, cis-
[Os(bpy)2(py)2]**, cis-[Os(bpy)2(CHsCN).]**, and [Os-
(bpy)2(dppb)]?* (dppb is 1,2-bis(biphenylphosphino)-
benzene) in 19 solvents.?63 These are complex spectra
which consist of a series of overlapping MLCT bands
all of which have similar solvent dependences. For
[Ru(bpy)z]?*, Eaps for the most intense MLCT feature
varies from 21 910 cm™! (nitrobenzene) to 22 220
cm~ (H,0). The tris-chelates have D; symmetry and
tg = 0 in the ground state. If the MLCT transition
is to a single bpy ligand, eq 97, a dipole is created in
the excited state:

[Ru" (bpy)]?* = [Ru"(bpy™ ") (bpy),I>* (97)

From eq 93 with zig =0

~ 2

He 1- Dop)

AE, =-°[-_—» (98)
abs 3 (2DOp +1

A linear correlation was found to exist between E s
and (1 — Dqp)/(2Dop + 1) with a correlation coefficient
of 0.94.263 This agreement provides good evidence
that MLCT excitation occurs to a single bpy ligand
rather than to a * orbital delocalized over all three.
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The D; symmetry of the ground state would be
retained in that case with i, = 0. From the slopes
of the plots and a = 6.5 A, excited-state dipole
moments of 14.1 + 6.1 and 13.3 + 6.6 D were
calculated for [Ru(bpy)s]>™* and [Os(bpy)s]?**. This
gave 2.4—3.0 A for the dipole length in the excited
states. For the unsymmetrical complexes, iy = 0 and
Eans correlated with the full dielectric function in eq
93_263

A more complete treatment of the solvent has been
given by McRae which includes mixing with transi-
tions to upper excited states.?®® Mixing is especially
important for high-energy bands where the spectrum
is cluttered and many transitions lie close in energy.
The visible MLCT bands for [M(bpy)s]?* (M = Ru, Os)
are of relatively low energy and well separated from
other transitions. In the study on [Ru(bpy)s]?*, it was
assumed that mixing with higher energy transitions
played a minor role.?%3 This conclusion was chal-
lenged by Milder.?64 On the basis of measurements
in seven solvents, he suggested that the long-axis
polarized = — z* transitions in [Ru(bpy)s]?*, cis-[Ru-
(bpy).Cl;], and cis-[Ru(bpy).(CN).] are ~4 times more
sensitive to the solvent polarization function (1 —
Dop)/(2Dgp + 1) than the MLCT bands. He concluded
that the MLCT solvent dependence arose through
mixing with higher energy transitions. In a more
detailed study it was found that the variation in Egps
for the MLCT bands in [Ru(bpy).(CN).] are actually
three times as large as the = — x* bands (section
111.C.2).2%5 It was concluded that specific solvent
effects dominate and that the solvent dependence of
z— q* arises largely by mixing with the lower energy
MLCT transitions. Further, the variations of 7 —
a* with solvent for [Ni(bpy)s]?t and [Zn(bpy)s]?t,
where there are no low-lying MLCT bands, are ~/,
those for [Ru(bpy)s]**.

Milder also concluded that MLCT excitation in [Ru-
(bpy)s]>" gave a delocalized excited state.?®* This
conclusion is inconsistent with the results of other
experiments. A “localized” transition in [Ru(bpy)s]*"
is supported by Stark effect measurements by Boxer
et al.?%6 and by time-resolved resonance Raman
measurements on the excited state by Woodruff et
al.?67-26% and, more recently, by time-resolved infrared
measurements.?’?

“Pure” m — w* bands usually have small solvent
dependences because the transitions involve a redis-
tribution of electron density within the same z-frame-
work,259:260271.272 In the polypyridyl complexes they
gain a solvent dependence by mixing with lower or
higher energy MLCT transitions. The orbital basis
for mixing in these nominally 7 — 7* transitions is
by dz(Ru™, Ru') mixing with z,7*(bpy) with dz—x
mixing dominating, at least in this case.?®®

The dipole-in-a-sphere model has been applied to
solvent shifts in fac-[Re(bpy)(CO)sH], fac-[Re(bpy)-
(CO)sPh], trans-[Re(bpy)(PMe,Ph),(CO),]*, and cis-
[Re(bpy)(PMe,Ph),(CO),]" (Ph = phenyl anion, PMe,-
Ph = dimethylphenylphosphine).?”® The shifts are
large and reasonable correlations (R?> = 0.75—0.86)
exist between Egps and the solvent dielectric function
in eq 93. Variations in fitting coefficients for the
different complexes could be reconciled qualitatively
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by taking into account variations in molecular radii.

Large solvent shifts are observed in [M(L-L)(CO)4]
(L-L = 2,2'-bypyridine, 1,10-phenanthroline, their
derivatives, and in other diimines; M = Cr, Mo,
W).19.274-279 A new solvent polarity scale was pro-

4 \
=N N=

(1,10-phenanthroline; phen)

posed by Lees based on [W(bpy)(C0O)4].2"® This scale
correlates with other scales such as E+, *, solvent
polarizability a, or dipole moment. In these correla-
tions, there is nearly always a separate correlation
for alcohols, and it has been suggested that H-
bonding between CO and the hydroxyl group of the
alcohols is important.

In symmetrical dimers [W(CO)s].L (L = pyrazine,
bpe, 4,4'-bipyrimidine, etc.) and [M(CO)4]2(bpm) (M
=W, Mo) there is no net dipole moment in the ground
state.89-283  Yet, MLCT solvatochromic shifts are

; = N N=
Ao AT
=N N~ =N N

(4,4'-bipyrimidine) (2,2'-bipyrimidine; bpm)
comparable, or even larger in some cases than in the
corresponding monomers. It was suggested that the
shifts arose because of a difference in polarizability
between the ground and excited states.

However, Dodsworth and Lever found that they
could fit data for [M(CQO),]2(bpm) and [M(CO)4(bpm)]
(M = Mo, W) in 15 aprotic, nonaromatic, nonhaloge-
nated solvents to the dielectric function:284.285

AE, —(A+B@ L [P Dot
abs = ( 2D, +1 D;+2 D, +2
(99)

with
B = (iy" - &)@’
C= 2ﬁg'(ﬁg - ﬁe)/a?)

The parameter A involves a sum over all the elec-
tronic transitions of the molecules. The parameter
C was well-defined in the fits and its magnitude for
[Mo(CO)4]2(bpm) (4610 + 409 cm~1) was comparable
to that for [Mo(CO)4(bpm)] (5490 £ 365 cm™1), while
that for [W(CQ),]2(bpm) (2700 & 525 cm™1) was ~*/,
that for [W(CO)4(bpm)].

The parallel responses of the mononuclear and
dinuclear complexes to dielectric function in eq 99
was taken by the authors to imply that the same
solute—solvent interactions are responsible for the
solvent shifts, and that dipole—dipole interactions
dominate, rather than the dispersion forces suggested
earlier by Kaim.?89-283 With this interpretation, the
dinuclear complexes can be envisioned as two halves,
each of which has a dipole moment and interacts with
surrounding solvent molecules. Formally, these sym-
metrical dimers have quadrupole moments which can
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be included in the dielectric continuum treatment by
including a quadrupole term to the Kirkwood solva-
tion energy (eq 90). The higher order terms are the
origin of the solvent dependence for solvent molecules
that do not possess a permanent dipole. This case
has been treated by Newton et al.?86:287

For optical charge transfer in betaine-26 (2,4,6-
triphenyl-N-(di-tert-butyl-4-hydroxyphenyl)pyridin-
ium ion, which is a derivative of 1,28828 g low-energy

x hv .

W — | |
L0 O ;
t-Bu Bu-t t-Bu Bu-t

0. o

(100)

charge transfer (CT) band appears well-separated
from other transitions at higher energy. Eans varies
from 587 nm in methanol to 907 nm in carbon
disulfide. Application of a single-mode Franck—
Condon result similar to eq 44 with Aw = 1600 cm™?
showed that AG° and A, are separately solvent
dependent. In aprotic, polar solvents, a reasonable
linear correlation was found between (Avy2)? and
1/Dgp — 1/Ds with A, varying from 0.22 to 0.40 eV (eq
62). The intercept gave a residual reorganizational
energy of 0.02—0.03 eV which was attributed to low-
frequency vibrations such as torsional motions of the
butyl groups.

The correlation between bandwidth and dielectric
function broke down in CS; or toluene which are
nonpolar with 1/Dy, — 1/Ds ~ 0.286-28 Bandwidths
and 4, (= 0.2 eV) were nearly solvent independent
for solvents for which 1/Dy, — 1/Ds < 0.4. It was
suggested that the residual bandwidth was induced
by quadrupolar or dispersion forces, pressure—
density effects, or pseudo-potential-like forces.

In normal alcohols, and some other H-bonding
solvents, the single mode fit with Aw = 2200—2600
cm~! gave bandwidths more than twice as large as
in aprotic solvents. Better fits could be obtained by
using a multimode equation with contributions from
a distribution of modes between 1900 and 2200 cm™1.
It was suggested that in these solvents v(O—H) is
coupled to the transition by H-bonding.

C. Specific Solvent Effects

Dielectric continuum theory breaks down for charge
transfer in ammine or cyano complexes where there
are specific interactions between these ligands and
individual solvent molecules.?%>2% These interactions
coexist with continuum effects but tend to dominate
when they exist and correlations with dielectric
functions normally fail. Correlations are sometimes
found with empirical solvent parameters such as, the
Er scale for [Fe(bpy)2(CN);] and the Z scale for
[M(bpy)(CO),] (M = Mo, W), demonstrating that
charge-transfer transitions having different origins



Charge Transfer in Metal Complexes

can be influenced in parallel ways by the
Solvent_186,190—192,274—279

Specific-solvent effects have been discussed in a
general way by Lay.?®® He noted that changes in
oxidation state influence internal solvent structure,
H-bonding, and sz-stacking of ring systems in the
solvent. He broadly outlined how such effects influ-
ence AG®, 4i, 4o, and even Hpa.

Specific interactions arise from H-bonding or donor—
acceptor interactions. In both cases, orbital mixing
occurs between individual ligands and solvent mol-
ecules.?%52% This leads to weak, pseudo-bonding, by
electron pair donation and H-bonding to —NH; or by
electron pair donation from the N-based, ¢(CN)
molecular orbital to solvent molecules. The magni-
tude of the interaction depends on the extent of
orbital overlap and energy difference between the
interacting orbitals—the usual quantities of impor-
tance in a quantum mechanical interaction.

Given the nature of the specific interactions, it is
not surprising that the donor number (DN) and
acceptor number (AN) introduced by Gutmann are
often useful parameters for correlating MLCT solvent
shifts.582652% The donor number is defined as the
molar reaction enthalpy for the formation of a 1:1
adduct between SbCls and the added solvent in 1,2-
dichloroethane. It provides a measure of the ability
of individual solvent molecules to donate an electron
pair to SbCls and, in parallel, to engage in H-bonding
to —NHj3, 3.

:S

s

H
Ru

N..
\ H
H
(3)

The acceptor number is defined as the magnitude
of the chemical shift of the 3'P resonance of Et;PO
in a particular solvent relative to the shift in hexane
(taken as AN = 0).22 The shift for Et;PO:SbCls in
1,2-dichloroethane is taken as AN = 100. The
acceptor number provides a measure of the ability
of individual solvent molecules to act as electron pair
acceptors, 4.

Ru—CN:—> S
(4)

A connection between an NMR measurement and the
magnitude of a donor—acceptor interaction is under-
standable qualitatively, given the relationship be-
tween chemical shifts and shielding of nuclei by the
surrounding electron clouds. The major theme of the
unified solvent model of Drago et al. is the develop-
ment of a general theory to account for solvent shifts
in a variety of probe measurements.193-1%

Solvent and temperature effects have been studied
for M (M = Ru, Fe, Os) couples such as [Fe-
(CN)e]* "~ and [Ru(NHa)s(py)]**?", where specific
interactions dominate, or for [Ru(bpy)z]**2" where
they do not.2°22%8 AS° was found to increase linearly
with Zo? — Zes® (Z is the ion charge) and the inverse
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of the ionic radius (a™!) as predicted by the Born
equation:

. €Ny (dInD) _, ,
A = 2D aT dT (ZOX - Zred ) (101)
S

in which e, Ds, Na, and T have their usual meanings.

It was concluded that specific solvent effects con-
tribute to, but do not dominate AS°.2°2 The slope of
a plot of AS° vs (Zox® — Zred®)/a was nearly twice as
large as the value calculated from eq 101. Acceptable
correlations required inclusion of an acceptor number
dependence whose origin was attributed to disruption
of the surrounding solvent structure by the charged
solute. In a later paper the results of this analysis
were used to estimate that specific solvent effects
contributed <1—2 kcal/mol to 4,.2%3

1. Ammine Complexes

Eaps for the dz — 7*(py) MLCT band in [Ru(NHj3)s-
(py)J?" is strongly solvent dependent.?®2%* The charge-
transfer character is consistent with substituent
effects on the pyridine acceptor, the results of tran-
sient absorption and electroabsorption (Stark effect)
measurements, and the decrease in Eas with donor
number (DN).229.230.294-299 Consistent with the latter
is the fact that E,s increases with DN for ligand-to-
metal charge transfer in [Ru'"'(NHz)s(dmapy)]®*
(dmapy is 4-(dimethylamino)pyridine) where the
direction of charge transfer is reversed:?®°

[RUI”(NHz)s(ND—NMez)]3+£> (Ru"(NHy)s(N_ )-"NMe))**" (102)

For [Ru(NHs)s(L)]>" (L = py, N-methyl-4,4'-biyri-
dinium cation (MQ"), 4-cyano-N-methylpyridinium
(pyd™)), good correlations were found between Egps
and DN (R? = 0.94) in 13 solvents:2%

[RU"(NH,)5(MQH** = [Ru" (NH,)s(MQ)*

(103)
NQ—CN*CH3 NC‘—@N*C]-h

MQh (pyd®)

The majority of the solvent effect appears in AG®.
AEi, = El/z(RU””“) - El/z(pyd+/0) for [RU(NH3)5-
(pyd™)]** also correlates with DN with comparable
slope. The sovent effect in AE;), is dominated by the
Ru'™' couple.

This study was extended to the series [Ru(NH3)s-
(py)I?*, [Ru(bpy)(NHz)s]**, [Ru(tpy)(NHs)s]*", cis-[[Ru-
(bpy)2(NHs)21**,  [Ru(bpy)(tpy)(NH3)I**, and [Ru-
(bpy)s]?t in 13 solvents.?®® Acceptable linear correla-

X
l/
NN

_N N~

(tpy)

tions between E.,s and DN existed for the NHs-
containing complexes. The slopes of Eg,s vs DN
correlations increased with the number of ammine
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ligands from [Ru(tpy)(bpy)(NH3)]?" to [Ru (NH3)s-
(py)]?*. This shows that each NH; ligand is involved
in specific interactions with the solvent.

H-bonding with NH;3 is more important at Ru'"!
than Ru" since N—H acidity is greatly enhanced in
the higher oxidation state.3®° E;/,(Ru'"") and MLCT
band energies decrease as donor number increases
because enhanced electron pair donation to the metal
(through H-bonding to individual solvent molecules)
stabilizes Ru''' over Ru'".

The roles of H-bonding and specific interactions
have been investigated quantitatively in [Ru(NHs3)s-
(py)I?* by use of the self-consistent reaction field
(SCRF) theory of Karelson and Zerner implemented
in INDQ.3017306  Application of the SCRF dielectric
continuum model to E,,s resulted in spectral shifts
to the red, but they were too small in magnitude.
Addition of a water molecule to each NHj3; with
geometry optimization decreased Eqy,s from 40.9 x 103
cm~! to 34.3 x 103 cm~. Addition of 10 more water
molecules with geometry optimization gave excellent
agreement with experiment with Eaps(calc) = 24.7 x
10% and Eaps = 24. 6 x 108 cm™. The shift between
aqueous solution and the gas phase was also suc-
cessfully reproduced by simple electrostatic models
either by placing two —1 charges behind different
NH; groups on the x, y and y, z axes 3.5 A from Ru,
or by placing —0.4 charges behind each NH3.3%!

Solvent effects in [Ru(NHs3)s(py)]?" and [Ru(NHs3)s-
(p2)]>" were also investigated theoretically by Hush
and co-workers.397-3% They applied ab initio MCSCF
and INDO/S-CI methods to estimate gas-phase ener-
gies and Monte Carlo simulations to determine
solvent structure in the ground-state. Egs was
calculated from gas-phase energies and charge dis-
tributions and ground state solvent structure. The
latter was calculated from an ensemble of configura-
tions generated by using effective pair potentials and
rigid Monte Carlo simulations. The intermolecular
potential functions were generated by combining
Lennard-Jones potentials with intermolecular elec-
trostatic interactions. The first solvation layer was
included explicitly and the remaining solvent treated
by assuming a dielectric continuum.

Eaps(calc) values of 19 000—24 000 cm™? (depending
on the assumptions made) were in good agreement
with experiment, 21 000 cm™* for [Ru(NHs)s(pz)]?".2%°
Other features were revealed in the calculations.
Complete charge transfer from Ru'' to pz would give
an excited state with a dipole moment of 17 D while
the measured value is 4.8 + 1.3 D.??° Inclusion of
dr—ma*(pz) back-bonding and polarization of dx elec-
tron density onto the ligand reduces the value to 8.7
D and additional polarization by the solvent reduces
it further to 5.6 D. There is extensive H-bonding
with 9—10 water molecules participating in 13—16
H-bonds to the 15 NH3 hydrogens. A single H-bond
exists to the unbound N-atom of pyrazine.

Broo and Larsen investigated electronic struc-
ture and electron-transfer barriers or spectra for
[Ru(NH3)e]**, [RuU(NH3)s(pz)]**, [(NHs)sRu(pz)Ru-
(NH3)5]4+/5+/6+, [(NH3)5RU(4,4’-bpy)RU(NH3)5]5+, and
cis,cis-[(bpy).CIRu(pz)RuCl(bpy),]**.2*° They used the
ab initio CASSCF method to calculate electronic
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structure for the ammine complexes and semiem-
pirical CNDO/S and tight-binding methods for the
larger systems. The solvent dependence of Egps for
[Ru(NH3)s(pz)]?" was calculated by a self-consistent
reaction field (SCRF).

H-bonding has been probed directly by resonance
Raman measurements on [Ru(bpy)(NH3)4]**.2%* Reso-
nance enhancements in Raman scattering were ob-
served from an excitation line that fell within the
dz(Ru') — 7*(bpy) absorption. A v(bpy) ring stretch-
ing mode shifted from 1548 cm~! in hexamethylphos-
phoramide (HMPA) to 1558 cm™ in acetonitrile.
Ru—NH; stretching and H3z;N—Ru—NH3; bending
modes at 456 and 248 cm~! in HMPA (DN = 38.8)
shift to 446 and 237 cm™1 in acetontrile (DN = 14.1).
The shifts to lower energy are consistent with de-
creased H-bonding and less electron pair donation
from the solvent. Low donor number solvents are
less able to stabilize the excited state. The increase
in v(bpy) is caused by the increase in Ru'''(bpy*)
MLCT energy gap in the lower donor number sol-
vents (sections IV and V). This increases the extent
of charge transfer, bpy is more highly reduced in the
excited state, and v(bpy) shifts to lower energy.

Linear correlations with donor number have also
been found for Ru'"" couples in [M(NHz)s(pzCHs )P+
(M = Ru", Os") and [(NH3)sRu" (pz)Ru"(NH3)s]*+.311.312

VAR N
N N—CHg
\—/

(pzCH3*)

For the latter, AE;,»/ADN ~ 0.025 + 0.002 V/DN unit.
There is extensive dz—s*(pzCH3™) mixing along the
M—pzCHjs;™" axis in the pyrazinium complexes. Tak-
ing this as the z axis, dz orbitals are split into dyy
and a dy;,dy; pair. A low-energy band of low intensity
was observed for dm,, — 7*(pzCH3™) which correlates
with DN as does AEip. dy,dy, — a*(pzCHs") is
observed as an intense band at higher energies. E__
for this band is solvent independent for M = Ru and
increases slightly with DN for M = Os. There is
extensive dy;,dy, mixing with 7*(pzCHs") and minimal
charge-transfer character for M = Ru. Calculations
by Hush et al., which show that dz and =* orbitals
in [Ru"(NHz)3(pzH")]*" are accidentally degenerate,
are in agreement with this conclusion.3®® For M =
Os, the HOMO has more x* character than dz and
the transition assumes some ligand-to-metal charge-
transfer character. A related scheme was invoked
to explain the absence of a solvent dependence for
the IT band(s) in the Creutz-Taube ion, section
11.A.1.312

For cis,trans-[(bpy).CIRu"(pz)Ru"'(NH3)4(L)]*" (L =
NHs, py) in 12 solvents, E4s for the IT band and AE,
(= E12(Rup'™) — Ey/2(Ru,"") with a and b referring
to ammine and bpy ends of the complex) correlate
with DN (R? > 0.96).23* Although the effect is largely
in the Ruy""" couple, as expected, there is a smaller,
but significant, effect on the Ruy""" couple. It was
attributed to electronic delocalization across the
bridge. According to eq 72, the ratio (AEas/AAG®)
should be unity. Any deviation from unity reflects
the dependence of 4, on specific solvent effects.
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Experimentally, AE,,/A(AE12) = 1.23 + 0.08 eV/V
for L = NHjz and 1.26 £ 0.07 eV/V for L = py. This
points to a DN dependence in 4, and Eaps — AE1, (O
Ao) was found to correlate with DN with slopes of
0.0095 + 0.0017 eV/DN (L = NH3, R?2 = 0.74) and
0.0060 + 0.0017 eV/DN (L = py; R? = 0.83). The
correlations were not improved noticeably by multi-
parameter fits which included the dielectric function
1/Dop — 1/Ds and specific solvent effects appear to
dominate.

The relative contributions from dielectric con-
tinuum solvation and specific solvation have been
explored in 14 solvents for nine Ru''-Ru'"" mixed-
valence complexes based on —Ru(NHj3)s, —trans-Ru-
(NH3)4(py), and —Ru(bpy)(NHz3); with pz, 4-cyanopyr-
idine, and 4,4'-bpy as the bridging ligands.?*® Egps
was fit to a dual parameter equation including both
1/Dyp —1/Ds and DN. Specific-solvent effects domi-
nated except for [(NHz)sRu'"'(4,4'-bpy)Ru'(NH3)s]°".

Eabs for the IT band in [(NH3)sRu"'(4,4'-bpy)Ru''-
(NH3)s]°* correlates with 1/D,, — 1/Ds.221224 Specific-
solvent interactions are clearly important for the
Ru''(NH3)s]3™2* couple but they may be dominant in
AG®° and not in 4,. For the 4,4'-bpy case, AG° =0
and the total effect is in .. In polar solvents, 1/Dg,
> 1/Ds, and A, is dominated by the optical part of the
dielectric polarization. Even with H-bonding, Dgp
may be nearly the same in the first solvation shell
as in the bulk explaining the success of the con-
tinuum result. H-bonding may also contribute to the
lower than expected sensitivity of Eaps t0 1/Dop — 1/Ds
(section I11.A.1). H-bonding could “freeze” the first
solvation shell, increasing the effective radius, de-
creasing the sensitivity of E.ps to solvent changes.

2. Cyano Complexes

A parallel study to the one with ammines has been
conducted for both absorption and emission in
[RU(CN)s(MQ")]*~, [RU(CN)a(bpy)]*~, [RU(CN)s(tpy)] ™,
cis-[Ru(bpy)2(CN)z], and [Ru(tpy)(bpy)l(CN)]*.?% Elec-
tron pair, donor—acceptor interactions between cya-
nide and solvent are significant.337322 For [Ru(tpy)-
(bpy)I(CN)]*, Eaps increases ~1600 cm~* from pyridine
to H,O while for [Ru(bpy)s]?* the shift is only ~260
cm™L,

Eabs was found to correlate with Gutmann’s accep-
tor number (AN) in 12 solvents for all five complexes
(R? = 0.79).285 The sensitivity of Eqys increases with
the number of CN~ ligands showing that there are
specific interactions between each cyanide and indi-
vidual solvent molecules and that the effect is addi-
tive. Eem also varies with AN but is less sensitive
than Eaps by ~70%.265:317.318 The difference between
the two is given by eq 96, from which,

(AE,.JAAN) — (AE, /AAN) = 2(A1/AAN) (104)

The effect of specific cyano-solvent interactions was
explained by invoking electron pair donation from
CN~ to low-lying acceptor orbitals on individual
solvent molecules.?%> This stabilizes dz(Ru") by
enhanced dz(Ru")—z*(CN) mixing, increases Ey/, for
the Ru""" couple, and with it, the dz—xa*(bpy) energy

gap.
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Figure 2. Plots of the potential difference between the
first and second oxidation waves for cis-[(bpy).ClOs(4,4'-
bpy)RU(NH3)s]3", AEy,, vs the donor number (DN) of a
series of solvents ranging from nitromethane (DN = 2.7)
to dimethyl sulfoxide (DN = 29.8). For the mixed-valence
complex, cis-[(bpy).ClOs(4,4'-bpy)Ru(NH3)s]**, the thermo-
dynamically stable isomer is Os'"'—Ru" in solvents of DN
< 14 and Os'""—Ru'"" in solvents of DN > 15. The change in
slope at DN ~ 14 (CH3CN) occurs because of the change
from Os'""—-Ru" to Os!''-Ru"!. The two isomers coexist in
solvent mixtures of CH3CN and propylene carbonate (DN
= 15.1). The dotted lines are extrapolations of AE,;, for the
two isomers to solvents where they are not stable. The
difference between the solid and dotted lines gives AG® for
the equilibrium in eq 105. (This graph is reprinted from
ref 325. Copyright 1996 American Chemical Society.)

D. Influence of Specific Solvent Effects

1. Solvent-Induced Electron Transfer

The energies involved in specific interactions are
sufficient that chemical reactions can be induced by
making solvent changes. Intramolecular electron
transfer in cis-[(bpy).ClOs(4,4'-bpy)Ru(NH3)s]** (eq
105) was induced by exploiting the difference in
solvent dependences for the —Ru(NH3)s]**2* and
—0Os(bpy)2Cl]?**+ couples.323-326

cis-[(bpy),Cl0s""(4,4'-bpy)Ru" (NH,).]*" =
cis-[(bpy),ClOs' (4,4'-bpy)Ru'""'(NH,):]*" (105)

AG?* for this equilibrium is highly solvent depend-
ent (Figure 2).3% In nitromethane (DN = 2.7) oxida-
tion to Os'"—Ru" is favored by 0.20 eV relative to
Os''-Ru'™. In DMSO (DN = 27.8) specific-solvent
effects highly stabilize —Ru'""(NHs3)s]3" and oxidation
to Os'"-Ru' is favored by 0.39 V. The isomers
coexist in mixtures of CH;CN (DN = 14.1) and
propylene carbonate (DN = 15.5) where AG° ~ 0, and
intramolecular electron transfer can be induced by
changing the volume fraction of propylene carbonate
in solvent mixtures.3?¢

In solvents of DN < 14, the distribution is Os'"'—
Ru'l. Ei/, for the Os"""" couple is relatively indepen-
dent of solvent and E;/, for the —Ru'""""(NH3)s]3"2"
couple decreases with DN. This is reversed for DN
> 15. The switch between two isomers is obvious in
the plot of AE1,; (= E1/2(2) — E1/2(1)) vs DN in Figure
2.3%5 Extrapolation of these data allow AG°® to be esti-
mated for the mixed-valence equilibrium in eq 105.

The two Ru"" couples also fall within the same
potential range in trans,cis-[(py)(NH3)sRu,(4-NCpy)-
RupCl(bpy)2]*" (4-NCpy is 4-cyanopyridine).3?’

(4-NCpy)
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Oxidation occurs first at Rup' in low DN solvents and
at Rup'' in high DN solvents. The isomers, Ru,''—
Rup"' and Ru,"'—Ruy', coexist at DN ~ 13 and
changes in donor number above or below this induce
intramolecular electron transfer. Oxidation states
were assigned by resonance Raman and thermody-
namic half-reaction entropy measurements.

In a somewhat related result it was shown that
interconversion from trans,cis-[(py)(NHs)4Ru'(4-NCpy)-
Ru''"Cl(bpy).]** to trans,cis-[(py)(NH3z)sRu'"'(4-NCpy)-
Ru"'Cl(bpy).]*" in nitromethane could be induced by
outer-sphere complexation of the NH; ligands at
Ru,'" by low molecular weight poly(ethylene glycol)
(H—(O—CH,CH;),-OH) or by dibenzo-36-crown-12

(5).327
X JO

2. Selective Solvation

Specific interactions can dictate the composition of
the first (few) solvation layer(s) in mixed solvents.??®
For [Ru(NHz)s(pyd)]3* (pyd* is 4-cyano-N-methyl-
pyridinium, section 111.C.1), Eaps = 18.9 x 10% cm™
(529 nm) in nitromethane (DN = 2.7) and 17.1 x 103
cm~! (584 nm) in DMSO (DN = 29.8). Starting with
pure nitromethane, addition of increasing amounts
of DMSO results in large incremental changes in Egps.
A mixture with ypmso ~ 0.10 gave 85—90% of the
spectral shift between pure solvents, pointing to
preferential solvation by DMSO.

This conclusion was reinforced by electrochemical
studies on [Ru(NHz)e]**, [Ru(NHz)s(py)]**, [Ru(bpy)-
(NH3)4]%", cis-[Ru(bpy)2(NHs),]?>", and [Ru(bpy)s]?t in
mixtures of CH;CN and DMSO0.3% Variations in E1/»
with yomso were consistent with preferential DMSO
solvation with the effect decreasing in the order:
[Ru(NH3)e]**2* > [Ru(NHz)s(py)I*?* > [Ru(bpy)-
(NH3)a]**2* > [Ru(bpy)2(NHa3),]**2* > [Ru(bpy)s]**2*.
Variations in the [Ru(bpy)s]3*2* couple were negli-
gible. Incrementally added DMSO resulted in large
initial increases in reaction entropies (AS°) followed
by gradual decreases and a leveling off as more
DMSO was added. The effect of selective solvation
on AS° was explained qualitatively by considering
both thermodynamic and statistical effects.

Variations in Egps and E;/, with ypuso for trans,cis-
[(py)(NH3)4Ru,"(pz)Ruy'Cl(bpy),]**t in mixtures of
CH3CN and DMSO are also consistent with selective
solvation of Ru,'"' by DMSQ.%2° Equisolvation points
(where the molar composition of the first solvent shell
is 50—50) occurred at ypmso = 0.104 for Ruy"—Rup"
and ypmso = 0.003 for Ru,'""—Ruy".

In trans,cis-[(py)(NH3s)sRu.'" (L)Ruy"'Cl(bpy)2]3" (L =
4,4'-bpy, bpe; section 111.A), E1/2(Ru,'""") decreases
with ypmso and E1/2(Rup'") is nearly constant.3° For
L = pz the two couples have nearly the same solvent
dependence, suggesting delocalized oxidation states
in the mixed-valence form. A sharp, positive “spike”
in plots of AS® vs ypmso Was accounted for by invoking
a statistical model.
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Addition of DMSO to CH3CN leads to large changes
in Eaps for the IT band in [(NH3)sRu''(4,4'-bpy)Ru'!-
(NH3)s]°". Eaps peaks at ypmso = 0.035 4 0.005 (AEaps
~ 1300 cm™?) and decreases gradually to the value
in pure DMS0.??5226. The Egps VS. ¥pmso curve could
be constructed by combining the solvent dependence
for dz(Ru") — z*(4,4'-bpy) metal-to-ligand charge
transfer in [(NH3)sRu"(4,4'-bpy)Ru''(NH3)s]°* with
n(dmab) — dx(Ru'") ligand-to-metal charge transfer
in [Ru(NHz)s(dmapy)]®** (eq 102). It was concluded
that —Ru'"(NH3)s]3" is selectively solvated by DMSO
at low ypumso. Eaps increases because of the mismatch
between solvation and oxidation state:

[(NH)sRu,""(4,4"-bpy)Ru, (NH) >
(DMSO)  (CH,CN)

[(NH3)sRu,"(4,4-bpy)Ru," (NH,):]>* (106)
(DMSO)  (CH4CN)

This adds an increment to the solvent reorganiza-
tional energy much as in the ion-pairing effect in
section 111.A.3.

A binding site model was derived to account for
these results.33! Terms were included for electronic
delocalization, solute—solvent interactions in the first
and outer solvation shells, and an entropic term for
solvent partitioning between local solvation shells
and the bulk. The energetics of solvent—ligand,
solvent—solvent, and intermolecular interactions were
included as parameters. Minimization of the result-
ing free-energy expression led to an equilibrium
condition from which domains for symmetrical or
unsymmetrical solvation as a function of solvent
composition and temperature were deduced. It was
concluded that below a certain critical temperature,
symmetrical solvation is unstable relative to unsym-
metrical solvation. At higher temperatures with kgT
comparable to the magnitude of the specific-solvent
interactions, symmetrical solvation is favored on
entropic grounds.

Phenomena closely related to selective solvation
have been observed in the presence of crown ethers
such as 5 and related macrocycles.3?7:3%27342 They
interact with NH; ligands and displace solvent
molecules from the first solvation shell. In the most
favorable cases, complete complexation with the
macrocycle occurs and the complex is the dominant
form even in dilute solutions. For [Ru(NHz)s(iso-
nicotinamide)]?*, complexation decreases Ej/»(Ru"")
and Egps for MLCT absorption. For the LMCT band
in [Ru"'(NHs)s(dmapy)]** (eq 102), Eaps is increased.
These results were explained by invoking H-bonding
interactions between the NHj3 ligands and the oxygen
atoms of the polyethers.

Binding is enhanced at Ru'". On the basis of 'H
NMR studies, complexation with 18-crown-6 occurs
to trans-ammines at Ru" and cis-ammines at Ru''".3%%
With limited crown ether, selective binding to Ru'"
occurs in [(NHz)sRu"'(4,4'-bpy)Ru'' (NH3)s]®*, causing
a substantial increase in Eps.3* This crown ether
has been used to trap valences (oxidation states) in
[(NH3)sRu"(pz)Ru"(NHs3)s]>* by stabilizing Ru''' and
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increasing the reorganizational energy.3363% |n the
doubly complexed form, an increase in Eaps for the
IT band and a decrease for Ru — pz MLCT have been
interpreted by invoking a three-site model with
extensive d.(Ru)—m,7*(pz)—dz(Ru) mixing.339.343-348

3. Solvent-Induced Delocalization

In the pyrazine-bridged analogue of cis-[(bpy).ClOs-
(4,4'-bpy)Ru(NHz3)s]**, there is an oxidation state
switch from cis-[(bpy).ClOs(pz)Ru''(NH3)s]** to cis-
[(bpy).ClOs" (pz)Ru''(NH3)s]*t, but it occurs at DN >
24 rather than at DN > 15.3%532%6 There is good
evidence for strong electronic coupling in isomer
Os'"—Ru". Both the Os""" and Ru""" couples vary
with DN and a narrow, structured IT band at 8100
cm~tis observed in solvents ranging from acetone to
D,0O. Even so, there is spectroscopic evidence that
the oxidation states in cis-[(bpy).CIOs"/(L)Ru"(NH3)s]**
are localized by the appearance of dr — dxr bands at
Os'""in the NIR, and in the pattern of v(bpy) bands
in the mid-IR.3%6 The existence of both strong
coupling and localization was explained as a conse-
guence of electronic symmetry. There is extensive
dz(0s'")—z,7*(pz)—dx(Ru') mixing across the bridge
but for only two of the three dx orbitals at Ru''. The
highest dz level, which contains the exchanging
electron, dis, is largely orthogonal to the bridge and
only weakly coupled to Os'"! which causes localiza-
tion. The IT band can be assigned to dm;, do(Ru'")
— dm3(Os"") with the transition split by spin—orbit
coupling. There is little, if any, charge-transfer
character because of extensive mixing with the
bridge, and no information about intramolecular
electron transfer through the lowest energy pathway,
dmz(Ru') — dnz(Os"™). In the low DN solvents ni-
tromethane and nitrobenzene, the IT band broadens
and shifts to higher energy, consistent with increased
charge-transfer character.

In cis-[(bpy)2ClOs' (pz)Ru(NHj3)s]**, there is weak
electronic coupling and broad, solvent-dependent IT
bands appear in the NIR.326 The two isomers coexist
in formamide (DN = 24) and in trimethyl phosphate
(DN = 23.0) in which AH°® = —8.2 £ 2 kcal/mol and
AS° = 27 + 6 eu for the equilibrium:

cis-[(bpy),ClOs" (pz)Ru"'(NH,)s]*" =
cis-[(bpy),ClOs" (pz)Ru"' (NH)s]*" (107)

A positive AS° value is expected because of decreased
NHs—solvent interactions in Os'"''—Ru'l.

Instantaneous Ru'' — Os'!! excitation of cis-[(bpy).-
ClOs"(pz)Ru'"'(NH3)s]* by light absorption gives
“I(bpy)ClOs"!(pz)RU"(NHS3)s]*"” with solvation ap-
propriate to the initial state and weak electronic
coupling. Subsequent solvent relaxation is accom-
panied by increased through-bridge electronic cou-
pling. Conversely, instantaneous Ru" — Os'"! exci-
tation in cis-[(bpy).ClOs'"!(pz)Ru''(NH3)s]**t gives
“I(bpy)2ClOs" (pz)Ru'"(NH3)s]*+” with enhanced elec-
tronic coupling which decreases as the solvent re-
laxes. The solvent is strongly coupled to internal
electronic structure and the Hush relationship be-
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tween optical and thermal electron transfer in eq 72
does not apply nor does the time-dependent formula-
tion in eq 14. They assume the Condon approxima-
tion and separation of electronic and nuclear coordi-
nates.

The IT band in trans,trans-[(py)(NH3)4Ru(pz)Ru-
(NH3)4(py)]°* is also narrow and structured.®*® There
are two components and their relative intensities
vary with the mole fraction of DMSO in DMSO—CHgs-
CN mixtures and with the concentration of added
PFs~. Itwas suggested that the two components may
arise from different forms, one having specific inter-
actions with DMSO and the other not. Another
possibility is that the changes are due to changes in
rotational orientation of the pyrazine bridge and the
effect that it has on the relative intensities of two
close lying IT bands. A related effect has been
observed in cis-[(bpy).ClOs"!(pz)Ru' (NH3)s]**.326

These two ions and the Creutz-Taube ion [(NH3)s-
Ru(pz)Ru(NH3)s]°* all have narrow, structured IT
bands and moderate to strong electronic coupling.
Hupp et al. investigated [(NH3)sRu(pz)Ru(NHz)s]>" by
resonance Raman with excitation into the IT band
at 1320 nm.'82 Eight to nine vibrations were reso-
nantly enhanced including a series of pyrazine
stretches consistent with extensive mixing of ligand
character in the IT transition. Metal—pyrazine
stretches were also enhanced, consistent with re-
sidual localization.

These three ions have properties that place them
at the borderline between class 11 (localized, but with
strong electronic coupling) and 111 (delocalized) in the
Robin and Day classification scheme.3*"-352 There are
other examples as well.3533% For [(fulvalenyl)Mn,-
(CO)4(u-dppm)]* (6), a narrow, intense IT band ap-
pears at 6940 cm™! in CH,Cl; (¢ = 5130 M~t cm™1),
but the oxidation states are localized (Mn'—Mn®) as
shown by the appearance of two separate sets of two
v(CO) bands.?%® In trans,mer-[(P(i-Pr)s)2(CO):M(pz)M-

_|+
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|
(CO),M M(CO),

th"'/""\/ P"“”' Ph

Ph Ph
©

(CO)3(P(i-Pr)3)2]t (M = Mo, W; P(i-Pr); = triisopro-
pylphosphane); narrow, solvent-independent IT bands
appear (Eaps = 4990 cm™1, € = 4600 M~cm™2, Avyp =
730 cm~t for M = W in CH,Cl,) but only three »(CO)
bands, consistent with oxidation-state delocalization
on the IR time scale.?>

E. Temperature Dependence

The temperature dependence of Eqns(IT) for cis-
[(bpy)2CIRu" (pz)Rua"" (NH3)s]*":

cis-[(bpy),CIRu, " (pz)Ru," (NH,)]*" =
cis-[(bpy),CIRu," (pz)Ru," (NH4)s]*"
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has been studied in both CH;OD and a 42:58 (v:v)
mixture of n-propionitrile/n-butyronitrile.’?3 In CH3—
OD (u = 0.035 M), (AEaps/AT) = —8 &+ 2 cm™ deg™
from which AS°® = 24 + 6 eu (eq 58). This is the
entropy difference between the mixed-valence iso-
mers. From electrochemical measurements, (A(AEy,)/
AT) ~ AS° = +21 £ 5 eu with (AEyz = E1/2(Rup'''M)
_ EUZ(RuaIII/II)_

The agreement between the two measurements is
of fundamental significance, consistent with the use
of AG® in the energy relationship in eq 57 and the
results of section 11.G.2. Temperature-dependent
studies on [(NH3)sRu"'(NC)Fe!'(CN)s]~ by Dong and
Hupp have led to similar observations and essentially
the same conclusion.3%®

The temperature dependences of Eays for IT bands
in cis-[(bpy).CIRu"(pz)Ru(NHs)s]*" and cis,trans-
[(4,4'-(CH3)2bpy).CIRu" (pz)Ru'"'(NHa3)4((4-Mepy)]**
have been measured in nitromethane. For the former,
there is a broad IT band at 1350 nm for which (AE s/
AT) = =18 cm~t deg~!. For the latter, E,ps appears
at 1643 nm. Itis narrow and structured with (AEaps/
AT) =42 £ 1 cm ' deg™t. The difference between
the temperature dependences was used as an argu-
ment for localization in the former and delocalization
in the latter.3%

For cis,cis-[(bpy).CIRU"'(pz)Ru"Cl(bpy)2]** or [(NH3)s-
Ru'''(4,4'-bpy)RU'(NH3)s5]>", AG° = 0 and (AEaps/AT)
= (AA/AT) = =3 (£3) eu and +5 (£3) eu, respectively,
in 42:58 (v:v) n-proprionitrile/n-butyronitrile.'>® These
are entropic differences if 4 is a free energy change
or heat capacities if 1 is an internal energy change
(section 11.G.2). Matyushov and Schmid accounted
for these variations by using their molecular treat-
ment of solvent effects.?*9~242 The temperature de-
pendence of 1, enters both through reorientation of
solvent dipoles (Ds and Dgp) and density fluctuations
(solvent density). They partly offset and (A1J/AT) is
small.

The temperature dependence of E,s has been
measured for intramolecular charge transfer in be-
taine-1 (2,4,6-triphenyl-N-(4- hydroxyphenyl)pyrldln-
ium ion, 1 and in the ion pair:28

[Fe'(CN)GJ* MVZt % [Fe"(CN) P~ MV™* (108)

MV?* is N,N’'-dimethyl-4,4'-bipyridinium dication,
methyl viologen. The CT band for the betaine in 14
solvents was nearly Gaussian with (Avy)? varying
linearly with 1/Do, — 1/Ds. The intercept was near
zero, suggesting that inhomogeneous broadening and
contributions to (Avy52)? from low frequency, intramo-
lecular vibrations are negligible. 1, was calculated
to vary from 0.4 eV in chloroform to 1.23 eV in water.

In 4:1 (v:v) ethanol/methanol, (Avy,)? varied lin-
early with T (77—294 K) as predicted by eq 62. From
the slope, 1, = 1.05 eV. The intercept was ~O.
Similar observations were made in a 3:1 (v:v) diethyl
ether/ethanol mixture over the same temperature
range. In 2:1 ethylene glycol/water, (Avy,)? varied
linearly with T in the fluid but was nearly indepen-
dent of T below the glass-to-fluid transition, consis-
tent with a large inhomogeneous broadening. Over
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the same temperature range, Eaps shifted to higher
energy by 1600 cm™! consistent with a decrease in
entropy content in the excited state, eq 58.

For the ion pair, Eas shifted 1600 cm~? to the blue
from 294 to 77 K with (AEau./AT) comparable to —(A-
(AE1)/AT) = AS° ~ 82 J K~1 mol~! by electrochemi-
cal measurements.?®® In 2:1 (v:v) ethylene glycol/
H,O0, the variation of (A71,)? with T was linear in
fluid solution from 294 to 150 K with 4, = 2.1 eV.
This value is inconsistent with 1, = 1.45 eV calcu-
lated from, 1, = Eaps — AG®, with Eaps = 2.31 eV and
AG° = 0.86 eV. The reason for the discrepancy is
not clear. The intercept of (A71,,)? vs T from 294 to
150 K was near zero, but Avy, was temperature-
independent below the fluid-to-glass transition.

[V. Emission

Emission is the microscopic reverse of absorption
and solvent effects have the same origin although,
in general, the reorganizational energies are different
for the two, 4 = A' (section 11.G.2). For MLCT
transitions E.n is typically less solvent dependent
than Egas (section 111.C.2).

Implementation of band-shape analysis for emis-
sion is simpler than for absorption because, typically,
there is a single emission band while absorption
spectra tend to be superpositions of overlapping
bands which must first be deconvoluted.

A. Solvent Effects

MLCT emission from polypyridyl complexes is
typically broad and featureless in fluid solution at
room temperature. For [Ru"!'(bpy*)(bpy).]>™* an
apparent vibronic progression of spacing ~1300
cm~! appears in low-temperature fluids or
glasses.170.269.314.357-359 These features are actually a
superposition of vibronic components arising from a
series of coupled v(bpy) vibrations with band energies
from 1000 to 1600 cm~1. They can be resolved at low
temperatures in single crystals®6°-363 and appear in
resonance Raman spectra.’®4-3’t Because of the
coupled v(bpy) vibrations, Ea,s or E.m are not the
simple functions of 2 and AG° in eqs 57 and 63.
These equations are applicable to the lowest energy
vibronic component v =0 — v' = 0 with 1 = A,.

A modified version of the single mode fitting result
in eq 47 was applied to emission from [Ru(bpy)s]>™*
in seven solvents ranging in polarity from dichlo-
romethane to N,N-dimethylformamide.l’® E, (= |AG°|
— A,) varied from 16.8 x 103 cm~! (CH,Cl,) to 16.2 x
102 cm™! (DMF) and was systematically higher than
Eem by 200—300 cm™. E, is the energy of the lowest
energy vibronic component (v'= 0 — v = 0). AV
varied from 2750 cm™! in CH,CI, to 3030 cm™ in
H,O. No attempt was made to correlate the energy
gap or solvent reorganizational energies with solvent
dielectric functions.

It follows from eq 91 that |[AG°| (= E, + 4,) should
vary with the dielectric function (Ds — 1)/(2Ds + 1).
In a study in 12 solvents, a marginal correlation (R?
= 0.59) was found.®”? The slope of the correlation
(3340 cm™?) was comparable in magnitude to the
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slope of the correlation between AEa,s and (1 — Dgp)/
(2Dop + 1) (eq 98, 3670 cm™t) from the solvent-
dependent absorption study mentioned in section
I11.B. The slopes are expected to be comparable since
they equal ze?/a® in either case. Even so, the slope
of a plot of AEcm (RAW(Ds) — Ao, €q 95) vs the
dielectric function in eq 95 (with zig = 0) is only 2550
cm~. It should equal z.%/a as well.

An even better correlation was obtained between
Eo + A, and donor number (DN), suggesting the
importance of specific solvent effects, sections 111.3
and IV.C.372 Specific-solvent effects play an impor-
tant role in 4,. There is essentially no correlation
between 4, and the dielectric function in eq 92. A
marginal correlation was observed with DN (3> =
0.57).

Specific-solvent effects in [Ru(bpy ™) (bpy)2]>T* emis-
sion may arise from electron donor—acceptor interac-
tions between individual solvent molecules and the
partially formed radical anion in z*(bpy) in the
equilibrated excited state. Dielectric continuum
theory works well for absorption in [Ru(bpy)s]?*.
There is no particular orbital basis for specific
interactions in the ground state and the excited state
is formed instantaneously in the solvent environment
of the ground state.

A Franck—Condon analysis was applied to charge-
transfer emission from a series of barrelene-bridged,
donor—acceptor compounds.3”® Analysis of spectrain
six solvents gave Aw = 1300 cm™! and A = Shw =
0.36—0.45 eV. |AG°| was calculated from the energy
gaps. A, calculated from the bandwidths, varied with
1/Dop — 1/Ds. The intercept of 0.32 eV was consistent
with a considerable contribution from coupled low-
frequency vibrations, i, (egs 26 and 27).

B. Temperature Dependence

Emission spectra for fac-[Re(bpy)(CO)sCI]* in 4:1
ethanol/methanol from 160 to 295 K and in 2-MeTHF
from 135 to 295 K were fit by using a two-mode
version of eq 47.1% From the slopes of plots of (A7y,)?
vs T, 4, = 1100 + 120 cm™ in 4:1 (v:v) ethanol/
methanol and 650 + 40 cm™? in 2-methyltetrahydro-
furan. Extrapolation to T =0 gave i ~ 3000 cm™1.
The values of 1, were larger than for [Ru(bpy)s]>™*
in the same solvents. The increase was attributed
to the smaller molecular radius, the dipole-in-a-
sphere result in eq 92 predicts that 4, should vary
as a3 1;_ was also larger, suggesting a larger
change in metal—ligand skeletal structure in the
excited state.

Emission spectra for fac-[Re(bpy)(CO)s;(4-Etpy)]-
(PFg) in 4:1 (v:v) EtOH/MeOH from 170 to 260 K and
for cis-[Os(bpy)2(CO)(py)]1(PFs)2 (py is pyridine) from
160 to 220 K were analyzed to give 1o(Re') = 1767 +
84 cm™! and 1,(0Os'") = 1762 + 93 cm™*. Also, from
this analysis AS° = 6.9 cal mol~* K (Re!) and 4.6
cal mol™* K1 (Os'") based on (AE//AT) = —AS° and
eq 64. AS° is the entropic change accompanying
excited-state decay. It arises mainly from changes
in guantum spacings and the associated change in
density of states in the coupled solvent modes, section
11.G.2. AS° is positive because of the loss of the
excited-state dipole in the ground state, eq 109. This
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decreases solvent interactions, decreasing hw for the
solvent modes, and increasing the density of states.

[Re''(bpy™")(CO)4(4-Etpy)] ™* —
[Re'(bpy)(CO);(4-Etpy)] " (109)

C. Specific Solvent Effects in Cyano Complexes

Eem for cis-[Ru(bpy)2(CN).]* and cis-[Ru(phen),-
(CN)2]* varies linearly with acceptor number (AN,
section 111.C.2) with (AEem/AAN) = 45 + 3 cm~Y/AN
unit for the bpy complex.?6>317 The quality of the
correlations was improved by using a dual parameter
fit which included both AN and 1/D,, — 1/Ds.3" The
microscopic origin of the acceptor number dependence
was modeled as arising from changes in electron pair
donation from the lone pair on the cyanide groups to
individual solvent molecules. The inclusion of the
dielectric term incorporates continuum effects and
the contribution from the remaining solvent mol-
ecules in the vicinity of the complex.

Eem also varies with acceptor number in 12 solvents
for mixed polypyridyl—cyano complexes in the series
from [Ru(tpy)(bpy)(CN)]” to [Ru(bpy)(CN)4*~ men-
tioned in section 111.C.2.25 The sensitivity to accep-
tor number increased linearly with the number of
CN~ ligands. For [Ru(bpy)2(CN).]* in seven solvents,
ranging from acetone to water, both (Av12)? and E,
vary with acceptor number, with (AA/AAN) = 21 £+
3 and (AE/AAN) = 44 + 2 cm~YAN unit. This shows
that the energy gap is far more sensitive to AN than
Ao. Variations in E, and Een, with AN (45 +£3 cm™Y/
AN unit) were the same within experimental error
showing that simple emission measurements can give
accurate information about E, even though the emis-
sion is a convolution of overlapping vibronic compo-
nents.

From the solvent dependences of the cis-[Ru'"-
(bpy)2(CN)2]*/[Ru'(bpy)2(CN).] and cis-[Ru"(bpy).-
(CN)J/[Ru"(bpy"")(bpy)(CN).]~ couples, (AE12/AAN)
=704+ 7 cm~YAN unit. Taking this as a measure of
the solvent dependence of AGgs, the free energy of
the excited state above the ground state, provides a
second method of evaluating the solvent dependence
of 4,. From eq 63, AGgs = |AG°| with (AL/AAN) = 0,
(AL/AAN) ~ (AAGES/AAN) — (AEJ//AAN) = 26 £+ 7
cm~YAN unit.

For A,', the solvent reorganizational energy of the
excited state above the ground state (section 11.G.2
and Figure 1), it follows from eq 57, with (AL/AAN)
~ 0, that (A2,'/AAN) = (AEans/AAN) — (AAGEs/AAN)
= 12 cm~Y/AN unit. With either method, the varia-
tion of 1, with AN is greater than for i,/ and by
inference, 4, > 1,. The solvent reorganizational
energy for the ground state below the excited state
is greater than for the excited state above the ground
state (1').

The acceptor number dependence of AGgs is mainly
a ground-state effect with the ground-state stabilized
by enhanced donor—acceptor interactions at CN™ as
AN is increased. These interactions are greatly
attenuated in the [Ru"'(bpy*)(bpy)(CN).]* excited
state because partial oxidation shifts electron density
from cyanide to Ru'".
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The acceptor number dependence of 4, arises from
changes in —CN-solvent interactions with the
—CN-solvent displacement coordinate Q increasing
in the excited states and AQ, > 0. If these motions
are treated as harmonic oscillators with force con-
stants fand f', 1, = YLf(AQe)? and Ay’ = Yof '(AQe)?. f
> f' because CN-solvent interactions are decreased
in the excited state. 4, is more sensitive to AN than
Ao because Ado = A, — Ao’ = Y2(AQe)*(f — ) > 0.

Specific-solvent effects perturb the internal elec-
tronic structure of the solute and couple electronic
and solvent coordinates. In general, the extent and
even the nature of these interactions differ between
the ground and excited states because of the change
in electronic structure. In such cases, 1, = 4,' and
the simple band-shape analyses that relate absorp-
tion and emission (eqs 57 and 63) are still valid. The
solvent can be modeled as a dielectric continuum with
Ao = Ao’ only in the absence of specific interactions.
Although the —CN groups provide an orbital basis
for strong interactions, this may be a general phe-
nomenon. The difference between the solvent de-
pendence of absorption and emission in [Ru(bpy)s]**
is another example( sections IV.A and 111.B).37

There is a more fundamental complication, one
raised for mixed-valence complexes in section 111.C.3.
Because solvent motions are coupled to internal
electronic structure, application of the Condon ap-
proximation and the usual band-shape equations is
incorrect. Emission from cis-[Ru(bpy)2(CN).]* leads
to the ground electronic state “[Ru(bpy)2(CN),]” with
the solvent coordinates of the excited state. Subse-
guent relaxation is accompanied by an increase in
—CN-solvent interactions which modifies internal
electronic structure by increasing dz(Ru)—CN back-
bonding. Similarly, light absorption by cis-[Ru(bpy).-
(CN).] leads to “[Ru"'(bpy*~)(bpy)(CN).]*" and sub-
sequent relaxation to decreased CN~—solvent inter-
actions which change internal electronic structure.

D. lon-Pairing

Salts of [Os(phen);]?* are completely ion paired in
CH,Cl,.%% Slight but systematic shifts occur in Een
as the volume of the counteranion is decreased from
BPh,~ (696 nm) to Cl~ (714 nm). This effect was
modeled by invoking anion—dipole stabilization of the
excited state (eq 110). This interaction increases
with the charge density of the anion and is lost in
the D3 symmetry of the ground state.

—| 2+

2+
X X
7, = -hv %, R
"ol — O0 -

—_—

(110)

E. Rigid Media

In rigid media (glasses, frozen solutions, plastics,
solids, etc.) MLCT emission occurs at higher energy
than in solution, a phenomenon termed “fluorescence
rigidochromism” by Wrighton et al.139-141. 375376 The
shifts can be large. For cis-[Ru(bpy)2(CN)2]*, Eem =
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588 nm in a 4:1 EtOH/MeOH glass just below the
glass-to-fluid transition at ~100 K and decreases to
641 nm in the fluid at 135 K.377

This phenomenon occurs because the dipole orien-
tational part of the solvent polarization (section I11.A)
is frozen in rigid media.139-141877-381 Eollowing ex-
citation, the translational part relaxes but the ori-
entational part is frozen. Emission occurs from
excited states surrounded by the orientational po-
larization of the ground-state rather than the equi-
librium polarization of the excited state.

Marcus treated this problem by partitioning 4, into
Ao (the part of 1, that is frozen in the glass or solid)
and Ao (the part of 1, that relaxes):38!

Ay = Ago T Agi (111)

Large amplitude dipole reorientations (collective
rotations) are the major contributor to 1,, and small
amplitude translations (phonon-like modes) to A
although the model proposed by Marcus is indepen-
dent of the origin of the A's.

In a frozen medium A,, becomes part of the energy
gap and is no longer part of the reorganizational
energy. In the classical limit, E,ps and Eem, are given
by38L

E.s(T.P) =
Aoo(TesPe) + A4i(T,P) + 4,(T,P) + AG°(T,P) (112a)

and

Eem(T’P) =
Aoo(TesPe) — A4i(T,P) + 4,(T,P) + AG°(T,P) (112b)

The energy gap becomes, AG°(T,P)+ Awo(Te,Pe), and
the reorganizational energy, 4.i(T,P) + 4i(T,P). The
guantities in these equations are, in general, func-
tions of temperature (T) and pressure (P). It is
assumed that 4 = A'. Dipole orientations in the
frozen medium are adapted to the electronic distribu-
tion of the ground state at a pressure (Pe) just below
the pressure required for freezing and/or temperature
(Te) just above the glass transition temperature Ty
(Te and P, depend on the speed of cooling). Aeo(Te,Pe)
is determined by the dielectric properties of the
solvent at T. and P, where the dipole orientations
can adapt to the electronic distribution of the ground
state. It presumably remains nearly the same in the
glass, unless there are significant changes in struc-
ture in the surrounding medium.

If 2 and AG° remain relatively constant over the
small changes in temperature and pressure in the
glass-to-fluid transition, the difference in Es be-
tween the rigid and fluid states is given by?!39:378381

E,ws(rigid) — E_ (fluid) ~ 0 (113a)
and in Eem by
E.(rigid) — E,(fluid) =~ 24, (113b)

From the two-sphere model in eq 9, 1, and A, are
given by
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Ao = ez(i +oi - 1)(i - i) (114a)

2a; 2a, d/\Dgs, D
21 1 111
Aoi = € (2a1 * 2, ol)(Dop stfr) (114b)

D is the static dielectric constant in the frozen
medium. For polar solvents it is far less than Ds (see
below). For the dipole-in-a-sphere model in eq 79,
Ao @nd Ao are given by

1 = (ﬁe - ﬁg)zll 1- Ds,fr . 1- DS (115&)
0o a® |2Dsp+1 2D +1

1= (ﬁe - lzzg)zll 1- Dop . 1- Ds,fr (115b)
o a® |2Dpt1 2Dy +1

The theoretical work by Marcus was inspired by
two seemingly conflicting sets of experimental re-
sults.378382.383  Changes in Egays for the IT bands in
biferrocene cation [(CsHs)Fe!"'(CsHs—CsHs)Fe!'(CsHs)]
and cis,cis-[(bpy).CIRuU" (pz)Ru"'Cl(bpy).]>" were mea-
sured by Hammack et al. through the fluid-to-glass
transitions in nitromethane, nitrobenzene, and aceto-
nitrile by increasing pressure at room temperature.
Band energies and band shapes varied only slightly
even though Ds decreases from 33.7 at 25° at 1 atm
to 3.4 in frozen nitromethane. This led the authors
to conclude that eq 79 is not valid and that dielectric
continuum theory had been misapplied in experi-
mental studies on mixed-valence complexes.

In a following paper by Worl and Meyer it was
pointed out that the interpretation given by Ham-
mack et al. of their data was incorrect.3”® Light
absorption is instantaneous on the time scale for
nuclear motions in either frozen or fluid solutions.
There are only slight difference between the two in
local structure and Egps is expected to be nearly the
same in both. This was demonstrated experimentally
by measuring Eaps and Ee, for MLCT absorption and
emission in [Re(bpy)(CO);sCl] in 4:1 (v:v) EtOH/MeOH
through the glass-to-fluid transition from 120 to 140
K. As expected, E,s did not shift appreciably while
Eem did (18 500 to 16 000 cm™1), as predicted by eq
113.378

According to eqs 113—115, Eem(rigid) — Eem(fluid)
is a function of 1, which varies as Au = u — pg. If
Ap is small, shifts are small and so is the rigido-
chromism. This is the case for ligand-localized, wz*
emissions from [Ir(bpy)s]®*, [Re(dppz)(CO)s(4-Etpy)],
or [Ru(bi-isoquinoline)z]?*.377.:384385

;/ \2

NN
~ o Qe
—  N= =N N=

(dppz) (bi-isoquinoline)

The effect of pressure-induced transitions on Egm
and lifetimes for [Re(phen)(CO)s;Cl] and [Re(4,7-
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(phenyl),phen)(CO)sClI] were investigated in solvents
ranging from m-xylene to DMF at room tempera-
ture.3® In nonpolar solvents such as m-xylene, Een
shifted continuously with pressure. In polar solvents,
Eem increased dramatically upon freezing. This is
predicted by eq 113 and 115 since Ds > Dgg. In
nonpolar solvents, where Ds ¢ ~ Ds, Eem(rigid) — Eem-
(fluid) =~ 0, and the effect is slight.

For [Ru(bpy)s]>™™ in 4:1 (v:v) EtOH/MeOH at room
temperature, E.n varies with P, (AE.m/AP) = —390
cm~Y/GPa, from 16 410 cm~* at 10~* GPa (1 atm) to
15680 cm~t at 1.8 GPa.®¥” The energy gap decreases
with P because Ds increases with pressure. Spectral
changes in the fluid-to-glass transition caused by
increasing the pressure at constant temperature were
similar to those induced by decreasing the temper-
ature at constant pressure. In a frozen solution at
100 K, changes in pressure had negligible effect, as
expected, because the solvent dipoles are already
frozen in the rigid lattice.

F. Solvent Effects on Excited State Ordering and
Interconversion

If two or more excited states of different orbital
origin and comparable energies coexist, changes in
solvent or temperature can cause dramatic changes
in photophysical properties and the appearance of
dual emission. There are many examples in the
literature.3®8-410 Only selected examples involving
charge-transfer excited states will be mentioned here.

One of the first observations of this kind was made
by Wrighton and co-workers on fac-[Re(3-bp),(CO)sX]
and fac-[Re(4-bp),(CO)sX] (X = Cl~, Br7, I7) in EPA
(5:5:2 (v:v:v) diethyl ether/isopentane/ethanol).3%4 In

A N

|
® ®

(3-benzoylpyridine; 3-bp) (4-benzoylpyridine; 4-bp)

a glass at 77 K both nz* (v = 1400 us for X = CI7)
and MLCT emissions (r = 18 us) are observed, but
only MLCT emission in the fluid. In the fluid,
interconversion between nz* and MLCT

[Re'(3-bp*)(3-bp)(CO),CI] —
n*(dx)°n*t
[Re'(3-bp*™)(3-bp)(CO),CI]* (116)
n?(dsn)’z**

is rapid but there is an increased barrier in the glass,
section VI.C.

Closely related phenomena have been observed for
fac-[Re(phen)(CO)3(CH3CN)]* and related complexes
in EPA at 77 K.Z3% They display an excitation-
dependent mix of long (;zz*) and short-lived (MLCT)
emissions. Interconversion between states is inef-
ficient in the glass. The MLCT state is the only
emitter in solution at room temperature.

In these cases, the lowest state is presumably
MLCT with a kinetic inhibition to nz*or mz* —
MLCT interconversion in the glass. In others the
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Scheme 1
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((bpy™)(CO);Re"1(4,4"bpy)Re'(CO)5(bpy)I** ‘% [(bpy)(CO);Re"'(4,4bpy)Re!(CO)5 (bpy)I**

hv kj

hv'// k3

[(bpy)(CO)3Re'(4,4'-bpy)Re!(CO)4(bpy)I**

actual ordering of states may change. The MLCT
state is favored in the fluid. In the transition from
glass to fluid, excited-state energies change from AG®
+ Ao to AG°. The stabilization by A4 in the fluid
favors the MLCT state since, from eq 115, Al = Ao~
(MLCT) — Ago(zr*) O (Atimicet)? — (Alin™)% and Au-
(MLCT) > Au(z*). A change in relative ordering of
states may occur for fac-[Re(4-phenylpyridine),-
(CO)sCl] in 2-propanol and EPA where only mx*
emission is observed at 77 K and MLCT emission
appears in the fluid.37¢

In 4:1 (viv) EtOH/MeOH or 2-MeTHF, fac-[Re-
(dppz)(CO)sCI] is a wa* emitter at 77 K, a dual, ww*-
MLCT emitter in the fluid below 200 K, and a MLCT
emitter at 298 K.38% The lowest state at 298 K is wz*
as shown by transient resonance Raman and UV—
visible measurements.® This is a case where zz*
is the lower state, but MLCT is shorter-lived. By 298
K, it is sufficiently populated to dominate excited-
state decay.

For [Zn(PhS)z(phen)] at 77 K in a series of solvent
glasses, there is evidence for emission from both
phen-localized, 3z7*, and ligand-to-ligand (thiol to
phen) charge transfer (LLCT) states.>*® Their rela-
tive intensities vary with glass composition. They
are comparable in 1.9 (viv) CHCI3/EtOH but the
LLCT emission increases in intensity and shifts to
lower energy as the alcohol content is increased. The
appearance of dual emission shows that zz* and
LLCT do not interconvert efficiently and that LLCT
is lower (section VI.C).

Evidence supporting “intramolecular solvation” by
the hydrocarbon “tail” in the nitrile series [Re(bpy)-
(CO)3(NC(CH2)nCH3)" (n =0, 2,5, 7,9, 10, 13, 17)
and their phenanthroline analogues was flawed
because of highly emitting isonitrile impurities in the
samples.®¥73% In a more recent study, the salt [Re-
(bpy)(CO)3(CN-t-Bu)]* was shown to be a dual emitter
at 77 K in a 9:2 (v:v) DMF/CH,CI; glass.®%

In 4:1 (v:v) EtOH/MeOH at room temperature, Re!
— bpy, Re! — 4,4'-bpy excitation of fac,fac-[(bpy)(CO)s-
Re'(4,4'-bpy)Re'(CO)s(bpy)]?*t gives an equilibrium
mixture of Re''(bpy*”) and Re'(4,4'-bpy*”) MLCT
states within 5 ns. Their interconversion by in-
tramolecular electron transfer (k, k-, in Scheme 1)
is rapid at room temperature but competitive with
decay from the excited states (ki, ks) below 180 K.4!

At room temperature, the equilibrium favors Re''-
(4,4'-bpy*") as solvent polarity is increased from
dichloroethane (Ds = 10.4), CHsCN (Ds = 36.2), to
propylene carbonate (Ds = 65.1) and the mole fraction
of Re''(4,4'-bpy*™) increases from < 0.10 to 0.55. Polar
solvents stabilize Re'(4,4'-bpy*~) over Re'(bpy*)
because of the greater dipole moment (~5.5 A vs 2.3
A). From eq 90, the difference in solvation energies

(Aws) between excited states of dipole moments i1
and g is given by

1. » 1- D,

_ = 2
s ;(ﬂe,l lLte,Z )ZDS +1 (117)

Aw,
The ordering of MLCT and ligand field (dd) states
in [Fe(bpy)(CN),]?>~ can be inverted by solvent varia-
tions at room temperature.**? MLCT is highly sol-
vent dependent due to specific interactions with the
CN~ ligands (sections I11.C.2 and IV.C) with Egs
shifting from 482 nm in H,O to 725 nm in acetone.
There is an inversion between MLCT and dd states
in these two solvents. A related effect has been
reported by Hupp et al. for [Ru(bpy)(NH3),]?>" which
is photolabile toward NH3 loss in nitromethane (DN
= 2.7) but stable in DMSO (DN = 29.8).

V. Excited State Decay. Solvent and Temperature
Effects

Excited states decay by a combination of radiative
and nonradiative processes. Nonradiative processes
include pathways in which excited states undergo
chemical reactions such as electron transfer, energy
transfer, or bond breaking, and nonradiative decay
in which excited to ground-state conversion occurs
without emission of light. Each process has an
associated solvent and temperature dependence and
each influences emission quantum yields (®ey), life-
times (7), and nonradiative rate constants (kn) (sec-
tion 11.F.2).

A. Radiative Decay

Strickler and Berg showed that k, for organic
fluorescence could be calculated from integrated
absorption spectra by using eq 34. Values were
obtained that were within 20—30% of the experimen-
tal values.!** Belletéte and Durocher measured
radiative rate constants and average emission ener-
gies for a series of 3H-indole derivatives in five
solvents.*3 A correlation was found to exist between
In(kc/n3) (n is the index of refraction) and In ¥ (v is
the average fluorescence energy, E.m) with a slope of
~11 which is larger than the predicted slope of 3
based on eq 34. This was taken as evidence that the
transition moments, M, increased with the excited-
state energy gap. It was also found that k, was
viscosity-dependent.

For 44 organic exciplexes, Gould, Farid, and co-
workers found that a linear correlation existed
between log(k./n3) and log(¥) with the expected slope
of 3 for low energy emitters.#* Exciplexes that
emitted at higher energies deviated from the correla-
tion due to changes in the extent of charge transfer.
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This increased the extent of mixing with local excited
states on the donors or acceptors and increased
transition moments.

B. Nonradiative Decay

The single mode energy gap law result in eq 37 has
been tested quantitatively for Os'", Ru", and Re!
polypyridyl complexes in the form:134.166

In(k,) = In(8,) + In(F) (118)

with the vibrational overlap term, In(F), given by

In(F) = =%, In(hwEy) — S — 2_? +
2 AV 2
et ) o
and
By = Clw\(l2)"? (120)
with, E, = |AG®°| — 1, and
(AV,,,)%116 In 2 = A kg T (121)

The complexes studied were [Os(bpy)(L)4]*" and
[Os(phen)(L)4]?", cis-[Ru(bpy)2(L).]*", and fac-[Re(4,4'-
(X)szy)(CO)3C|] (X = NH,, NEt,, NHCOCHS3, OCHs,
CHgs, Cl, H, CgHs5).134166:416 The L were a variety of

X X
aYe
=N N

(4,4-(X)2bpy)

phosphine, pyridine, arsine, and other coordinated
ligands. In(F) was calculated from E,, Awwm, Sm, and
Avy, obtained by Franck—Condon analysis of the
emission spectra (section 11.G.1). There was a cor-
relation between In(kn) and In(F) with a slope of 1
as predicted by eq 118. Both bpy and phen complexes
fall on the same correlation. From the intercept and
eq 120, In(3,) = 34. On the basis of this value and
assuming hwyx = 300 cm™, Vi ~ 1300 cm~? for Os',
600 cm™! for Re'.

1. Solvent Effects

The effect of the solvent on ki, for [Ru(bpy)s]>™ was
investigated in six polar solvents from CH,CI, to
DMF.10 In(ky,) varied linearly with E, (and Eem)
from E, = 16 150 to 16 750 cm~*. The slope of the
correlation (—7.4 £ 0.7 eV~1) was the same, to within
experimental error, as for knr in the series cis-[Ru-
(bpy)2(L)2]>" in CH,CI, at 200 K and [Os'" (bpy)(L)4]>™*
(7.5 £ 0.7 eV~1) where the energy gap was varied by
varying L.#154% The agreement between the two
shows that the important factor is the energy gap,
not how it is varied. The solvent correlations work
because y is solvent-independent and variations in
Ao are relatively small.

There are other nonradiative decay channels for
[Ru(bpy)s]?** and related Ru'' complexes.170:388:415-422
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In one, thermal activation and decay occur through
a low-lying dd state or states of electronic configu-
ration dz°do*!. The do*orbitals (g in octahedral
symmetry) are antibonding with regard to the metal—
ligand bonds leading to metal—ligand bond lengthen-
ing, rapid nonradiative decay, and ligand loss
photochemistry. This introduces a temperature de-
pendence in 7 of the form,38

_1__k+ K exp[-(AE'/RT)]
~ 1+ exp[—(AE'/RT)]

(122)

or if AE' > RT,

7' =k + K exp[-(AE'/RT)] (123)

with k = k; + kp, for the lowest, emitting MLCT state
or states. In [Ru(bpy)s]>"* there are three low-lying
MLCT states all with the dz°z*! configuration.388417
Kinetically, they behave as a single state above 100
K. The interpretation of AE' and k' in eq 123
depends on the kinetic limit assumed. In one, AE’
is the energy of activation for an irreversible MLCT
— dd surface crossing and k' the associated frequency
factor. There are additional decay channels arising
from thermal population and decay through other
low-lying MLCT states which also influence the
kinetics and temperature dependence of 7.38°

In the solvent-dependent study on [Ru(bpy)s]>™™
mentioned above, 7 and ¢.m were measured as a
function of temperature. The Kkinetic parameters
varied from k' = 4.5 x 108 s71, AE' = 3560 cm~1 in
CH.CI; to k' = 4.0 x 10® s71, AE' = 3820 cm™! in
DMF. From these data the fraction of nonradiative
events that occur through the MLCT — dd decay
channel varies from 0.37 in DMF to 0.80 in CH,Cl..
These results were discussed in terms of an irrevers-
ible MLCT — dd surface crossing with the associated
changes in electronic configuration, dz°z*! — dz®do*?.
A linear correlation was found to exist between In-
(k") and AE’ (Barclay—Butler plot) of slope 4.7 x 1073
cm~! and intercept 13.7.

For [Os(phen)s]?** in 10 nonhydroxylic solvents, In-
(knr) was found to decrease linearly with E, with the
slope of the correlation (—8.6 eV~1) comparable to
that for [Os(phen)(L)4]?"* with L varied.’68415 On the
basis of eq 119, with low-frequency modes treated
classically, a solvent dependence in ky, is predicted
with contributions from both E, and (A7y,)%:

E 2
Ink, 00— 22+ (ﬁ) 2o keT

hawy, hawy,
_ Y(Eem T 4i1) y + 1\2
= hor + (th ) Ao KT (124)

In this analysis, low-frequency modes are included
in 1, (eq 26). The importance of 4, can be seen in
the deviation of alcohols and H,O from the In(k.) vs
Eem plot for [Os(phen)s]?*™* in Figure 3A. It is
predicted by eq 124 that there should be separate In-
(knr) -Eem correlations for each solvent for a family of
complexes. In(knr) should decrease linearly with Een,
but the correlations should be offset by the difference
in solvent reorganizational energy, Al,. There is



1464 Chemical Reviews, 1998, Vol. 98, No. 4

16.5 1
° H,0
16.0 | A
-
|3
X 155
£
15.0
145
13.4 13.6 13.8 140 142 144
Eem (x 103 cm™)
16 |
15 1 MeOH B
“x S
¥=
= 14 CH,CN
£
18 1
12 1
13 14 15 16 17
Egpm (X 103 cm'1)
17 1
16 1
—_—
.z"E 15 1
e
= 14
13 1
12 1

13 14 15 16 17
-3 -1
Egm (X107 cm )

Figure 3. Plots of In(knr) VS Eem for (A) [Os(phen)s]?™* in
hydroxylic (O) and nonhydroxylic (®) solvents, and for cis-
[Os(phen),(L),]2+* (L = 1/, phen, CH3CN, etc.) in (B) CHs-
CN (°) and CH3;0OH (@), and (C) H,0 (O) and D20 (®). These
data were taken from refs 168 and 358.

evidence for this in the In(kyr) vs Eem plots in CHs-
CN and CH3OH in Figure 3B. For the family of
complexes cis-[Os(phen),(L)2]?** the slopes of the
individual correlations are —7.4 eV~! (CH3;CN) and
—7.8 eV1 (CH30OH).

Even with the apparent agreement with eq 124,
the underlying analysis is not sufficient to explain
the H,O/D,0 Kkinetic isotope effect of ~2 in Figure
3C. The data in D,0O fall on the correlation line for
the nonhydroxylic solvents. The H,O/D,O kinetic
isotope effect for nonradiative decay of [Ru(bpy)s]>™*
is ~2 as well.Z” This is necessarily a quantum effect.
There is no significant difference in dielectric proper-
ties between H,O and D,0 until the water librations
at 450—775 cm™? (section 111.A.2).2° The quantum
effect may arise through coupling with v(OH) at
~3500 cm~! as an acceptor. The coupling mechanism
would be through an electrostatic interaction between
the excited-state dipole and the asymmetrical charge
distribution in the O—H bonds of individual solvent
molecules. Even though these modes have small S
values, and may be hard to observe in resonance
Raman experiments, they could play a significant role
in nonradiative decay because of their high frequency
(section 11.F.2).
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2. Temperature Dependence

Nonradiative decay is typically dominated by
coupled medium- or high-frequency vibrations as
energy acceptors. If E, > Shw, vibrational overlaps
are not increased appreciably for levels above v =0
and they contribute little, if any, to the temperature
dependence.

Even so, the energy gap law results in eq 37 and
119 predict a temperature dependence for k. with

o(In knr)=_ y (3E0)+(y+l

2
oT R\ T, m) FoKe

+1\2
=Y As°+ (?’—M) dorks  (125)

hawy, hw

This assumes that 5, and y are independent of T and
that AS° = —(0E./9T) (eq 58).

The temperature dependence arises in the solvent
from the entropic difference between states (neglect-
ing electronic entropy) and the temperature-depend-
ent broadening of the solvent distribution. AS° can
be positive or negative depending on whether the
transition results in an increase or decrease in
solvent polarization, 4, is always positive. k,, could
increase, decrease, or be independent of T depending
on the signs and relative magnitudes of AS° and A,.

Excited state decay in fac-[Re(bpy)(CO)s(4-Etpy)] ™™
and cis-[Os(bpy)2(CO)(py)]?*™* in 4:1 (viv) EtOH/
MeOH from 170 to 260 K for Re' and 160—220 K for
Os'"' is free of kinetic complications from higher dd
or MLCT states.®”* Spectral fitting was used to
evaluate E,, hw, Sy, and Avy, and In(F). kn was
evaluated from lifetime and quantum yield measure-
ments (eq 31). Comparison between experimental
values of (Aln(knr)/AT) and values calculated by eq
125 gave for fac-[Re(bpy)(CO)s(4-Etpy)]**, 2.1 x 1073
K™t vs 8.3 x 1072 K1 and for cis-[Os(bpy).(CO)-
(PY)]?**, 3.7 x 103 K tvs 2.6 x 1072 K™%, Given the
assumptions involved, the agreement is impressive
providing further confirmation of the ability of the
energy-gap law to account for nonradiative decay.

C. Time-Dependent Effects

Application of modern, ultrafast lasers has allowed
transient measurements to be made on dynamical
processes on time scales approaching femtoseconds.
This allows dynamics of relaxation processes to be
observed directly on short time scales and is provid-
ing new insight into early time events in electron
transfer and related processes.?8:394280-94,423-427 Typj-
cally, solvent dynamics are measured by observing
time-dependent absorption or emission spectral shifts
as the solvent relaxes and the energy gap decreases.
There have been many measurements of this kind,
largely, on organic charge-transfer excited states. A
distribution of relaxation processes has been observed
ranging from tens of femtoseconds to several pico-
seconds for ordinary solvents at room temperature.

In some cases, time-dependent spectral shifts have
been analyzed by using the correlation function in
eq 126:28:80428:429
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V(t) — V()

O =50 = (=)

(126)

In this equation »(0) and »(t) are the energies of the
absorption or emission maximum at time O or time t
after excitation. 7() is the energy after relaxation
and equilibration. On ultrafast time scales the decay
of C(t) is biphasic. On longer time scales, C(t) decays
exponentially for solvents whose dielectric properties

can be described by the simple Debye function in eq
1:427

C(t) = exp[—(Ur,)] (127)

and 7, is related to the longitudinal relaxation time,
T, by

T, & 7, = (€,/€,)Tp (128)

€. and ¢, are the optical and static dielectric constants
and 7p the Debye relaxation time. For alcohols, €(w)
includes multiple regions of Debye-like behavior and
C(t) is nonexponential. The correlation function in
eq 126 has been used to analyze time-dependent
shifts in emission energies of polar fluorescent probes
in solution following ultrafast laser excitation.80.81.87

This technique has been applied to emission from
cis-[Ru(bpy)2(CN),]*.439431 |ts maximum is time de-
pendent in methanol, ethanol, 1-propanol, or 1-bu-
tanol at —20 °C and decay kinetics nonexponential.
At early times, E.n, shifts to the red, but past 2 ns
remains constant and decay is exponential since the
solvent is equilibrated. The decay data were fit to a
biexponential function with z, for the slower compo-
nent coinciding with the longest of the three longi-
tudinal relaxation times in the bulk solvents. The
faster component, which accounted for more than half
of the decay, was suggested to arise from local
heating due to above-threshold excitation or to faster
relaxation of solvent molecules in the first few
solvation shells around the complex.

Femtosecond pump—probe measurements on the
mixed-valence complex in eq 129 reveal the existence

of multiple time scales for reaction and relaxation:
432—-434

[(NHZ)sRu" (NC)RU'(CN)g] ™
[(NHz)sRu"(NC)RU"(CN)s]™ (129)

Electron transfer occurs on the 80 fs time scale which
is far shorter than the 500 fs time scale for solvent
reorientation and longer than the time scale for
inertial (translational) dynamics (20 ~ 30 fs). Elec-
tron transfer precedes solvent reorientation which
increases the energy gap and the electron-transfer
barrier. Electron transfer is sufficiently rapid that
the product is formed in hot, nonequilibrium vibra-
tional levels as shown directly by transient vibra-
tional measurements.*3

Time dependences also appear on longer time
scales in media such as polymeric films and in the
glass-to-fluid transition region of solvents where
there are slow relaxation processes. If time scales
for relaxation and excited state decay are comparable,
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the two processes are coupled kinetically. As the
medium relaxes, the energy gap decreases. This
causes spectral shifts to the red and decreasing
lifetimes. These phenomena are related to those
observed on ultrafast time scales in fluids, but they
occur on a slower time scale in these orientationally
more restrictive environments. Coupling with excited-
state decay is extended in time, and this can result
in nonexponential decay kinetics over a significant
fraction of the decay.

Balzani et al. measured emission spectra and
lifetimes for a series of Ru'' polypyridyl complexes
in 4:5 (v/v) propionitrile/butyronitrile between 250
and 84 K.®84 Significant changes occurred through
the glass-to-fluid transition region with t fit to, 1/t
= BA1 + exp[C(L/T — 1/Tg)]} with C, B, and Tg
empirical parameters. To explain the temperature
dependence, a nonradiative decay pathway was in-
voked which is “frozen” in the glass but operative in
the fluid. It was also suggested that solvent repo-
larization could play a role within the glass transition
region by enhancing nonradiative decay.

For [Ru(bpy)s]?t* in 4:1 (v:v) EtOH/MeOH, Fergu-
son and Krausz noted that Een shifted to lower
energy as the temperature was increased through the
glass to fluid transition.**®> The spectrum was time
dependent at 130 K. The shifts and time dependence
were attributed to a transition from a delocalized
state, in which the excited electron was delocalized
over all three bpy ligands [Ru"'(bpy=3);]?**, to a
localized state in which it was localized on one,
[Ru"'(bpy*~)(bpy)2]?** (section I11.B). It was sug-
gested that the delocalized-to-localized transition
might be induced by movement of the charge-
compensating anions into positions more favorable
for charge localization on one ligand.**> However,
time-resolved emission measurements on [Ru(bpy)s]-
Xz (X = CI7, CIO4~, PFg), [Ru(4,4'-(Ph).bpy)s](PFs)2
(4,4'-(Ph),bpy is 4,4'-diphenyl-2,2'-bipyridine), and
[Ru(bpy).(4,4'-(CO2Et)2bpy)](PFe)2(4,4'-(COET):bpy is
4,4'-bis(ethylcarboxylato)-2,2'-bpyridine) revealed that
shifts in Eem (AEem =~ 620 cm™1) were nearly inde-
pendent of anion and ligand structure.380:43%5-437 For
cis-[Ru(bpy)2(CN);], AEem = 1030 cm™1 is nearly twice
that for the dications, even though the molecule is
neutral.

Danielson et al. proposed that the shifts were due
to solvent relaxation.®”® Shifts for [Os(phen)(das).]***
and [Os(phen),(das)]?** (das = 1,2-bis(dimethylarsi-
no)benzene) were comparable even though [Os(phen)-
(das)»]*"* has only one acceptor ligand, ruling out a
delocalized-to-localized transition. For cis-[Os(bpy).-
(CO)(py)]?*™*, just below and just above the glass-to-
fluid transition, In(knr) varied linearly with E, con-
sistent with the energy gap law.1*!

In the glass or fluid, the ensemble of excited states
is surrounded by a homogeneous or near homoge-
neous solvent distribution and the energy gap law
applies. As the glass softens, partial relaxation of
the surrounding orientational polarization occurs
during the lifetime of the excited state. Those excited
states that decay at later times have a decreased
energy gap. The energy gap becomes time-dependent
and knr assumes the form:
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In(ky (1) ~ A = yE (Do, (130)

This creates a continuous or near continuous distri-
bution of lifetimes and nonexponential decays.

These ideas have been pursued in more detail
experimentally for a series of Ru'' polypyridyl com-
plexes in the glass transition region in 4:1 (v:v) EtOH/
MeOH.387 The correlation functions C(t) describing
the time dependence of E., were nonexponential but
could be fit to the biexponential expression in eq 131
with relaxation times 7,1 and 7.

C(t) = Aexp[—(Uz,y)] + (1 — A) exp[—(t/7,,)] (131)

In(zy1) or In(zy,) varied linearly with 1/T with the
magnitudes of 7,; and 7., increasing in deuterated
alcohols. Ee¢n was not time-dependent in aprotic
solvents such as DMSO, CH3;CN, or propylene car-
bonate at their freezing points. From this observa-
tion and the appearance of an isotope effect, it was
concluded that H-bonding was responsible for the
time-dependent shifts, although a related behavior
was observed in 2-MeTHF as well.

From emission spectral fitting, E, and S decrease
as the glass softens.'#1438 (Av,),)? increases linearly
with T, but there is a discontinuity at the glass
transition, below which (Av,)? becomes nearly tem-
perature-independent. This is predicted by the analy-
sis in section IV.E since in the glass, 1,, becomes part
of the energy gap and only A, contributes to the
bandwidth, (Av,12)? = 16KgT A In 2.

Time-dependent effects have been observed for
MLCT emitters in other media including polymeric
films. For [Ru(bpy)2(5-NH;-1,10-phenanthroline)]-
(PFs)2 bound to chlorosulfonated polystyrene by sul-
fonamide binding, —NHSO,—, E.n, is time-dependent
and decays nonexponentially with CH3;CN as the
external solvent.*®® Emission decays were fit to the
biexponential function in eq 131 with, 7; = 115 ns
and 7, = 700 ns with E¢n shifting from ~ 605 nm at
20 ns to ~620 nm at 100 ns. Lifetimes were nearly
exponential with the polymer dissolved in DMSO or
in dry films at 77 K. These observations point to a
film relaxation process on the tens of nanoseconds
time scale which is kinetically coupled to excited-
state decay.

In electrochemically polymerized films of poly[Ru-
(vbpy)s](PFs)2 (Vbpy is 4-methyl-4'-vinyl-2,2'-bipyri-
dine), E.m shifts to lower energy with time, and
decays are nonexponential.**® In copolymeric films
of poly[Ru(vbpy)s](PFe)2, poly[Zn(vbpy)s](PFe)2, Eem,
and 7 approach values observed in polar solvents, and
the decays become nearly exponential as the mole
fraction of Zn" is increased from 0 to ~0.9. The Zn"
complex has no low-lying excited states and acts as
an inert diluent of comparable size. Energy transfer
to low-energy “trap” sites formed by excited state-
ground-state interactions was invoked to explain the
time dependence of Eem.

The photophysical properties of [Ru(bpy)s]?** have
been investigated in thin films,*17447 in zeolites,48~452
and clays and layered inorganic solids.*3~461 Excited
state decay is nearly exponential in the films but
nonexponential in the rigid inorganic matrixes. Life-
times are temperature dependent, consistent with eq
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123, but k' and AE' are characteristic of thermal
activation and decay through a higher lying MLCT
state (k' = 10"—10%° s71; AE' = 300—1500 cm™)
rather than a MLCT — dd surface crossing. For [Ru-
(bpy)2(daf)]?t (daf is diazafluorene) in zeolite Y com-
pared to water, the magnitude of AE' is increased by
~1700 cm~* compared to 4:1 (v:v) EtOH/MeOH.

These media are also stabilizing with regard to
photochemical ligand loss from complexes such as cis-
[Ru(bpy)2(py)2]?* which lose ligands with high qua-
tum efficiency in solution. Stabilization has been
attributed to an inhibition to MLCT — dd surface
crossing by increasing the activation barrier. This
is a differential effect with dielectric effects destabi-
lizing MLCT relative to dd and an internal pressure
effect increasing A and the classical energy of activa-
tion for barrier crossing. Other factors that may
contribute are limited translational diffusion of the
leaving group and an increased barrier to ligand loss
from the dd state.

VI. Solvent Effects on Electron Transfer

The role of solvent on electron transfer has been
discussed extensively in the literature.684344-48 |t
influences AG° and contributes to the reorganiza-
tional energy (4,) (section 11.B). In some cases
electron-transfer dynamics are dictated by the
solvent.”®%  For bimolecular reactions involving
ions, the dielectric properties of the solvent influence
the spatial distribution of the ions by their ability to
screen the charges and this contributes to the mag-
nitude of ket as well (section 11.B).

Because the literature is extensive, the emphasis
here will be on two areas, electron transfer in the
“inverted region” and electron transfer in rigid media.
The influence of rigid media on charge-transfer
absorption and emission were discussed in section
IV.E. In the inverted region, the driving force
exceeds the reorganization energy, —AG° > 1 and
there are similarities with nonradiative decay (sec-
tion 11.E).

A. Electron Transfer in the Inverted Region

As illustrated in Figure 4 electron transfer in the
inverted region occurs with the reactant energy curve
nested within the product curve. In(ket) is predicted
to decrease quadratically with —AG®, by classical
barrier crossing as illustrated in Figure 4B (eq 24).
If there are coupled medium- or high-frequency
vibrations (Figure 4A), transitions from vibrational
levels below the intersection between potential curves
become important. In the energy gap law limit, In-
(ker) varies linearly with —AG°.

1. Solvent and Medium Effects

After being predicted by Marcus,?4662 the inverted
region escaped experimental detection for nearly two
decades. The first observations were made by pulse
radiolysis in glasses between spatially separated
molecules by Miller462463 and indirectly by electro-
generated chemiluminescence by Bard et al.464465
Since then, evidence for the inverted region has been
found in a number of systems.*67489 The first
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Figure 4. Schematic energy-coordinate diagram illustrat-
ing electron transfer in the inverted region (A) by vibra-
tional channels below the intersection between the two free
energy surfaces (nuclear tunneling) and (B) by classical
barrier crossing.

unambiguous, intramolecular example was the land-
mark work of Closs and Miller.#66-4%8 Rate constants
for intramolecular electron transfer between a bi-
phenyl radical anion donor and a series of organic
acceptors (A) across a steroid spacer were measured
by pulse radiolysis:

) @
A —
©
‘A .

The dependence of In(ket) on AG° could be ac-
counted for by eq 25 with Awm = 1500 cm™3, Sy =
2.4, Hpa = 6.2 cm™%, and 4, ~ 0.75 eV in 2-meth-
yltetrahydrofuran, 0.45 eV in di-n-butyl ether, and
0.15eV in isooctane. The variation of 4, with solvent
was qualitatively consistent with dielectric con-
tinuum theory (eq 9) but the AG® values used in the
correlations were obtained from electrochemical mea-
surements in DMF with an added supporting elec-
trolyte.

Back electron transfer in [(4,4'-(X).bpy*~)Re'(CO)s-
(py-PTZ*H]* (X = CH30, CHj3, H, C(O)NEt,, CO,Et)
and [(bpz")Re!(CO)s(py-PTZ )" (bpz is 2,2'-bipyra-
zine):

[(4,4(X)bpy )Re'(CO),(py-PTZ")]* ~=-
[(4,4'-(X),bpy)Re'(CO),(py-PTZ)]" (133)
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has been studied by laser flash photolysis in 1,2-
dichloroethane.*84485 |n the series, the variations in
—X cause AG° to vary from —1.5 to —2.3 eV, and ket
decreases by ~30. In(ker) decreased linearly with
|AG®| as predicted by eq 29.

ker for back electron transfer in eq 134 was
measured in seven polar solvents with Ker

[Re'(CO),(bpy" CH,PTZ")CI] iak
[Re'(CO),4(bpyCH,PTZ)CI] (134)

(bpyCH,PTZ)

varying from 4.3 x 108 s7! in benzonitrile to 6.7 x
108 s in propylene carbonate.*®® By using eq 29,
the two-sphere model in eq 9 for 1, neglecting
electrostatic interactions between bpy*~ and —PTZ",
and assuming —AG® > J,, In ke is given by

° 2
In kep O — V;Lif,, L+ (VhZMl) KeT2,

AE 2
T (V + 1) kBTez(i +

hawy, hawy, 2a,
1 1\ 1 1
2 dlog ~5) @

In this equation, AE1, = E1/2(—PTZ0) — E1/2(bpy?").
Experimentally, the variation in ket with solvent was
found to fit the equation, In(ket) = 22.5 + 3.4 AE
+ 1.2(1/Dyp — 1/Ds). The coefficient y/hw = —3.4eV1
was taken from the correlation of In(ket) with AG®
for back electron transfer in [(4,4'-(X).bpy~)Re!(CO)s-
(Py-PTZN)]" (eq 133).

For back electron transfer in eq 133 with X = H,
ket in CH,CICH,Cl increased from 1.05 x 107 to 1.65
x 107 s71 as the ionic strength was increased from
0.0002 to 0.32 M with added [N(n-C4Hg)4](PFs).%8 The
effect leveled off past 4 = 0.16 M. AG°® values were
obtained by electrochemcial measurements. The
results could be explained qualitatively by invoking
the energy gap law and the effect of ion pairing in
decreasing the energy gap.

A similar observation has been made in contact ion
pairs by Thompson and Simon.#?> In nonpolar ethyl
acetate, addition of [N(n-C4Ho)4]CIO, causes a de-
creases in the driving force and an increase in Ker.
In CH3CN there was no change in ket with added
1.0 M [N(n-C4Hg)4]ClOs,.

The effect of added electrolyte was also investigated
for the electron-transfer reaction in the normal region
shown in eq 136 which was studied by pulse radi-
olysis.*®* In tetrahydrofuran (THF) with © = 10—30
mM, ket was found to decrease by up to 2—3 orders
of magnitude relative to the value in neat THF as
the size of the cation in the electrolyte was increased.
The magnitude of the effect increased with the size
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of the cation in a series of tetraphenylborate salts
where the cation was varied from Lit to [N(n-
CigHs7)4]t. This was an unexpected result since
electrostatic interactions decrease with increasing
cation size. The energy of the transannular charge-
transfer band in the 6,13-dihydropentacene anion,
measured under similar conditions, shifts to higher
energy as the size of the cation (C*) decreases, as
expected.

C+’ z

-

C+a b

2000 R™

The discrepancy between the two observations was
explained as a dynamical effect. Translational mo-
tion of the charge-compensating cation is coupled to
thermal electron transfer and this motion may dic-
tate the magnitude of v, in eq 2. The dynamics of
ion atmosphere relaxation have been studied by time-
resolved emission measurements of probe molecules
in electrolyte solutions on fast time scales.49274%
Compared to the neat liquid, an additional compo-
nent was observed in the decay kinetics that was
attributed to the relaxation of the ion atmopshere.

Inverted region electron transfer has been studied
in contact radical ion pairs (CRIP) formed by laser
flash photolysis of organic donor—acceptor complexes
such as hexamethylbenzene—1,2,4,5-tetracyanoben-
zene (TCB,HMB):185496-49%8

v _ K
HMB,TCB -~ HMB*, TCB~ —~ HMB,TCB (138)

These complexes emit and emission spectral fitting
and resonance Raman were used to evaluate the
electron-transfer barrier. The solvent dependence of
ket has been measured for the CRIPs formed from
phthalic anhydride or pyromellitic dianhydride or
other acceptors and aromatic donors. ket decreased
with —AG*® as predicted by eq 29. When the effect
of solvent on AG° was taken into account, plots of
In(ket) vs |AG?®| fell on separate correlations for data
obtained in ethyl acetate, acetone, or acetonitrile,
consistent with eq 124 and variations in 4, between
these solvents as for nonradiative decay in Figure 3B.

The difference in distance dependence predicted for
normal and inverted electron transfer by Marcus and
Sutin 143 499500 (section I1.E) has been incorporated
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into an analysis explaining how electrogenerated
chemiluminescence (ecl) yields vary with solvent for
electron transfer between MogCly,~ and MogCl143~ or
4-cyano-N-methylpyridinium radical 502502 The latter
reaction proceeds by two distinct electron-transfer
channels. One gives an excited state of the cluster
(and emission). The other gives the ground state, eq

139:
P N 4+
MoCl,,™ + Nc4<\3N—CH3

TN 4+
— MoCl, > + Nc—<\3N—CH3

(139)

MoCl, + Nc—@N’— CH,

On the basis of a somewhat convoluted analysis,
it was concluded that in polar solvents (acetone and
a series of nitriles), electron transfer to the ground
state (which is favored by —2.13 to —2.30 eV) occurs
across a single intervening solvent molecule. In CH,-
Cl,; and CH,CICH,CI, which are nonpolar, electron
transfer occurs with the reactants in close contact.

The difference in distance dependence has also
been investigated for intramolecular electron transfer
in a series of Ru' chromophore—quencher com-
plexes.*® The photoinduced forward electron trans-
fer occurs in the normal region while thermal back
electron transfer occurs in the inverted region. The
distance dependence of ker for forward electron
transfer (3 = 1.38 A1) is twice as great as for back
electron transfer (3 = 0.66 A-1). This difference can
be accounted for by including the distance depen-
dence of 4.

A solvent dynamical effect has been reported for
back electron transfer in a cofacially linked porphy-
rin.50% Excitation at 532 nm gives an intramolecular
contact radical ion pair followed by back electron
transfer to the ground state. In seven solvents—CHo-
Cl,, acetone, dimethylformamide, and a series of alkyl
acetates—a nearly linear dependence was found
between ket and ;7! as predicted by eq 12. There
was no obvious variation in ket with the energy gap
and no attempt was made in the analysis to incor-
porate the solvent dependence of either AG® or 4.

In a more recent paper, ker was found to vary
linearly with 7,71 in series of nitriles and acetates,
but the data in the two types of solvents fell on
different correlations with dramatically different
slopes.®04%05  The difference was attributed to a
difference in activation energies. For a Zn'' porphy-
rin—modified free base chlorin analogue, AG° was
less favorable by 0.3 eV, there was a decrease in
activation energy, and ket ~ 717. ket fell on the same
linear correlation in both sets of solvents.

2. Temperature Dependence

If there are coupled medium- or high-frequency
vibrations, the temperature dependence of electron
transfer in the inverted region is expected to be
different from the normal region and like that for
nonradiative decay (eq 125). There is no requirement
for barrier crossing but there can be a temperature
dependence. It arises from the entropic difference
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arising from changes in frequency and densities of
states in the coupled solvent modes and from the
temperature-dependent solvent distribution function
which incorporates 1,. In the inverted region, ket
could increase, decrease, or even be independent of
temperature. If the energy gap law applies, In(ket)
is predicted to vary with T, and not 1/T as in the
usual Arrhenius temperature dependence.

Some of these predictions have been borne out
experimentally. For the electron-transfer reaction in
eq 132 with A = naphthalenyl, AG® ~ 0 in
2-MeTHF.5% A classical temperature dependence
was observed with In(kerT~/2) varying linearly with
1/T. A value of AH* = 0.22 eV was calculated from
the slope of the correlation. AG° was calculated from
the measured equilibrium constant and 4, from eq 9
by using Ds and Dgp values for 2-MeTHF measured
at each temperature.

With A = benzoquinone, AG° = —2.29 eV at room
temperature, electron transfer occurs in the inverted
region, and ket is nearly temperature independent.5%”
The data were analyzed by using eq 25 and param-
eters obtained in previous studies.

The energy gap law result equivalent to eq 125 for
nonradiative decay is

9 In Kgr AS° + 1\2
~_ 2 4
T hor, + (th ) Ao Kg  (140)
AS° in eq 140 does not include electronic entropy. A,
includes low-frequency vibrations treated classically.

The dependence of ker on T has been tested
experimentally for the reaction in eq 134.4%° In(ker)
was found to increase linearly with T from 223 K (ket
=6.33 x 106s71) to 303 K (ker = 7.11 x 10%s7%) in
propylene carbonate with 3(In(keg7)/0T) = 9 x 107
K~1. From temperature-dependent electrochemical
measurements, AS° = 12 cal mol~* K. The positive
value is expected because charge is neutralized in the
reaction. From these values and y/hw = 3.4 eV 1,
hwm ~ 1300 cm™!, the value 1, ~ 0.4 eV was
calculated by using eq 140. This value is in good
agreement with an estimate made from self-exchange
rate constants for related —PTZ ™ and bpy®~ couples.

B. Electron Transfer in Rigid Media

Electron transfer reactions that occur readily in
fluid solution are often inhibited or even cease to
occur in rigid media.'314° This is not always the
case. Electron transfer continues to occur in the
reaction centers of some photosynthetic bacteria even
at 4 K, 5087511 gand in glasses between isolated donors
and acceptors*63-465512-516 or molecular assemblies
140517-520 if the reactions are highly favored.

This apparent rigid medium effect has the same
origin as the rigid medium effect on emission (section
IV.E) and nonradiative decay (section IV.B). It arises
because Ao, becomes part of AG® rather than 4,.139:381
The free-energy change in a frozen medium, AG¥; is
related to that in the fluid, AG§, by

AGE, = AG + g, (141)
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Figure 5. Energy-coordinate diagram for an excited-state
electron transfer in fluid (solid curves) and frozen media
(dashed curves). The various energy quantities are defined
in the text.

The classical barriers to electron transfer in frozen
(AG¥%) and fluid (AG#) media are related by

(/‘Li + ;Loi + (AG?r + /100))2 —
4(ﬂ'i+ j'oi)

AGE =

1+ Mt AGH (142)
i+l ™

From the dielectric continuum expressions for A, and
Aoi In €qs 114 and 115, A(AG*) = AGE — AGH,
increases in polar media and with the electron-
transfer distance.

The rigid medium effect on photoinduced electron
transfer is more complex. An example is illustrated
in Figure 5 based on eq 133, in which initial Re! —
bpy excitation is followed by —PTZ — Re!'' electron
transfer. The energy of the initial Re"(bpy*~) MLCT
state is AGif + Aoo1- AGSy is the free energy of the
MLCT excited state above the ground state in the
fluid and Ay 1 is the frozen part of its solvent reor-
ganizational energy. AG§ for —PTZ — Re'' electron
transfer is given by

AGF = (AG3 — AGT ) + (Roo2 — Aood)

= A(AGgsq) + Ay, (143)
and the classical free energy of activation by
Ai + Ao + AGR)
AGﬁz( i oi fr) (144)

4(/1i + Aoi)

In eq 143, AG34 and A4 refer to the second state.
Electron transfer is spontaneous (AG3 s < 0) when

(AG3q + ZAgo2) < (AGTq + Ago1) (145)
The inverted region is reached when
—[A(AGEs ) + Aol > (4i + 4q) (146)
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On the baiss of this analysis, the reorganizational
energy is lower in a frozen solution than in the fluid.
The driving force (—AG®) is either greater or less,
depending on whether Ay, is positive or negative.
The sign of Al depends on the difference in charge
distribution between reactants and products and
whether solvent polarization increases or decreases.
It is positive for the intramolecular electron transfer
in Figure 5 and this increases AG#.

The importance of driving force for photoinduced
electron transfer in rigid media has been demon-
strated experimentally.?® Emission from [Re(4,4'-
(X)2bpy)(CO)3(MQ™)]?+ (MQ™ is N-methyl-4,4'-bipyri-
dinium cation, section 111.C.1) for X = H was observed
in 4:1 EtOH/MeOH at 77 K with no evidence for
significant quenching by intramolecular electron
transfer (eq 147). In [Re(4,4-(NH,)bpy)(CO)s(MQH)J?T,
electron transfer does occur as shown by the appear-
ance of a Re''(MQ)-based emission. At room tem-
perature in CH3;CN, AG° for 4,4-(X),bpy’~ — MQ*
electron transfer decreases from ~—0.49 eV (X = H)
to —1.0 eV (X = NH,). Related observations have
been made in 4:1 EtOH/MeOH at 77 K for cis-[Ru-
(Mesbpy)2(MQ™)2]*" (Mesbpy is 4,5,4' 5'-tetramethyl-
2,2'-bipyridine) compared to cis-[Ru(bpy)2(MQ™)2]*".52

[Re"'(4,4'-(X),bpy")(CO);,(MQ > —
[Re''(4,4'-(X),bpy)(CO);(MQ)*" (147)

This is not simply a temperature effect.>?” For
[Re(4,4-(NH2)bpy)(CO)3s(MQ")](PFs)2 in poly(meth-
ylmethacralyte) (PMMA) or in a powdered sample of
the salt, there is evidence for electron transfer by the
appearance of the characteristic red-shifted emission
from Re''(MQ*). For [Re(bpy)(CO)s;(MQ™)](PFs), the
emission is largely from Re''(bpy*).

The influence of driving force on electron transfer
was studied in 2-MeTHF for a family of derivatized
porphyrins, having quinone or tetracyanoquino-
dimethane acceptors (eq 148).51°

R

R Acceptor

R

R = phenyl or pentyl
M =Znor2H

Acceptors:
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'porph*-A porph*-A’

rep

porph-A (148)

The free energy change for charge separation to give
porph*-A-, AGgs, is

AGg, = AG;, — E, (149)

AG{, is the free energy of the charge-separated
state, porph*-A-, above the ground state. It was
obtained by electrochemical measurements. Esis the
energy of the lowest porphyrin singlet state from
fluorescence measurements. The driving force at
which AGgs ~ 0 was estimated by the onset of
biphasic decay kinetics which gave 1, ~ 0.80 £ 0.05
eV. With this value in hand, it was possible to fit
ket to eq 24. ket reached a maximum at AG° = —0.6
eV from which it was estimated that 4; + 4. & —AG®
= 0.6 eV.

For back electron transfer in the inverted region
in a rigid medium, it follows from eq 29 that

In kg O —

Y(IAGq + 4q0) N (y + 1)

Ao Aw I(BT(ioi + j'i,L)

(150)

An increase in energy gap is predicted to decrease
ket in frozen solution compared to the fluid. This
effect has been observed both for electron transfer
in eq 151 and nonradiative decay in eq 152.51” The

[Re'(4,4-(CO,EL),bpy")(CO)4(py-PTZ )" —
[Re'(4,4-(CO,EL),bpy)(CO)4(py-PTZ)]" (151)

[Re''(4,4-(NH,),bpy)(CO)3(MQ")]>*+* —
[Re'(4,4-(CO,Et),bpy)(CO);(MQ)I*" (152)

rate constants for both are decreased by ~40 in
PMMA compared to CH3;CN because of the frozen
medium effect. In PMMA the energy gap is increased
by Ae2 (eq 141) relative to a fluid with comparable
dielectric properties.

C. Interconversion between Excited States

The dynamical rigid medium effect can also inhibit
interconversion between different excited states of
the same molecule. Examples were cited in section
IV.F involving ligand-localized and MLCT excited
states in fac-[Re(3-benzoylpyridine),(CO):X] (X = CI-,
Br—, 17) and fac-[Re(phen)(CO)3(CH3;CN)]*. In these
complexes, emission was observed from both ligand-
localized and MLCT states in EPA glasses but only
from the MLCT state in the fluid. The MLCT state
lies lower in either medium.

As for nonradiative decay to the ground state,
section I1.F.2, these interconversions involve transi-
tions between different electronic states of the same
molecule. Interconversion between them involves a
change in electronic distribution rather than electron
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transfer. It is induced by “promoting modes” which
mix the electronic wave functions of the two states
and cause the transition.

As for electron transfer, the medium is coupled to
the transition if there is a change in polarization. In
a glass or frozen solution, 1,, becomes part of the
driving force (eq 143), which increases the free energy
of activation (eq 144). The change in solvent polar-
ization between states appears in eq 146 by the
difference, Adoo = Aoo2 — ZAoo1. This quantity can
either decrease or increase the driving force, AG§,
depending on the relative magnitudes of 1q,1 and Aqo 2.

For a ma* — MLCT transition, 7lda87z*! — #z2dnd7*1,
A2 > Awo1, @nd Ady > 0. There is an increase in
reorganizational energy because 1, varies with the
square of the dipole moment (eq 92) and |gmict| >
ltiz|. This increases AG# over AGf{ and AG¥ over
AG¥ increasing the barrier in the rigid medium. This
explains why both MLCT and sz* emissions are
observed in the glass for fac-[Re(3-benzoylpyridine),-
(CO)sX] (X = CI7, Br~, I") and fac-[Re(phen)(CO)3(CHs-
CN)]* even though MLCT is lowest lying. In the fluid
AG* is decreased (AG# >AGH) and the interconver-
sion is rapid.

This analysis predicts that if the order of the
excited states is reversed, nz* or wz* < MLCT, the
opposite situation should hold. The rate constant for
MLCT — zzr* interconversion should increase in a
rigid medium. There is experimental evidence that
this is the case. In fac-[Re(dppz)(CO)sCl] the order-
ing of excited states is wz* < MLCT. This complex
is an MLCT emitter in fluid solution, but there is no
evidence for MLCT emission in the glass. Similarly,
fac-[Re(4-phenylpyridine),(CO);CI] in 2-propanol or
EPA is an MLCT emitter in solution but a zz*
emitter in the glass. In these cases MLCT excitation
appears to be followed by rapid MLCT — zz* inter-
conversion, as predicted.

VII. Overview and Conclusions

In this review we have attempted to document a
variety of charge-transfer phenomena and how they
are influenced by the medium in which they occur.
Some unusual effects exist, but there is a general
framework for analyzing many of them, often quan-
titatively. The level of understanding is high, but
much remains to be learned before the role of solvent
(or the medium) is completely understood. As a way
of summarizing the current level of understanding,
generalizing our observations, and helping to point
to future developments, we offer the following com-
ments.

A general theoretical framework exists for
understanding solvent effects (Section I1). At
the most fundamental level, it is based on time-
dependent perturbation theory and the Golden rule
(section I1.C). It treats solvent effects in absorption,
emission, electron transfer, and nonradiative decay
in a quantitative manner with a common theoretical
framework. The theory is independent of specific
models used for the solvent, such as a dielectric
continuum, but does rely on application of the Con-
don approximation and the separation of electron and
nuclear coordinates in defining the barriers between
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states. It is not applicable to cases where the solvent
is coupled strongly to internal electronic structure
which differs between states, section 111.D.3 and
Iv.C.

Parameters for spectral (absorption and emission)
and dynamical (electron transfer and nonradiative
decay) processes are related when they occur between
the same states. The same vibrations and solvent
modes are coupled to the transitions. This allows
spectral parameters, or combinations of spectral
parameters and AG°®, to be used to calculate relative
or absolute rate constants for electron transfer or
nonradiative decay and their temperature depend-
ences.

The relationships, Eaps = AG® + 4, Eem = AG®
— 4, are fundamental but accurate only for
Gaussian bands in the classical limit. AG°is the
correct energy quantity in these relationships but
only if temperature effects are dominated by the
solvent with Aw = |v — o'| < w,w' for low-frequency,
collective solvent modes (section 11.G.2). In general,
absorption and emission band shapes are convolu-
tions of overlapping vibronic components and absorp-
tion and emission maxima are complex functions of
AG®, Ao, Sj and hwj for the coupled vibrations.

AG® and /1, have different microscopic origins and
different solvent and temperature dependences. This
limits the fundamental insight gained by simple
absorption and emission band measurements. It also
limits the ability of solvent scales based on these
measurements to provide fundamental insight.

There is still an open question as to whether the
solvent reorganizational energies that appear in the
simple band-shape equations are internal energy or
free energy quantities. This is a point of fundamen-
tal importance that remains to be resolved.

In the absence of specific solvent effects,
dielectric continuum theory does give an ade-
quate accounting of the solvent dependences of
AG°® and 4, which can be separated by spectral
fitting. Application to specific cases relies on adop-
tion of an appropriate dielectric cavity for the solute.
A future direction should be implementing new
procedures for modeling charge distributions and
molecular geometries with more realistic models,
perhaps based on procedures used to calculate sur-
face charge distributions in proteins.

Initial results from molecular theories of the sol-
vent are encouraging and calculationally accessible
since solvent molecules past the first solvation layer
can be modeled as a continuum (section 111.A.2).
Future developments will lead to further refinement
but, hopefully, at not too great a cost in added
mathematical complexity and without the loss of
physically transparent models.

Specific-solvent effects arising from H-bond-
ing or electron pair, donor—acceptor interac-
tions tend to dominate the solvent dependence
when they occur (Section 111.C.D). They can shift
absorption maxima by thousands of wavenumbers,
change AG® for electron transfer by tens of kilocalo-
ries per mole, induce intramolecular electron trans-
fer, and cause selective solvation. There is no general
theory to explain these effects but in ammine or
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cyano complexes they do correlate with the Gutmann
donor or acceptor numbers. They are additive in the
number of NH3z or CN~ ligands and affect AG° and
Ao differently.

If specific-solvent effects dominate, there are im-
portant fundamental consequences. One is that the
solvent is coupled to the internal electronic structure
of the solute. This complicates the analysis of
spectral band shapes because it mixes solvent and
electronic coordinates, the Condon approximation is
no longer valid, and A, is different for absorption and
emission.

Continued theoretical work is required, hopefully
resulting in physically transparent, parametrized
theoretical models. They must incorporate specific
interactions and their effects on internal electronic
structure and changes that occur in electronic struc-
ture between states.

There is a continuing need for the develop-
ment of models for collective solvent orienta-
tional modes and translational phonon-like
modes and how they couple to electron trans-
fer. Invoking collective harmonic motions and treat-
ing them quantum mechanically provides physically
transparent models which are more intuitive than
continuum models and introduces temperature ef-
fects and entropy in a satisfying way.

Medium dynamics play various roles in charge
transfer depending on their time scales relative
to charge transfer (section V.C). For electron
transfer in the normal region, solvent reorganization
is required, is an important part of the barrier, and
can be limiting dynamically in the adiabatic limit.
On ultrafast time scales, the medium relaxes to
adjust to the charge distribution of the state that is
newly formed causing time-dependent spectral shifts
and nonexponential decays. In polymeric films or
glass-to-fluid transitions, relaxation times are slower
and, when coupled to excited-state decay, cause time-
dependent shifts in emission spectra and nonexpo-
nential kinetics.

There are special effects in rigid media. In
rigid media, the orientational part of A, becomes part
of the driving force increasing AG°®, the electron-
transfer barrier, and emission energies. In photoin-
duced electron transfer, the classical electron-transfer
barrier can be increased or decreased compared to
the fluid depending on the relative magnitudes of
solvent reorganizational energies with the ground
state. A related effect exists for excited-state inter-
conversion.

For the experimentalist, all of this is satisfying.
There is a useful theoretical framework which can
explain a variety of phenomena and account for
solvent and temperature effects. For the theoreti-
cian, much remains to be done. Continued advances
and a close interplay between theory and experiment
are required. More sophisticated models are needed
and new formalisms which include coupling between
solvent and electronic coordinates. The goal is to
achieve a higher level of quantification based on
physically transparent models which are quantitative
without the loss of intuitive insight.
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