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C O N S P E C T U S

Seminal insights provided by the iconic R. S. Mulliken and his “charge-transfer” theory, H. Taube and his “outer/inner-
sphere” mechanisms, R. A. Marcus and his “two-state non-adiabatic” theory, and N. S. Hush and his “intervalence” the-

ory are each separately woven into the rich panoramic tapestry constituting chemical research into electron-transfer dynamics,
and its mechanistic dominance for the past half century and more. In this Account, we illustrate how the simultaneous meld-
ing of all four key concepts allows sharp focus on the charge-transfer character of the critical encounter complex to evoke
the latent facet of traditional electron-transfer mechanisms. To this end, we exploit the intervalence (electronic) transition
that invariably accompanies the diffusive encounter of electron-rich organic donors (D) with electron-poor acceptors (A) as
the experimental harbinger of the collision complex, which is then actually isolated and X-ray crystallographically estab-
lished as loosely bound π-stacked pairs of various aromatic and olefinic donor/acceptor dyads with uniform interplanar sep-
arations of rDA ) 3.1 ( 0.2 Å. These X-ray structures, together with the spectral measurements of their intervalence
transitions, lead to the pair of important electron-transfer parameters, HDA (electronic coupling element) versus λT (reor-
ganization energy), the ratio of which generally defines the odd-electron mobility within such an encounter complex in terms
of the resonance stabilization of the donor/acceptor assembly [D, A] as opposed to the reorganization-energy penalty required
for its interconversion to the electron-transfer state [D+•, A-•]. We recognize the resonance-stabilization energy relative to
the intrinsic activation barrier as the mechanistic binding factor, Q ) 2HDA/λT, to represent the quantitative measure of the
highly variable continuum of inner-sphere/outer-sphere interactions that are possible within various types of precursor com-
plexes. First, Q , 1 identifies one extreme mechanism owing to slow electron-transfer rates that result from the domi-
nance of the intrinsic activation barrier (λT) between the encounter and successor complexes. At the other extreme of Q g
1, the overwhelming dominance of the resonance stabilization (HDA) predicts the odd-electron mobility between the donor
and acceptor to occur without an activation barrier such that bimolecular electron transfer is coincident with their diffu-
sional encounter. In between lies a potentially infinite set of states, 0 < Q < 1 with opposing attractive and destabilizing
forces that determine the location of the bound transition states along the reaction coordinate. Three prototypical potential-
energy surfaces evolve as a result of progressively increasing the donor/acceptor bindings (HDA) extant in the precursor com-
plex (at constant λT). In these cases, the “outer-sphere” mechanism is limited by the weak donor/acceptor coupling that
characterizes the now classical Marcus outer-sphere mechanism. Next, the “inner-sphere” mechanism derives from moder-
ate (localized) donor/acceptor bindings and includes the mechanistic concept of the bridged-activated complex introduced
by Taube for a wide variety of ligand-based redox dyads. Finally, the “interior” mechanism is also another subclass of the
Taube (inner-sphere) classification, and it lies at the other extreme of very fast electron-transfer rate processes (heretofore
unrecognized), arising from the spontaneous annihilation of the donor/acceptor dyad to the delocalized (electron-transfer)
complex as it descends barrierlessly into the chemical “black hole” that is rate-limited solely by diffusion.
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1. Historical Perspective

Electron-transfer concepts that originate from the confluence

of four major insights commencing 50 or so years ago per-

vade the modern development of fast chemical dynamics. Ini-

tially, Mulliken1 conceived the diffusional interaction of an

electron-rich donor (D) with a relatively electron-poor accep-

tor (A) to form reversibly the encounter complex [D,A] that is

spontaneously observed as vivid colors related to the optical

(charge-transfer) transition identified in eq 1.

D + A {\}
diffuse

[D, A] {\}
hνCT

[D+•, A-•] (1)

Almost simultaneously, the mechanistic classification of inor-

ganic electron transfers of mostly octahedral (coordination) com-

plexes was formulated by Taube2 based on a pair of distinct and

separate pathways involving outer-sphere (OS) and inner-sphere

(IS) processes in which the critical encounter complexes can be

qualitatively differentiated as depicted in eq 2.

The theoretical development of intermolecular electron

transfer followed a few years later as a result of Marcus’ for-

mulation3 that was inspired by Taube’s depiction of outer-

sphere electron transfer in which the activation barrier was

identified with the non-adiabatic or weakly adiabatic intercon-

version between the encounter (or precursor) complex and the

successor complex, that is,

D + A {\}
diffuse

[D, A] {\}
ET

[D+•, A-•] {\}
diffuse

D+• + A-• (3)

Most interestingly, the Marcus formulation of bimolecular elec-

tron transfer according to eq 3 shares a common path with Mullik-

en’s concept of non-adiabatic electron transfer via the diffusion-

controlled donor/acceptor preequilibrium step in eq 1. Indeed,

Hush4 simultaneously recognized the charge-transfer transition in eq

1 as the signal earmark of the important donor/acceptor electronic

coupling (HDA) that characterizes the [D, A] associate, and his inde-

pendent development of intervalence electron-transfer theory oth-

erwise (more or less) paralleled Marcus theory.

The intense and successful experimental validations of

Marcus theory over the ensuing 40 or more years have

largely focused on the electron-transfer behavior of weakly

coupled (octahedral) redox dyads with HDA < 200 cm-1, so

that the computational task is considerably facilitated to

approximate the non-adiabatic or weakly adiabatic limitations

of the outer-sphere electron-transfer mechanism.3,5 By con-

trast, studies of adiabatic electron-transfer processes that char-

acterize the inner-sphere mechanism2 are singularly bereft of

quantitative (theoretical) insights. The latter is somewhat

understandable when one considers the experimental diffi-

culty of rigorously identifying the structural parameters

required by the actual isolation of the heretofore putative (inti-

mately bound) inner-sphere encounter complex, especially in

fast bimolecular electron transfers. [Note that such a limita-

tion is not imposed on outer-sphere electron transfer because

the requisite structural parameters of the loosely bound pre-

cursor complex (such as they are) are obtained from the

readily accessible and intact reactants and products.]

Our interest in electron-transfer concepts derives from a dif-

ferent perspective, the focus being centered on the bimolecu-

lar interaction of organic electron donors (as nucleophiles) and

electron acceptors (as electrophiles).6 Especially important is

the widely applied Mulliken theory that provides three impor-

tant experimental probes that can be invoked in the diffusion-

controlled formation of the “collision” or encounter complex,

hereinafter referred to generically as the charge-transfer com-

plex in eq 1, namely, (1) the instantaneous spectroscopic iden-

tification and characterization of [D, A],1,7a,b (2) their isolation

and X-ray structures,7c and (3) the laser-induced optical (non-

adiabatic) excitation of the HOMO–LUMO transition by time-

resolved spectroscopy.8

Although the conceptual relationship between the Mulliken

(charge-transfer) formulation in eq 1 and Marcus electron-

transfer theory in eq 3 may seem to be obvious, for some

unknown reason their direct (experimental) interrelationship

has never been rigorously established. Accordingly, we begin

this Account with the experimental demonstration of how the

charge-transfer complex unambiguously relates to the adia-

batic electron-transfer process. For our studies, Table 1 con-

tains some prototypical electron donors (D) and electron

acceptors (A) that are comprised of aromatic or olefinic redox

centers with one or more unsaturated C-C bonds, together

with their acronyms to facilitate their ready identification. In

every case, the associated one-electron oxidation products

(D+•) or reduction products (A-•) are all persistent cation or

anion radicals and structurally characterized (X-ray) so that the

free-energy changes for electron transfer are readily obtained

from the relevant oxidation (Eox
0 ) or reduction (Ered

0 ) potentials

in Table 1.9

(2)
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2. Spectral Detection and X-ray Structures
of “Collision” Charge-Transfer Complexes
Instantaneous coloration observed during the very fast (diffu-

sive) encounter of an electron donor (D) with an electron

acceptor (A) in solution,7a as well as in the gas phase,7b augurs

the formation of the “collision” complex [D, A]. The first report

of such a transient 1:1 complex is that between the benzene

donor and the dibromine acceptor,10 which constitutes the

experimental basis for the Mulliken’s development of charge-

transfer theory,1 the ground- and excited-state wave functions

being formulated as

ΨGS ) aΨD,A + bΨD+ · A- · and ΨES ) bΨD,A - aΨD+ · A- ·

(4)

so that the optical color derives from the nonadiabatic ΨGS f

ΨES transition. Most noteworthy is the subsequent isolation

and X-ray structure in Chart 1 of this and some related charge-

transfer complexes in which the degree of charge transfer q

(roughly corresponding to the normalization ratio b/a from

eq 4) increases with donor and acceptor strength and can

even approach unity (100%).11

3. Reversible Interchange of Charge-
Transfer versus Electron-Transfer States
Of the various donor/acceptor combinations available from

Table 1, we focus on those D/A dyads in which the electron-

transfer driving force is close to isergonic, that is, -∆GET )
F(Ered

0 - Eox
0 ) ≈ 0, to represent the optimum combination for

the equitable balance between charge-transfer and electron-

transfer observations.12

A. Charge-Transfer State. Immediately upon mixing the

colorless solution of the 2,2,6,6-tetramethylbenzo[1,2-d:4,5-

d′]bis[1,3]dioxole (TMDO) donor with that of the 2,3-dichloro-

5,6-dicyano-p-benzoquinone (DDQ) acceptor in dichloro-

methane, the mixture turns bright green, and the new char-

acteristically broad near-IR band appears, the absorption

change with concentration and temperature (Figure 1A,B) of

which coincides with the reversible equilibrium in eq 5.12

TMDO + DDQ {\}
KCT

[TMDO, DDQ] (5)

The experimental formation constant of the charge-trans-

fer complex is established as KCT ) 5.0 at 15 °C with the typ-

ical thermodynamic parameters: ∆HCT ) -8 kcal M-1, and

TABLE 1. Some Prototypical Electron Donors and Electron Acceptors

a Given in V vs SCE in dichloromethane at 22 °C. b In tetrahydrofuran.

CHART 1
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∆SCT ) -25 eu. The Mulliken correlation of the HOMO–

LUMO gap, measured as Eox
0 - Ered

0 for TMDO in combination

with various acceptors as indicated in Figure 1C, confirms the

charge-transfer character of the new NIR absorption band.12

B. Solvent Dependence of the Electron-Transfer
States. The use of more polar solvents such as acetonitrile or

propylene carbonate (PC) in the bimolecular interaction of

TMDO and DDQ at the same concentrations and temperature

leads to the composite red spectrum in Figure 2 (left) princi-

pally consisting of the superposition of D+• and A-• (insets)

diagnostic of the electron-transfer state, that is

TMDO + DDQ {\}
KET

[TMDO+•, DDQ-•] {\}
diffuse

TMDO+• +

DDQ-• (6)

following which the subsequent diffusive separation of the ion

pair is rapid in these polar solvents.

C. Interchange of Electron-Transfer and Charge-
Transfer States. Progressively lowering the temperature of

the TMDO/DDQ solutions results in the gradual emergence

of the characteristically broad charge-transfer spectrum in

Figure 2 (right) at the expense of the electron-transfer spec-

trum. This, together with the clear isosbestic point at λiso )

640 nm establishes the direct conversion of the electron-

transfer state to the charge-transfer state. Thus these tem-

perature modulations of the electron-transfer state, together

with the preequilibrium in eq 6, provide unambiguous evi-

dence for the facile and direct interchange with the charge-

transfer state, that is,

[TMDO, DDQ] {\}
KCT/ET

{TMDO+•, DDQ-•} (7)

Such a reversible interchange between the charge-transfer and

electron-transfer states typically occurs with KCT/ET ) 5.6 ×
104 M-1 and the thermodynamic constants ∆HCT/ET ) 6 kcal

M-1 and ∆SCT/ET ) 5 eu at 23 °C. [Note that our spectral stud-

ies do not distinguish among free ions, ion pairs, etc.]

4. Spectral Elucidation and X-ray
Structures of the Critical Encounter
Complex
The electron-transfer cross-exchange reactions between elec-

tron donors and acceptors (as in eq 6) with near isergonic driv-

ing forces thus provide the optimum opportunity to

demonstrate the critical role of the charge-transfer complex to

FIGURE 1. Concentration (A) and temperature (B) dependence of the intervalence absorption of [TMDO, DDQ] in dichloromethane and (C)
Mulliken plot for TMDO complexes with various acceptors, as indicated.12

FIGURE 2. Electronic (UV-NIR) spectrum (left) of the electron-transfer state (black) as the spectral superposition (red) of TMDO+• and DDQ-•

(insets) and temperature-dependent spectra (right) showing the simultaneous decrease of the electron-transfer state and increase of the
charge-transfer state.12
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represent the encounter complex in bimolecular electron

transfers, that is,

D + Aa [D, A]a D+• + A-• (8)

A. Chemical Kinetics. The chemical kinetics of such a

dynamic system, however, are experimentally difficult to eval-

uate quantitatively. Accordingly, we turn to the equivalent

half-reactions in the form of the simplest electron-transfer

counterparts, that is,

D + D+•a D+• + D and A-• + Aa A + A-• (9)

in order to study the corresponding self-exchange mechanism

since they are both constrained to -∆GET ) 0. Most impor-

tantly, Weissman and co-workers13 earlier showed how the

kinetics of such fast self-exchanges can be accurately moni-

tored by magnetic resonance measurements involving EPR

line-broadening. Figure 3 typically illustrates the progressive

line-broadening of the EPR spectrum of DDQ-• attendant upon

the successive addition of DDQ in the slow-exchange limit

leading to the collapse into one line, which is then narrowed

in the fast-exchange limit to provide the unambiguous second-

order rate constant of kSE ) 2.5 × 109 M-1 s-1 at 23 °C in eq

10,9 and the temperature dependence of kSE yields the

DDQ-• + DDQa DDQ + DDQ-• (10)

experimental activation energy for electron transfer as Ea )
1.6 kcal mol-1.

B. Spectral Identification of the Transient Encoun-
ter Complex. The simultaneous monitoring of the EPR

changes in Figure 3 by the independent examination of the

electronic spectra in Figure 4 reveals the appearance of a

new absorption band in the near-IR region with its maxi-

mum at λCT ) 1406 nm (εCT ) 3 × 103 M-1 cm-1). The

absorbance increase with successive additions of DDQ con-

firms the reversible formation of the charge-transfer com-

plex with KCT ) 11 M-1, the temperature dependence of

which affords ∆HCT ) -3.2 kcal mol-1 and ∆SCT ) -6 eu.

It is important to note that the spectral characteristics of the

new (red-shifted) NIR absorption band shown in Figure 4

(left) mirror those of the broad charge-transfer absorption in

Figure 1, and thus it is likewise assigned to the intermolec-

ular electronic transition in the charge-transfer complex,9,14

that is,

DDQ-• + DDQ {\}
KCT

[DDQ-•, DDQ]98
hνIV

[DDQ, DDQ-•]

(11)

and the new NIR absorption will be hereinafter referred to as

the intervalence transition.

C. X-ray Structure of the Encounter Complex. When

the equimolar solution containing DDQ-• and DDQ in dichlo-

romethane is cooled to -65 °C and carefully overlaid with

hexane, it deposits dark brown crystals of the 1:1 precursor

complex, the X-ray crystallographic analysis of which indi-

cates the singly (negative) charged dimeric unit of a pair of

cofacial DDQ moieties lying atop of each other (but slightly

slipped) at the interplanar separation of rDA ) 2.95 Å, as

shown in Figure 5. The C-C bond length analysis of the DDQ

moieties in the dimeric anion relative to those extant in sep-

arate DDQ-• and DDQ units indicates that the unpaired elec-

tron is distributed more or less equally between each half.

Indeed, the cofacially stacked dimeric units characterize the

structure of all precursor complexes isolated heretofore (Table

2).15 Most importantly, the interplanar separation in every

case lies within a rather narrow range of rDA ) 3.1 ( 0.3 Å,

which is significantly larger than any covalent-bonding dis-

tances but approximately 0.3 Å closer than the sum of their

van der Waals separation, independent of whether the 1:1

precursor complex bears a single negative charge from an

FIGURE 3. Progressive line-broadening of the EPR spectra of
DDQ-• accompanying incremental addition of DDQ.

FIGURE 4. Increase of the NIR spectrum (left) of (DDQ)2
-•

accompanying the addition of DDQ to DDQ-• and Correlation
(right) of the (DDQ)2

-• intervalence band (red arrow) vs Mulliken
plot of other DDQ charge-transfer complexes with various donors
(D, in blue), from ref 14.

FIGURE 5. ORTEP diagram of the cofacially stacked (DDQ)2
-• with

interplanar separation of rDA ) 2.95 Å.
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anionic donor (i.e., A-• and A) or a single positive charge from

a cationic acceptor (i.e., D+• and D) as in eq 9. It is also impor-

tant to note that Table 2 includes the X-ray structures of the

charge-transfer complex of the TMDO/DDQ dyad that is

involved in the electron-transfer cross reaction described in

eqs 5 and 6. Striking are the strong similarities of the cofa-

cial structures, with essentially the same rDA values among all

precursor complexes, irrespective of whether they are involved

in the electron-transfer cross reaction (eq 8) or in the constit-

uent self-exchange processes (eq 9).

5. Electronic Structures of the Encounter
Complex
The diagnostic intervalence transition, together with the X-ray

structure, provides the key to unraveling the electronic struc-

ture of the precursor complex. According to Mulliken,1 the

π-π stacking of monomeric donor/acceptor units in the pre-

cursor complex (Figure 5) favors the electronic coupling of

their frontier orbitals, which in the case of neutral [D, A] is the

HOMO/LUMO, with the cationic D2
+• is the HOMO/SOMO, and

in the case of anionic A2
-• is the SOMO/LUMO, as graphically

illustrated in Chart 2, where the arrows represent the energy

gaps of the bonding/antibonding orbitals.

The electron-transfer barriers in such precursor complexes

according to the two-state Marcus/Hush theory1,2,5 derive from

two opposing parameters: (a) the reorganization energy (or

intrinsic barrier), λT, and (b) the electronic coupling element (or

resonance stabilization), 2HDA. As a result, two (extreme) types

of precursor complexes are to be expected, those in which

λT/HDA > 2 and those in which λT/HDA < 2, and these belong

to class II and class III, respectively, according to the classical

Robin-Day classification of mixed-valence complexes.16 It fol-

lows that the potential-energy surface for self-exchange in

class II systems consists of a pair of isergonic ground states

whereas only a single broad ground state pertains to class III

systems, as graphically depicted in Chart 3.

In class II self-exchanges, the electronic coupling element

can be obtained from the intervalence transition via the Hush

relationship:4

HDA ) 0.0206(νIV∆ν1⁄2εIV)1⁄2/rπ (12)

where ∆ν1/2 is a full width at half-maximum (cm-1) of the NIR

absorption band, εIV is its extincttion coefficient (M-1 cm-1),

and rDA is the separation (Å) between the donor/acceptor cen-

ters. Likewise, the reorganization energy is equated to the

intervalence transition: λT ) νIV.5 Of the various D/D+• and

A-•/A dyads we have examined, the analysis of intervalence

transitions indicate that λT ) 7000 and 5000 cm-1 for the

TCNE-•/TCNE and TTF/TTF+• dyads (TCNE ) tetracyanoethyl-

ene and TTF ) tetrathiafulvalene), respectively, and for the

same pairs, HDA ) 1100 and 1600 cm-1, so that electron

transfer within these localized precursor complexes must occur

TABLE 2. X-ray Structures of Ion-Radical and Charge-Transfer Complexes15

CHART 2

CHART 3
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reversibly by the odd-electron hopping between the two

equivalent energy minima illustrated in Chart 3 (left).

According to the two-state Mulliken-Hush formulation, the

intervalence transition provides direct insight into the fully

delocalized electronic structure illustrated in Chart 3 (right) of

the class III precursor complex for self-exchange, that is, νIV )
2HDA.17 The values of HDA are listed in Table 3, together with

those evaluated for the corresponding class II complexes (vide

supra).

Let us now establish how theoretical insight will validate

the electron-transfer parameters that are experimentally mea-

sured from the intervalence spectral data.

6. Theoretical Computation/Validation of
the Electron-Transfer Parameters for
Robin-Day Class II and III Encounter
Complexes

A. Computation of HDA. The theoretical treatment of the

electronic coupling elements for the precursor complexes is

based on the energy splitting according to Mulliken of the

symmetric and antisymmetric orbital combinations in Chart

218 at the ab initio Hartree–Fock level with the 6-311G* basis

set and by DFT calculations (B3LYP). The computations of the

orbital energies are taken from the orthogonal (X-ray) coordi-

nates and one-half of the difference of the highest symmet-

ric and antisymmetric occupied orbitals, and these correspond

to the values of HDA for D2
+• (Table 3). The same is applied

to the lowest symmetric and antisymmetric virtual orbitals as

employed in the computations of HDA for A2
-•. The concor-

dance of the calculated values of HDA with the correspond-

ing experimental (intervalence) values based on HDA ) νIV/2

is illustrated in Figure 6 for a series of Robin-Day class III pre-

cursor complexes; and this provides the unmistakable valida-

tion of the two-state Mulliken-Hush theory to correctly predict

the electronic structures of the intermolecular encounter com-

plex, especially for the strongly bound class III systems. For the

more weakly coupled class II analogues, the agreement is less

precise largely owing to the ambiguities as to the applicabil-

ity of the separation parameter rDA determined from the solid-

state data. For such, the discrepancy is attributed to the less-

constrained librational movements between monomeric

moieties that are possible for these unusually long-bonded

precursor complexes in solution.19

B. Computations of λT. According to Marcus,3 the intrin-

sic barrier, λT, for intermolecular electron transfer in solution

is comprised of the intramolecular component, λi, and the sol-

vent component, λo, that is, λT ) λi + λo.

The intramolecular contribution is calculated according to

Marcus–Hush theory as the difference between the initial dia-

batic state with the electron located on donor (D or A-•) with

the reactant in relaxed geometries and the final diabatic with

the same molecular geometry but with the electron transferred

to the acceptor (D+•or A), that is,

λi
calcd ) {Ec(rn) + En(rc)} - {En(rn) + Ec(rc)} (13)

where rn and rc are the optimized coordinates and En and Ec

are the energies of the donor and its counterpart.20 Accord-

ingly, we first optimize these geometries and determine their

energies, En(rn) and Ec(rc) via DFT computations with aid of

Gaussian 98 (6-311G* basis and B3LYP functional). Then

the single-point calculation of acceptor in the geometry of the

donor leads to Ec(rn), and the donor in the geometry of the

acceptor produces En(rc). Typically, in (TTF)2
+• the energy dif-

ference corresponds to λi
calcd ) 2.3 × 103 cm-1 or 6.8 kcal/

mol.19

The solvent contribution to the reorganization energy has

been successfully evaluated by the Marcus two-sphere model

for non-adiabatic (or weakly adiabatic) electron transfer, espe-

cially of octahedral coordination redox dyads. However, we

TABLE 3. Comparison of the Theoretical and Spectral Evaluations
of the Coupling Elements15

D2
+•

or A2
–•

νIV,
103 cm-1

R-D
class

HDA(spectral),b

103 cm-1
HDA(theor),c

103 cm-1

(OMB)2
+• 5.5 III 2.8 2.3

(OMA)2
+• 4.1 III 2.0 1.5

(TTF)2
+• ∼5.3a II (1.6) 3.6

(NAP)2
+• 9.5 III 4.8 4.6

(TCNE)2
–• ∼7.0a II (1.1) 4.2

(DDQ)2
–• ∼7.5a II [III]d 3.7 (1.8) 3.4

(DBQ)2
–• ∼7.1a II [III]d 3.5 (1.8) 2.9

(TCNQ)2
–• 4.5 II [III]d 2.3 (1.4) 1.9

a Solvent dependent. b As HDA ) νIV/2 or via eq 12, in parenthesis.
c B3LYP/6-311G*. d Brackets reflect our uncertainty in the assignment to either
class II or III.

FIGURE 6. Concordance of the theoretically calculated (DFT) HDA

versus the experimental HDA evaluated from the NIR absorption
bands.15
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find such computations to be generally inapplicable to

Robin-Day class II and III encounter complexes consisting as

they do of a pair of closely coupled redox centers of the type

examined herein. Thus, in these dyads, the experimental

solvent probe affects only class II encounter complexes,

as typically illustrated for (TTF)2
+• in Figure 7 (left); but under

the same conditions the corresponding intervalence transi-

tion of class III, as represented by (OMB)2
+• (OMB ) octam-

ethylbiphenylene) in Figure 7 (right), is essentially unaf-

fected.15

With such a striking solvent differentiation of class II and III

encounter complexes, we now treat solvation somewhat more

realistically by computing λo as the free-energy change of the

inertial solvent response to the solute cavity occupied by D2
+•

or A2
-• by replacing the limiting Marcus outer-sphere model

with

λo ) Gs(ε∞1, ε∞2, ... , ε∞N, ∆q) - Gs(ε01, ε02, ... , ε0N, ∆q)

(14)

where ∆q is the point-charge representation of the full shift in

the charge density in the encounter complex upon electron

transfer.21 As such, the dielectric continuum is based on the

full solution of the Poisson equation for the solute cavity

(described by the X-ray structure of either D2
+• or A2

-•)

immersed in the solvent environment of different dielectric

zones with each characterized by an ε0, ε∞ pair. Indeed, the

agreement of the intrinsic barriers calculated in this manner in

Table 4 (columns 2 and 4) with those obtained from the

experimental intervalence transition (columns 3 and 5) pro-

vides compelling validation of the X-ray structures (Table 2) to

correctly predict the structural response of the critical encoun-

ter complex to the solvent environment.

7. Steric Inhibition Leading to Outer-
Sphere Encounter Complexes
The resonance stabilization (HDA) of the encounter complex

plays a key role in lowering the activation barrier for elec-

tron transfer. Importantly, this attenuation is directly related to

the red shift of the intervalence (or charge-transfer) absorp-

tion according to the Hush eq 12 that visually signals the

existence of such an encounter complex. According to the

expectations of Mulliken-Hush theory, the energy and inten-

sity of the intervalence (charge-transfer) transition depicted in

Chart 2 will be strongly attenuated by conceptually enlarg-

ing the interplanar separation (rDA) between the planar cofa-

cial dyads in the encounter complex.22 This is experimentally

FIGURE 7. Electronic (NIR) spectra of (TTF)2
+• (left) and (OMB)2

+• (right) measured in CHCl3 (blue), CH2Cl2 (black), acetone (red), CH3CN
(orange), tetrahydrofuran (THF, light blue), diethyl ether (green), propylene carbonate (PC, gray), and DMF (pink) (from ref 15).

TABLE 4. Quantitative Comparison of the Calculated Intrinsic
Barrier with the Experimental Reorganization Energy Obtained from
the Intervalence Absorptiona

TTF TCNE

solvent λT(calcd) λT(exptl) λT(calcd) λT(exptl)

chloroform 4.36 4.65
tetrahydrofuran 5.29 5.13 5.81 6.67
dichloromethane 5.45 4.73 6.01 6.60
acetone 6.46 5.71 7.18 7.35
dimethylformamide 6.42 5.92 7.11 7.41
acetonitrile 6.82 5.81 7.62 7.25
propylene carbonate 6.62 5.71 7.34 7.37

a From ref 15.

FIGURE 8. Comparison of rDA for sterically open (left) and hindered
(right) encounter complexes.
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achieved in the illustrative conversion of the 2,5-dimethylhy-

droquinone ether (DMB) to the analogous 2,5-di-tert-butyl

donor (DBB) that results in the corresponding increase of rDA

from 3.2 to 5 Å in Figure 8.9

Indeed, such a steric effect is noted in the total absence of

the intervalence band expected of the t-butyl-hindered

(DBB)2
+• under the same conditions that the methyl analogue

DMB shows its strong CT absorption at λIV ) 1850 nm (ε )
530 M-1 cm-1). Similar steric inhibition of the encounter com-

plex is encountered in the substituted phenylenediamine cat-

ion radical TPPD+•, as well as in the phenothiazine analogue

PrPTZ+• illustrated by the ORTEP diagrams in Figure 9, and we

conclude that in each case, the encounter complex is too

weak23 for the experimental observation of the intervalence

transition and will result in HDA < 200 cm-1, which is char-

acteristic of outer-sphere complexes.9

8. Modulation of the Electron-Transfer
Kinetics by the Encounter Complex
The rather wide range of second-order electron-transfer rate

constants that are available from the EPR broadening exper-

iments accords well with the electron-transfer parameters

(λT and HDA) evaluated from the spectral measurements (as

well as by computation) to allow the direct comparison suf-

ficient to emphasize the critical importance of the precur-

sor complex according to the generalized scheme in eq 3.

Thus for the self-exchange processes in eq 9, the second-

order rate constants for the bimolecular electron-transfer

are described by

1/kSE ) 2/kdiff + 1 ⁄ (KCTkET) (15)

where kdiff is the diffusion rate constant, KCT is the formation

constant of the precursor complex, and kET ) νn exp(-∆G*/

(RT)) is the first-order intracomplex electron-transfer rate con-

stant. The activation barrier for the self-exchange electron

transfer with ∆GET
0 ) 0 is5a,b

∆G * ) (λT - 2HDA)2/(4λT) (16)

The application of eqs 15 and 16, together with the reorga-

nization energies and electron coupling energies for the var-

ious D2
+• and A2

-•, leads to the calculated second-order rate

constants presented in Table 5 (column 3), which are indeed

in reasonable agreement with the experimental values (col-

umn 4) to underscore the kinetic (and mechanistic) importance

of the encounter complex.9,14 [Note that for the sterically hin-

dered systems, the rate constants are approximated as kSE )
Z exp(-∆G*/(RT)), where Z ) 1011 M-1 s-1 is taken as the col-

lision frequency.]

9. Generalized Mechanisms for Electron
Transfer via the Energetic Differentiation
among Encounter Complexes
Owing to the critical importance of the precursor complex in

establishing the activation barrier and kinetics of the bimo-

lecular electron transfer in eqs 15 and 16, let us consider how

the potential-energy surface (PES) evolves from the two impor-

FIGURE 9. ORTEP structures of sterically open donors (left) and their hindered analogues (right).

TABLE 5. Comparison of the Experimental and Calculated Rates
Constants for Electron-Transfer Self-Exchange of Organic Ion
Radicalsa

ion
radical

∆G*,
(kcal/mol)

kSE(calcd),
(109 M-1 s-1)

kSE(exptl),
(109 M-1 s-1)

encounter
complexb

OMB+• 0 3.2c 2.4 III
OMA+• 0 6.3c 2.5 III
TMPD+• 2.9 0.8 2.3 II
TPPD+• 6.2 0.003 0.01 OSd

PTZ+• 1.3 7.0 4.7 II
PrPTZ+• 3.2 0.4 0.3 OSd

DMB+• 2.2 1.0. 1.5 II
DBB+• 3.3 0.3 0.1 OSd

TTF+• 0.4 7.5 2.7 II
TCNE-• 2.2 10 4.3 II
DDQ-• 1.2 7.5 2.5 II/III
TCNQ-• 0.6 7.5 3.3 II/III

a In CH2Cl2, from ref 9. b According to Robin-Day classification unless noted
otherwise. c The calculated difference is due to different experimental values
of KCT.

15 d OS ) outer-sphere complex.
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tant electron-transfer parameters, HDA and λT. According to

Sutin,5 the adiabatic ground-state and the excited-state ener-

gies are obtained from the two-state model via the intersec-

tion of the diabatic states at each point (X) along the reaction

coordinate:

EGS,ES ) (Hbb + Haa)/2 ( ((Hbb - Haa)
2 + 4HDA)1⁄2/2 (17)

where Haa ) λX2 and Hbb ) ∆GET + λ(X - 1)2 represent the

energies of the initial and final diabatic states.

The potential-energy diagrams in Figure 10 represent three

limiting types of ground-state surfaces (in red) as defined by

the magnitude of the electronic coupling energy within the

particular encounter complex at the same value of the reor-

ganization energy (λT).
9 The red curves are strongly differen-

tiated at the intersection of the initial (blue) and final (green)

diabatic curves to represent the change in the activation bar-

rier, ∆GET
0 , by the amount λT - 2HDA (eq 16), that is, the inter-

play between the “intrinsic” barrier, λT, and the “resonance”

stabilization, HDA. As such, the three limiting potential-energy

surfaces in Figure 10 can be typically classified as (A) with HDA

, λ/2, (B) with HDA e λ/2, and (C) with HDA > λ/2.

Experimentally, Figure 10A is found for the sterically

encumbered donor/acceptor dyads such as (TPPD)2
+• with

small HDA values (<250 cm-1), Figure 10B is found in

(TMPD)2
+• showing class II behavior with medial HDA values

(∼1700 cm-1), and Figure 10C shows the tightly bound

(OMB)2
+• displaying class III behavior with large HDA values

(∼2500 cm-1) when taken relative to λT (arbitrarily) set at

4000 cm-1. As such, the Mulliken-Hush delineation of the

potential-energy surfaces necessitates the reevaluation of the

general mechanistic proposal in eq 3 into three distinctive

mechanisms based on the magnitude of the resonance stabi-

lization relative to the intrinsic barrier by quantitatively des-

ignating the donor/acceptor binding factor, Q ) 2HDA/λT, as

the unique structural characteristic of each encounter com-

plex.9 [Note that the donor/acceptor binding factor is desig-

nated as Q owing to its direct relationship to the degree of

charge transfer, q, which locates the encounter complex along

the reaction coordinate, that is, Q ) (1 - (1 - 2q)2)1/2 for

∆GET
0 ) 0 and Q < 1.11b].

A. Weakly Coupled PES. Figure 10A encompasses steri-

cally hindered encounter complexes in which the interplanar sep-

aration of rDA ≈ 5–6 Å is characterized by electronic coupling

elements of HDA ≈ 100–300 cm-1, and Q , 1. Their adiabatic

(state) energies are likely to approximate those of the diabatic

states, with notable deviations being only observed at or around

the transition state. No significant resonance stabilization of the

(strongly localized) ground state of the precursor complex is evi-

dent, and thus its formation constant is usually insufficient for

experimental measurements. Indeed, all of these electron-trans-

fer characteristics mirror those of the traditional (inorganic) outer-

sphere mechanism,2 and we conclude that at the limit of very

weak HDA couplings, the potential-energy surface in Figure 10A

is therewith interchangeable.

B. Medially Coupled PES. Figure 10B applies to donor/

acceptor dyads that are sterically and electronically open to

rather intimate encounters with values of rDA ) 3.0-3.3 Å and

HDA ) 1000-3000 cm-1 that result in substantial diminutions

of the transition-state energies separating the localized (class II)

encounter complex from the successor complex. Thus even for

(TMPD)2
+• with a relative low 2HDA/λT ratio or with 0 < Q < 1,

the electron-transfer barrier is roughly halved relative to those in

Figure 10A, and the significant ground-state stabilization leads to

KCT ≈ 0.1-1.0 M-1, which renders the encounter complex quite

observable in solution. However, the self-exchange rate constants

are close to the diffusion-controlled limit, and the evaluation of

kSE according to eq 15 leads to second-order rate constants in

accord with those calculated in Table 5. The PES in Figure 10B

includes the traditional (inorganic) inner-sphere or bridged mech-

FIGURE 10. Potential-energy surfaces for self-exchange electron transfer (red) relative to the excited states (black) based on the two-state
Mulliken-Hush formulation from ref 9.
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anism2 and is predicted to cover a wide-ranging continuum of

second-order rates.

C. Strongly Coupled PES. Figure 10C encompasses

donor/acceptor dyads lying at the other extreme with large

values of HDA (relative to λT) or Q g 1, and the delocalized

ground state consists of a single minimum.24 As illustrated in

Figure 10C, electron-transfer occurs in the absence of an acti-

vation barrier, being controlled by diffusive association/disso-

ciation dynamics. Among electron-transfer mechanisms, the

PES in Figure 10C is heretofore quite unprecedented because

the odd-electron delocalization is predicted to actually coin-

cide with the bimolecular encounter of freely diffusing D/A

dyads.12,25 Such a unique electron-transfer process is thus bar-
rierless and driven directly to the adiabatic ion pair [D+•/A-•]

by the overall free-energy changes with ∆GET
0 ) F(Eox

0 - Ered
0 ),

as qualitatively depicted in Figure 11.12

According to this mechanistic formulation, the highly polar-

ized encounter complex is the predominant (thermodynamic)

species lying in a deep chemical “black hole”12 and thus emer-

gent to the non-adiabatic ion pair {D+•, A-•} only upon direct

photoexcitation (hνCT) of the charge-transfer complex.25 If such

a mechanistic picture is valid for donor/acceptor dyads des-

ignated in eq 8 at or near the isergonic limit, the question then

arises as to whether the charge-transfer state can coexist in

reversible equilibrium with the electron-transfer state in the

more general situation in which the ET driving force is sub-

stantially different from nil (see left drawing in Chart 2). In

addition, we hope to direct our search to newer donor/accep-

tor systems that will identify other charge-transfer/electron-

transfer interchanges that quantitatively describe the predicted

localized inner-sphere with the double-minimum ground state

predicted by Figure 10B.

10. Conclusions

The characteristic and ubiquitous intervalence absorption

bands that accompany the diffusive encounter of electron

donors (D) and acceptors (A) shed fresh insight into the behav-

ior of various intermolecular encounter complexes by provid-

ing access to their important electron-transfer parameters: HDA

and λT. For purposes of mechanistic assignment, we desig-

nate the donor/acceptor binding factor, Q ) 2HDA/λT, as the

basic structure parameter that defines various encounter com-

plexes, so that Q , 1 identifies the weakly coupled systems

that serve as the basis for the traditional outer-sphere elec-

tron transfer adequately served by non-adiabatic or weakly

adiabatic Marcus theory. At the other extreme of large HDA

values with Q g 1, bimolecular electron transfer is uniquely

spontaneous and heretofore unprecedented since Figure 11

shows that there is no activation barrier other than that per-

taining to the diffusion-controlled encounter of donor/accep-

tor dyads. The inextensible intermediate region with 0 < Q <
1 encompasses the classical Taube (ligand-based) bridged

mechanism,2 together with that of a wide variety of other

donor/acceptor encounter complexes and offers for the first

time an opportunity to quantitatively predict the rates of var-

ious other types of inner-sphere electron-transfer processes.

The three (left-to-right) drawings included in Figure 12

present a visual depiction of (a) the limiting outer-sphere

mechanism, (b) the intermediary inner-sphere mechanism, and

(c) the other limiting and unique diffusive “interior mechanism”

that we hope will stimulate additional quantitative studies of

the potentially wide variety of other organic and organome-

tallic, as well as different inorganic and biochemical systems

to further chemical research into electron-transfer dynamics.

FIGURE 11. Schematic representation of the unique (barrierless)
electron transfer proceeding via the strongly coupled encounter
complex [Dq+Aq-] with a high degree of charge transfer,25 and its
relationship to the non-adiabatic (charge-transfer) redox ion pair
{D+•, A-•} in eq 1 (from ref 12).

FIGURE 12. Three distinctive mechanisms for bimolecular electron transfer as progressively modulated by the donor/acceptor binding (HDA)
within the encounter complex (at constant λT).
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11. Epilogue

For the structural definitions of outer-sphere and inner-sphere

structures and mechanisms for organic in relation to inorganic

redox dyads and their relevance to the energy relationship

based on Q ) 2HDA/λT, see our extensive discussion in ref 9

(especially footnotes 6, 13, 14, 18, 53, 72, and 73 therein).

Thus, in order to conciliate the inner-sphere mechanism based

on donor/acceptor bindings (as presented herein) with those

based on bridged activated complexes (of Taube2), it is impor-

tant to recognize that this fundamental distinction boils down

to the perception of “through-space” D, A interactions14,26 ver-

sus “through-bond” D-bridge-A couplings27 both of which

have been shown to be equally amenable to theoretical treat-

ment via the Mulliken-Hush two-state model.28 Moreover,

both types of encounter complexes exhibit the class II (local-

ized) behavior for the “inner-sphere” mechanism, as well as

the class III (delocalized) behavior for the “interior” mechanism.
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