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The Intersecting-State Model (ISM) is used to calculated the absolute rate constants of self-exchange electron-transfer
reactions (ET) of organic species. The systems studied include aromatic hydrocarbons, quinones, nitrobenzene, aromatic
nitriles, tetracyanoethylene, aromatic amines, and alkylhydrazines. All of the calculated rates are within one order of
magnitude of the experimental ones, and the correlation coefficient between the two sets is 0.96. An electron-tunneling
model has been developed to calculate distance-dependent nonadiabatic factors of intramolecular ET. This model can be
used with ISM to calculate intramolecular ET rates. The system biphenylyl-spacer-naphthyl in tetrahydrofuran, whose
distance-dependent intramolecular rates were measured by Closs and Miller, was used to test our calculations, because
its ET rates can be calculated without adjustable parameters. Our absolute rate calculations are in an order-of-magnitude

agreement with the experimental ones.

Electron-transfer processes (ET) are an important class of
reactions in organic chemistry. Their relevance is particu-
larly evident when one of the reactants is an organic radical
or an electronically excited molecule. Then, the transfer of
an electron to another organic molecule may be the dominant
reaction path. Some practical applications of such processes
have been summarized elsewhere.'? ET reactions are also
remarkable for their theoretical simplicity. The exchange
of electrons between identical reactants and products is the
simplest chemical reaction in a homogeneous solution, be-
cause it does not involve any bond-breaking or bond-forming
process, and AG°® =0. Such electron self-exchanges can be
represented by
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with Z; —Z;=1, where Z; is the charge in a reduced form
of species A and Z, the charge in an oxidized form of the
same species; the asterisk is used only to distinguish be-
tween the otherwise identical species. Although electron
self-exchanges have few practical consequences, they are
of paramount importance in the development of theoretical
models for ET reactions, and have been extensively studied,
both theoretically and experimentally.

The electron-exchange rate between a radical ion and its
parent molecule in a homogeneous solution is most con-
veniently measured using magnetic-resonance techniques.
Depending on the nature of the solvent and counterions, the
radicals may exist as free ions, ion pairs, or a mixture of both.
This is particularly evident when sodium or potassium are
used as reducing agents to form a radical ion from the neutral
molecule. The electron-exchange rates are 2—3 orders of
magnitude slower in tight ion pairs formed with alkali metal
ions as counter ions, than in loose ion pairs.>~— An ion pair
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involving an alkali metal counterion,
ATM +A - A+ ATMY, 2)

is a more complex system than that represented by mecha-
nism (1). We are primarily interested in testing models that
may lead to absolute estimates of the electron-exchange rates
for the simplest organic systems. Thus, we focus attention
on systems where tight ion pairs are not important. Exper-
imentally, this normally corresponds to systems where the
radical ions are produced by electrolysis in the presence of
tetrabutylammonium iodide, tetrabutyl- or tetracthylammo-
nium perchlorate as supporting electrolytes, or from dissoci-
ation in a solution of stable butylammonium or perchlorate
salts. To have a consistent set of experimental electron-ex-
change rate constants to test the validity of theoretical models
aimed at absolute rate-constant calculations, Table 1 was pre-
pared with rates measured either in N,N-dimethylformamide
(DMF) or in acetonitrile, because the static dielectric con-
stants of these solvents are high and similar (&=36.7 and
&=35.94, respectively). Furthermore, this table does not
include data for systems involving simple changes of sub-
stituents, since at room temperature these lead to rate varia-
tions of less than a factor of 4;® i.e., benzonitrile is included,
but methyl-substituted benzonitriles are omitted.”

Most theoretical approaches to the kinetics of the reactions
illustrated by (1) are based on a theory developed by Marcus
for inorganic ET reactions.®*—'" According to this theory, such
reactions follow an outer-sphere mechanism, which postu-
lates weakly bonded reactants (i.e. the electronic interaction
between the reactants is less than 5 kJ mol™!), and their rates
can be calculated from

kwr = #aZexp (—AG™ /RT), 3)

where s, is a nonadiabatic factor (. <1 for nonadiabatic
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Table 1.

Electron Transfers in Organic Chemistry

Experimental Data and Rate Constants Calculated According to ISM and Marcus Theory on Electron Self-Exchanges
between Neutral Organic Molecules and Their Radical Ions

Reactants? P L o © frea @ T  hkism Solvent  Kkexp kv
pm pm Jmol'pm ~ Jmol~'pm° K M 's”! M~'s7t MTisT!
Benzene® ~ 146 139.79 3879 298 1.4x10°
Naphthalene” ~ 143 139.89 3819 293 9.8x10° DMF 6.7x10%® 19x10""
Anthracene® ™ 142 140.69 3779 298 1.0x10° DMF 4.8x10%® 4.2x10"°
Biphenyl%/ ~ 144  139.9V 3720 208 1.6x10°
p-Benzoquinone” = 147 13750 138.59 449" 429™ 298 6.7x10° DMF 3.8x10%°® 6.3x10%P
Nitrobenzene” ~ ® 1.375 120.8% 545 298 3.0x10° DMF 3.0x10’® 8.9x10°P
TCNQY~ 1.73 13449 134.99 5259 5169 293 32x10° AN 5.0x10°? 1.4x10%°Y
Tetracyanoethylene” ~ 1.97  130.1V 129.1% 642" 619" 293 8.7x10° AN 23x10°Y 1.5x10°%
Benzonitrile” = 1.59 13749 445% 203 2.1x10° DMF 6.1x10%® 7.5x10°?
2,2/ -Bipyridine® ~ 144 138.8? 376 298 1.6x10°
TMPPD*/° 1.375 138.7% 140.0° 4089 405° 293 28x10% AN 12x10°Y 1.0x10°%
pPPD*/° 1.375 138.3% 139.1°  403* 39220 293 3.7x10° AN 3.2x10°9 4.8x10°%
DATCT*® 1.00  134.9% 14978 424 3404 208 7.3x10* AN 1.2x10*® 50x10'%®
Methyl viologen®/*  1.46 137.5% 4012 298 1.4x10° ‘

~a) TCNQ=7,7,8, 8- tetracyano- p- quinodimethane; TMPPD =N,N,N’ ,N’-tetramethyl- p- phenylenediamine, PPD =p- phenylenediamine,
DATCT=2,7-diazatetracyclo[6.2.2.2>9.02 7 Jtetradec-4-ene.  b) Average bond order of the neutral and ion, calculated from Eq. 12 for
exchanges with anions and given by Lewis structures for exchanges with cations. c¢) Representative bond lengths and force constants of
the reactants, calculated as the average of all the bonds of the molecule or ion that participate in the reaction coordinate. d) Ref. 59, from
naphthalene to naphthalene anion the frequencies of the skeletal carbon motions decrease by 10—30 cm™!, indicating a 3% reduction in
the force constants.’” e) Ref. 7. f) Calculations done by Eberson!) according to Marcus classical theory with neglect of the internal
reorganization energy. g) Ref. 61. h) Ref.62. i) Ref.63. j) Ref.64. k) Calculated with Gamess under the ROHF approximation.®%)
1) Ref.66. m) Estimated from the ratio of the frequencies of the neutral and anionic species.5” n) Only the nitro group was considered
to participate in the reaction coordinate. 0) Ref. 68. p) Ref. 69. q) Ref.70. r) Ref.71. s) Ref.72. t) Ref. 15. u) Calculation
done by Grampp!® using Marcus theory and accounting for inner- and outer-sphere reorganization energies. v) Ref. 73. w) Ref. 74.
x) Ref.75. y) Ref.76. z) Ref.77. aa) Ref.78. ab) Ref.46. ac) Ref.79. ad) Ref.80. ae) Ref.25. af) Ref.81. ag) Calculated
using Marcus theory with the internal reorganization given by Clark2®) and the solvent reorganization given by Grampp,®® as discussed in the
text. ah) Ref.47. ai) Using Gordy equation®? calibrated with N-N bond date from N-nitrodimethylamine®® and C-N single bond data
from Ref. 84. aj) Ref. 14. ak) The internal reorganization energy (1;=82.7 k¥ mol~!) was estimated from the N-N bond changes only,
using data in this table; the solvent reorganization energy (Ao=129.4 kJ mol~!) was calculated assuming that cation and neutral species have

identical volumes with an average radius of 283.5 pm, estimated from their molecular dimensions in Ref. 14. al) Ref. 85.

exchanges), Z is the collision number of a bimolecular reac-
tion in solution (Z=10'"! M~!s~! at 298 K, M=mol dm—3)"
and AG™ is the free energy of activation. When one of the
reactants is a neutral molecule, there are only two contri-
butions to AG*, which are additive: the solvent (or outer-
sphere) reorganization energy

2
e 1 1 1 1 1
AGhy == — ) (=—-=
T4 (2r0x+27'red r> (&)p gs) “)
and the distortion of the reactant bonds on passing to the
transition state (internal reorganization)

* _ SR)5(P) 2

AGp, = ; m[Qj(R) —q(P)]". ®)]
One of the most appealing features of the Marcus theory is its
simplicity. The solvent reorganization energy can be calcu-
lated from the radii of the oxidized (rox) and reduced (rieq) re-
actants, their separation at the ET configuration (r=rox+¥eq),
and the optical (&) and static (&) dielectric constants of the
solvent. The internal reorganization energy can be calculated
from the force constants (f;) of the jth vibrational coordinates
in a species participating as reactant (R) and product (P), and
the change [g;(R)-g;(P)] in bond lengths and bond angles in
going from reactant to product. However, electron exchanges

in organic chemistry often involve flat aromatic molecules,
for which the calculation of “effective” radii remains con-
troversial. Several methods to estimate such radii have been
proposed!>!¥ and compared with more refined models which
treat such flat aromatic molecules as oblate ellipsoids."!®
The latter models introduce some ambiguity in the distance
between the reactants at the ET configuration, and are not
convenient for performing the simple calculations, without
adjustable parameters, needed to test the theory.

For a long time it was a strongly held belief that, in non-
hydrogen-bonding solvents, the electron exchange between a
large aromatic molecule and its radical ion involved only mi-
nor structural changes and, consequently, that the solvent re-
organization was the dominant contribution to AG™*.'"” How-
ever, the ET reactivity in a series of increasingly larger poly-
cyclic aromatic hydrocarbon anion radicals did not follow the
size dependence expressed by Eq. 4, using either a spheri-
cal or a nonspherical model for the reactants.'® Furthermore,
the solvent dependence predicted by Eq. 4 was not con-
firmed in the detailed studies done by Nelsen,'¥ Grampp,'?
and Bard.'® Figure 1 presents a comparison between the
observed solvent dependence of the electron self-exchange
rates, with the predictions of Eq. 4 using the radii estimated
by Eberson.” The rates presented are relative to the solvent
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Fig. 1. Solvent dependence of self-exchanges of organic

species as a function of the solvent parameter y=ng =
£~ Filled triangles: TMPPD (r=820 pm); open triangles:
TCNQ (=820 pm); open circles benzonitrile (r=684 pm);
filled circles: TCNE (r=650 pm); squares: DATCT (r=
558 pm). The rates and solvent parameters are relative
to the solvent with highest y value, which Marcus theory
predicts to give the slowest electron exchange rate. The
lines were calculated with Eq. 4 for radii r estimated by
Eberson, except for DATCT that is approximately spherical
and crystal structure was employed to calculate r. See also
Table 1 for the names of the compounds.

with the largest solvent parameter, y=np2—&~!, which is
predicted to yield the slowest rates. It is clear that these
self-exchanges do not conform to the predictions of Eq. 4,
and that the experimental rates are not strongly dependent on
the solvent. Furthermore, Nelsen also showed that electron
exchanges of several alkylhydrazines have similar energy
barriers in acetonitrile and in the gas phase.'” These and
other solvent dependence studies'® that do not conform to
Eq. 4 lead to the suggestion that solvent dynamics could
influence the dynamics of relatively slow ET reactions.'>?®
Although Barbara and co-workers?? were able to provide
convincing evidence for the influence of solvent dynamics
in barrierless ET reactions, the nature and degree of dy-
namic effects in ET reactions with significant barriers re-
main open to some doubt.?” The view emerging from recent
experimental and theoretical information is that most self-
exchange rates are only marginally influenced by changes in
solvent identity,”*¥ and that internal reorganization is the
major contributor to the activation barrier of many ET proc-
esses, leaving little room for solvent reorganization.?>%9
The dominance of the internal reorganization in organic
ET reactions raises questions concerning the applicability of
the classical Marcus outer-sphere model to this type of re-
action. The difficulties of the Marcus theory are even more
evident in calculations of the reaction free-energy barriers
by Eberson.”” Using Eq. 4 and the effective radii for the
reactants estimated from their molar volumes, this author
calculated barriers that are some 10 kJ mol~! higher than the
experimental ones, even when the contribution from Eq. 5
is neglected. The contribution of the internal reorganization
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estimated by Grampp'® for electron exchanges of aromatic
molecules is ca. 5 kImol~!. Adding these two contribu-
tions we calculated reaction rates that are three orders of
magnitude slower than the experimental ones. Table 1 gives
rate constants calculated by several authors using the Marcus
theory (kymr). A comparison between the calculated and ex-
perimental rates is illustrated in Fig. 2. Despite the simplicity
of the systems represented by Eq. 1, it is evident that since
the absolute rate calculations on these systems have not been
very successful it would be desirable to have an alternative
model.

In this work we present absolute rate calculations for elec-
tron self-exchange reactions of organic compounds using an
alternative model, the Intersecting-State Model (ISM), that
can be applied to reactions with variable degrees of elec-
tronic interaction between the reactants. We also introduce
an electron-tunneling model to estimate the distance depen-
dence of ET, and associate it with ISM in order to perform
absolute rate constant calculations of intramolecular ET with
AG°=0. The rates calculated without adjustable parameters
for the paradigmatic system biphenylyl-spacer-naphthyl in
tetrahydrofuran, studied by Closs and Miller,?® are within an
order of magnitude of the experimental rates.

Theory of Bimolecular Organic Electron Transfers

The Intersecting-State Model has been described in detail
in recent publications.”® 3" This model has been applied
to ET reactions,>= including absolute rate calculations
of outer-sphere electron self-exchanges between transition-
metal complexes in solution,***” as well as to bond-break-
ing~bond-forming reactions.>® ISM is based on the “diabatic
reaction path” proposed by Evans and Polanyi.®® The di-
abatic method to calculate activation energies consists in
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Fig. 2. Rate constants of the self-exchange ET shown in

Table 1, calculated with ISM (circles) or Marcus theory
(squares). Calculations using only the solvent reorganiza-
tion energy given by Marcus theory are shown by open
squares, and calculations also including the internal reor-
ganization energy are shown by filled squares. The line
represents the perfect correlation.
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constructing two intersecting potential-energy surfaces, one
representing the initial state and the other the final state of the
reacting system, and then taking the cross-section through
the two surfaces which leads to the lowest point of inter-
section between them.*® In an example concerning a bond-
breaking—bond-forming reaction, Polanyi centered these in-
tersecting curves at the equilibrium geometries of reactant
and product states.*” The resonance energy between the ini-
tial and final states is treated as an additional factor.

In our application of ISM to bimolecular ET reactions,
we considered that the reactants first approach each other
to form the precursor complex, where the electron-transfer
step may occur. The configuration of the activated complex
in a nonradiative ET between the two reactants must obey
the following two principles: i) the nuclear configuration of
each species be identical in its oxidized and reduced forms;
ii) the total electronic energy of the reactants be equal to that
of the products. An activated complex configuration that
meets the above criteria may be produced by the independent
vibrations of the reactants in the precursor complex. Then, if
the reactions are adiabatic (y=1), the electron is transferred
and both species relax to their new equilibrium. Given that
stretching force constants are much larger than the bending
ones, and that an increase in the bond lengths decreases
even further the bending force constants,*? it is expected
that the reaction coordinate is dominated by the stretching
vibrations. The absence of large nonspecific solvent effects
in the electron-exchange rates, and the theoretical expectation
that solvent reorganization should require much less energy
that bond stretches,*® justifies, to a first approximation, the
neglecting nonspecific solvent effects in those rates. This
approximation may affect the calculated rates by a factor of
five.

According to our model, the rate of passage through the
activated complex configuration can be calculated with the
transition state equation,

A@), ©)

k=yvey "exp (— =T

where v is the frequency of conversion of the activated com-
plex into products, y is a transmission factor (y=1 for adia-
batic and y <1 for nonadiabatic reactions), ¢y is the standard
concentration (cp=1 M), m is the molecularity of the reaction
and AG* is the free energy of activation. Given that the
stretching vibrations dominate the reaction coordinate, the
frequency (v) is given by

ksT
V=—.

; @

Figure 3 illustrates the free-energy profile obtained for an
electron exchange when a cross-section through the surfaces
representing the initial and final states is taken along the
diabatic path of the reactive stretching modes. The two
reactants are represented by a single harmonic potential and
characterized by a force constant (f;), which is calculated as
the average of the reactants force constants. The same is
done for the two products. The free energy of activation

Electron Transfers in Organic Chemistry

3 T fe fp
L
-3
=
@
¢
Com
AG*
x
<>
d
4
-
reaction coordinate
Fig. 3. Free energy profile along the reaction coordinate de-

fined by ISM, where reactants and products are represented
by harmonic oscillators of force constants f; and f,. The
sum of the average bond distortion of the reactants with that
of the products from their equilibrium configurations to the
transition state one, is represented by the parameter d.

can be calculated if the displacement between the minima
representing reactants and products (d) along the diabatic
path is known,

1 frea +fox (d) 2
P~ s
AG* = ) 7) - ®)

According to ISM, that displacement is given by the sum
of the effective bond distortions of the reactants and products
from their equilibrium to their transition-state configurations,

d = (I — lox) + Iy — Lrea), )

where lox and lq are the equilibrium bond lengths of the
oxidized and reduced species. The bond distortions are ex-
pected to depend on their size (longer bonds may distort more
than smaller bonds) and electron density (electronically rich
bonds are more reluctant to change their lengths than sin-
gle bonds). The relationship between the electron density
and the bond length is conveniently addressed by Pauling’s
definition of bond order, which is valid for equilibrium struc-
tures. When AG°=0, the bond distortions along the diabatic
path are given by?>!263"

!
=02t ), (10)
n

where @’ is an empirical constant (0.156) and nt is the transi-
tion-state bond order. The value of @’ was obtained by fitting
the energy barrier of the system H+Hj calculated by ISM to
that of rigorous potential energy surface calculations.*®
Although maintaining the same theoretical framework,
ISM offers a distinct treatment for bond-breaking—bond-
forming and electron-transfer reactions. In the former, the
reactants can be represented by the bond being broken and
the products by the new bond formed. In the latter the two
reactants (the organic molecule and the radical ion) must be
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represented together, and the same must be done for the two
products. Consequently, in the transfer of an electron the to-
tal bond order of the reactants is essentially preserved during
the course of the reaction and ' is given by the average of
the bond orders of molecule and its radical ion (n,).

Using Egs. 8 and 10, it is possible to calculate the ac-
tivation free-energy of electron exchanges using the force
constants, equilibrium bond lengths and valence bond or-
ders. Inserting AG* in Eq. 6 and taking the pre-exponential
factor from Eq. 7, it is possible to calculate the bimolecular
electron-exchange rate constants without adjustable param-
eters.

Since the ET between organic substrates usually involve
many bonds, a criterion is needed to choose those that are
relevant for the reaction coordinate. In order to establish
such a criterion, it is convenient to rearrange Egs. 8 and 10
to see more clearly how the reaction energy barrier depends
on the parameters of the model. Replacing the constants by
their values and using units of Jmol~! pm~2 for the force
constants and pm for the bond lengths, we obtain

T 3 1 2
AG™=5.846 x 10 (n§V)2faVIav, (11)
where n};‘,, fav, and [, are the average values for the reduced
and oxidized species. It follows from this expression that the
reaction coordinate is not critically dependent on the force
constants or bond lengths, because changes in ,, may be
offset by opposing changes in f,y, as expressed by the well-
known Badger rule.*> However, it is particularly sensitive to
the bond order, because 1<n}, <3.

In the reduction of neutral aromatic molecules, the incom-
ing electron is accommodated in a 5t molecular orbital. This
antibonding orbital is delocalized over the aromatic system
and leads to changes in the bond orders between the atoms
it involves. Thus, the reaction coordinate used in ISM must
account in an equitable manner for all of the bonds covered
by the lowest unoccupied molecular orbital (LUMO) of the
neutral molecule. The contribution of the C—H bonds to the
reaction coordinate can be neglected. In that respect, nitro-
benzene is a particular case, because in the anion the electron
is localized on the nitro group;** therefore, only the NO
bonds are included in the reaction coordinate.

In the oxidation of aromatic amines, an electron is removed
from the nitrogen nonbonding orbital. PPP calculations on
N,N,N’ ,N'-tetramethyl-p-phenylenediamine (TMPPD) show
that the & bond orders of the molecule change upon oxi-
dation by values ranging from 7% (central CC bond of the
aromatic ring) to 14% (Ar-N bond).*® Thus, all bonds of
the aromatic ring and its bonds with the nitrogen atoms must
be accounted for in the reaction coordinate. Only the C—H
and N-CHj bonds are left out. In the oxidation of alkyl-
hydrazines an electron is also removed from the nitrogen
non-bonding orbital. The X-ray structures show that it is the
N-N bond that is more critically perturbed in the course of
the oxidation,*” and the reaction coordinate is considered to
be dominated by this bond. )

Now that the bonds contributing to the reaction coordinate
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in a concerted way have been selected, the unidimensional
nature of ISM requires that a method is devised to combine
them into a single effective bond, characterized by a set of
parameters: nt, f, and I. Taking the average of the values of
those bonds is the simplest and most equitable way of achiev-
ing this. The averages obtained for the oxidized and reduced
species are shown in Table 1. When available, we selected
“experimental” force constants obtained from the valence
force fields using normal coordinate calculations to repro-
duce vibrational frequencies, bond lengths determined by
X-ray measurements, and bond orders from simple valence
structures of the neutral and radical species. The decrease in
the bond order of an aromatic anionic radical with an electron
in a * molecular orbital relative to the bond order of the
corresponding neutral molecules can be estimated from

0.5

An;t =—
1G]

(12)
where n;, is the number of bonds included in the reaction
coordinate. For example, since tetracyanoethylene has four
triple bonds, four single bonds and one double bond, its
average bond order is 2.00; from Eq. 12 its anion has an
average bond order of 1.94 and, consequently, the transition
state bond order for the electron exchange is 1.97. Since
the radical cations considered in this work are formed by
removing an electron from a nitrogen nonbonding orbital,
their bond orders are considered to be equal to those of the
corresponding molecules.

~ Relatively few values for the force constants and bond
lengths of organic radicals have been determined experi-
mentally. The values shown in Table 1 can be used to test the
compensating effects of the bond length and force-constant
changes with ET. Calculations using only the force con-
stants and bond lengths for the neutral molecules give rate
constants that differ by less than 20% from those using also
the data from the radicals.

A comparison between the equations of Marcus theory
and those used by ISM reveals that they lead to different
transition-state configurations and, consequently, that they
correspond to different reactivity models. There are two
major differences between these models. The Marcus the-
ory predicts that the solvent reorganization is the dominant
contribution to the ET energy barrier in polar solvents, while
ISM considers that the solvent can only dominate the kinetics
of very fast reactions. The Marcus theory locates the tran-
sition state for the internal reorganization of each reactive
bond somewhere in between its length in the reduced and
oxidized form, while ISM uses a diabatic path subject to the
condition of bond-order conservation to locate that transition
state for an outer-sphere ET reaction, giving I* > lo, led.

Furthermore, there is a controversy concerning the mech-
anism of the reactions represented by Eq. 1: They either fol-
low an outer-sphere mechanism and the Marcus theory can
be employed, or they follow an inner-sphere mechanism, as
recently suggested by Shaik, and involve a signifficant res-
onance at the transition state.”*® Actually, the distinction
between inner- and outer-sphere ET reactions is a matter of
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degree of the electronic interaction, and only long-range ET
between distant redox centers would be a truly outer-sphere
process.* It is more satisfactory to approach the mechanis-
tic continuum from purely outer- to predominantely inner-
sphere ET reactions using a model that can be employed to
calculate the rates of both types of reactions, as is the case of
ISM.

Results of Calculations on Electron Self-Exchanges

Table 1 presents the experimental parameters used by ISM
to calculate electron-exchange rates with Eqs. 11, 7, and 6
under the assumption that the reactions are adiabatic (y=1).
This assumption should be verified in bimolecular electron-
exchanges of organic species in solution, because the elec-
tron is exchanged between orbitals of the same symmetry and
reactants in close contact (center-to-center distance of 300
to 400 pm in a sandwich-like arrangement). It is important
to emphasize that ISM is used here to calculate the absolute
rates. By “absolute” we mean that, once the approxima-
tions of the model are defined, no parameters are adjusted.
The quality of the obtained results can be best appreciated
in Fig. 2, where the experimental rates are compared with
the rates calculated with ISM or the Marcus theory. The
relationship between the experimental rates and the rates
calculated with ISM has a correlation coefficient of 0.96.
There is no correlation with calculations using the Marcus
theory at the same level of sophistication, that is, using the
dielectric continuum approximation and representing the re-
actants by spheres with an effective radius. Inclusion of the
internal reorganization energy in the calculations with the
Marcus theory leads, in all cases, to very large discrepan-
cies with the experimental values. A paradigmatic exam-
ple is the electron exchange between p-phenylenediamine
(PPD) and its radical anion. The internal reorganization
energy of this couple in the gas phase was calculated by
Rauhut and Clark using molecular-orbital methods. At 300
K they obtained AG::=14.4 kI mol~1.29 On the other hand,
Grampp estimated AG,=9.8 kJ mol~! in acetonitrile.”” Us-
ing Marcus theory with Z=10"! M—!s~! and s,=1, we cal-
culated kyr=4.8x10° M~ 1s~! at 293 K. The experimental
rate is 3.2x108 M~1s~L.
3.7x108 M~ 171,

It was mentioned in the Introduction that the rate constants
for mechanism (2) are 2—3 orders of magnitude slower than
for mechanism (1). This can be rationalized in terms of
ISM simply by considering that the alkali metal counter ion
withdraws some electronic density from the reaction coordi-
nate, thus reducing the value of nt. A 13% decrease in n?,
from 1.43 to 1.24, reproduces the experimental rate constant
for the electron exchange between naphthalene and naph-
thalenide in THF with K* as counterion (6x107 M~1s~1).
This value of n* corresponds to the average between the typ-
ical bond order of the neutral molecule and a bond order of
unity for the radical anion in the ion pair, indicating that the
ni-electron density in the ion pair is withdrawn from the reac-
tion coordinate due to the Coulombic attraction by the alkali
metal. A ca. 13% decrease in nt had also been found in the

The rate calculated by ISM is
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deprotonation of toluene by cesium versus lithium cyclohex-
ylamine, which was assigned to a strong interaction between
the lithium and the reactants in the ion pair.>" The physically
meaningful variation of the parameter n* gives support to the
utilization of ISM to interpret data in more complex systems
where absolute rate calculations are difficult to perform.

Theory of Intramolecular Electron Transfer

The transfer of an electron from a donor to a covalently
linked acceptor across a rigid spacer, became one of the
central themes in the field of ET following the seminal work
of Closs and Miller.?®%? ISM can also be applied to calculate
the ET rate constants in such systems, provided that a model
is designed to estimate the distance dependence of the ET
rate constants. In this section we develop the foundations of
such a model.

Donor and acceptor are considered to be held rigidly apart
at well-defined distances. We can picture this system con-
sidering that the donor is a box containing a “free electron”,
separated by a rigid bridge from the acceptor, which is a
lower energy box. This bridge has the properties of a di-
electric, because it is polarizable and because the electron
does not have enough energy to escape its initial box through
the conduction band of the bridge. Thus, the electron can
only be transmitted to the lower energy box by tunneling.
To further simplify the system, the boxes are considered to
be unidimensional with their orientation collinear with the
bridge. The size of the tunneling barrier is determined by the
length of the bridge. The height of the barrier can be approxi-
mated by the difference between the energy of the electron in
the donor box and the energy that it would experience in the
dielectric. In this simple formulation, the tunneling barrier
is rectangular and the effect of the relative orientation of the
different parts of the system is not considered.

The frequency of the movement of the electron in its box
can be estimated from the zero-point energy of a particle in
a potential well of infinite walls and from the relation E=hv,

which give
h

V' Sma(Ary

where me. is the mass of the electron and Ar the size of the
unidimensional well. If we take Ar as the length of the two
aromatic rings of naphthalene, which is approximately 480
pm if the CH bonds are excluded, we obtain v=4x10'*s~!,
This is in good agreement with the frequency factors used
in ET processes involving electron donors similar to those
considered here, that are in the range 10'4—10'5 s~1.539 In
our calculations of intramolecular ET was used v=5x10
s7L

The permeability of a rectangular barrier of height @ to a
particle of mass m, is given, according to the WKB approx-
imation, by

13)

;(:exp{—~i‘—]z—t 2me¢r}
=exp{—pfr}, 14

where r is the length of the barrier and £ is the tunneling
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decay coefficient. The parameter r is given by the edge-to-
edge distance between the box of the donor and that of the
acceptor. This parameter can be taken from the geometry of
each particular system. In order to calculate the height of the
barrier it is necessary to estimate the energy of the electron
in the donor and its virtual energy in the dielectric.

The energy of the electron in the HOMO of a radical anion
relative to its energy in a reference electrode is given by
its reduction potential. This energy depends on the solvent.
Many electrochemical potentials have been measured against
a saturated aqueous calomel reference electrode (SCE). On
the other hand, we can use the absolute potential of SCE
selected by Heinis, Eeg=—4.71 eV,*> to obtain the energy of
the electron in the box relative to its energy in the vacuum
at infinite separation from the donor and zero kinetic energy.
Figure 4 illustrates how these calculations can be made.

The energy of the electron in the bridge can, in princi-
ple, be estimated in the same way. However, the reduction
potentials of bridges made of saturated hydrocarbon chains
cannot be determined in acetonitrile. The gas-phase electron
affinities of such molecules indicate that their LUMO is lo-
cated more than 4 eV above the energy of the electron in a
vacuum.’® Although the energy of the LUMO is stabilized
by the solvent, estimates of such stabilization are not very
reliable. Thus, it is not possible to have a direct measure of
the energy of the electron in a bridge made of an aliphatic
hydrocarbon. .

This problem can be addressed in a different manner. The
Coulomb potential energy of one charge (q) at a distance r
from another charge (¢') in the vacuum is given by

14
Dy = PP (15)
where & is the permitivity of the vacuum. If the vacuum is
replaced by a medium of permitivity £=& &, where & is the
relative permitivity (or dielectric constant) of the medium,

A
0 — vacuum level
%
& > o
5 —+
H 1 4+
g red
3 -Ein2
K Es
-4.71 |— SCE level
-Elr2

Fig. 4. Schematic representation of the energy of one elec-
tron in a radical anion (left), radical cation (center) or elec-
tronically excited molecule (right), relative to its potential
energy in the vacuum at infinite separation from the radical
ion. The relative energy of the electron in the SCE is shown
to define the energy scale. The energies of the electron
reflect those of biphenyl in different oxidation or electronic
states, using data from Table 2.
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@= 99 a6)
4neg r
For those charges at the same distance, these potentials are

related by

o= (17)
&

The calculations performed according to Fig. 4 give the
energy of the electron in the box relative to its energy in the
vacuum. In order to correct for the effect of the dielectric
separating donor and acceptor, and to obtain the virtual po-
tential energy barrier for the transfer of the electron through
the bridge, it is necessary to use Eq. 17. However, static
dielectric constants should not be used in Eq. 17, because
the frequency of electron movement in a molecule is very
high. For high frequencies it is more appropriate to model
the medium by its optical dielectric constant, which can be
approximated by the square of its refractive index (np). The
frequency of the electron movement estimated by Eq. 13
is very close to the frequency of the sodium vapor D line,
5.0x 10" s~ which lends support to the use of the refractive
index in Eq. 17. Thus, this equation can be rewritten as

o= (18)

np
The particularity of this tunneling model is to account for the
stabilization of the energy of the electron in the bridge, by
considering the dielectric properties of the bridge.

We can now follow a scheme similar to that of Fig. 4 and
associate it with Eq. 18 to obtain the energy barrier to be
used in Eq. 14. That is, we calculate the tunneling decay
coefficients making @= ;. Representative results are given
in Table 2 and illustrated in Fig. 5. The distance r that
appears in Eq. 14 is taken from the experimental geometry of
the system. Such calculations give the distance dependence
of intramolecular electron transfers. The frequency of such

3
o
ot
S
Q. 1
0 1 M 1 A
0 1 2 3
e .1
Bexp (A7)

Fig. 5. Correlation between calculated and experimental tun-
neling decay coefficients, using data from Table 2. The
correlation coefficient is 0.97. The circles represent in-
tramolecular ET and the square is the electron tunneling
through vacuum. The line represents the perfect correla-
tion.
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Table 2.  Electrochemical Potentials, Singlet Excited State Energies of Electron Donors and Tunneling Decay Coefficients in
Intramolecular ET ?
Donor Spacer E ;e/dz 2 Es, D B Solvent Lexp
eV eV eV eV AT Al
Biphenyl™ Cyclohexylene —2.589 1919 4.16° 1.07 1.06 THF 1.129
Biphenyl ™ Cubanediyl —2.589 1919 4.16° 1.07 1.06 THF 0.94°
Dimethoxynaphthalene*  Polynorbornanediyl 1.1? 378° 1015 1.03 THF 0.96"
Ru™ (bpy); —CH,- 1229 2089 1925 142  Acetonitrile 1.389
ZnTTP* ? Oligospirocyclobutanediyl 075" 201" 1725 134  Acetonitrile 1.1
ZnPAP* ) Bicyclo[2.2.2]octanediyl 0.597 215" 158 129  Acetonitrile  1.47

a) Electrochemical potentials measured against SCE. b) Calculated using n12)=2.0 and Eq. 17. c¢) Ref. 86. d) From the edge-to-edge

distance between donor and acceptor in equatorial positions in Ref. 28.

¢) From the center-to-center distance between donor and acceptor

in Ref. 87. f) Ref. 88. g) Ref. 89. h) (5,10,15,20-Tetra-p-tolylporphyrinato)zinc from data in Ref. 90, using edge-to-edge distance.
i) (2,3,7,8,12,13,17,18-Octamethyl-5,10,15,20-tetraphenylporphyrinato)zinc from data in Ref. 91, using center-to-center distance.

transfers can be given by Eq. 13. The free-energy barrier
for the electron transfers can be calculated from Eq. 11 if
AG°=0. Finally, knowing the frequency, the permeability
and the free-energy barrier, Eq. 6 can be employed to provide
absolute calculations of the electron-transfer rate constants
as a function of the distance between the donor and acceptor.

The frequency employed for intermolecular electron-ex-
changes at room temperature (Eq. 7) is two orders of magni-
tude lower than the frequency employed for intramolecular
reactions (5x 10'# s~1). Itis interesting to note that the nona-
diabatic factor expected for an intramolecular ET occurring
at a donor-acceptor distance of 3.5 A and with the typical
tunneling decay coefficients of Table 2, is comparable to the
difference in frequency factors between inter and intramolec-
ular exchanges. This suggests that the nuclear frequency
becomes the dominant frequency factor of intermolecular
electron exchanges due to a decrease in the product of the

electronic frequency with its associated distance-dependent -

factor.

Results of Calculations on Intramolecular Electron
Transfers

Table 2 presents the experimental and calculated tunnel-

ing decay coefficients of some intramolecular ET. The data .

selected include all systems with saturated hydrocarbons as
spacers for which an approximately linear donor-spacer-ac-
ceptor orientation exists and for which the ET rate constants
were determined as a function of the distance. The de-
cay coefficient of tunneling through a vacuum, determined
by Binning et al.>"*® in the development of the scanning
tunneling microscope, was also included. Our calculations
employed Eqgs. 18 and 14; the height of the tunneling bar-
rier was calculated using the electrochemical potentials and
the excited state energies presented in the table. In Fig. 5
we present the relationship between the calculated and ex-
perimental coefficients. The correlation coefficient between
the two sets of coefficients is 0.97, including the data on
tunneling through a vacuum. '

The quality of the correlation presented in Fig. 5 gives
support to the use of Eq. 18 to calculate the height of the tun-
neling barrier, together with approximation of this barrier to
a rectangular shape. The simplifications involved in the de-

velopment of the tunneling model do not allow, at this stage,
a refinement of the theory to account for the orientational
effects of the systems. Such effects may produce one-order-
of-magnitude variations in the rates.

In our calculations we considered that n3 is constant for
all the saturated hydrocarbon spacers, and set its value equal
to 2. Actually, it is well-known that the refractive index
increases with the chain length in a series of saturated hy-
drocarbon molecules. For example, although pentane has
n%=1.84, for nonane n3=1.98. The impact of these changes
on np in the calculation of £ is small. Such changes lead,
for the systems studied by Closs and Miller, to a range of S
values from 1.10 to 1.06. The experimental value is 1.12.%®

The success of ISM in the calculation of the absolute self-
exchange ET rate constants and of the tunneling model to
calculate the absolute tunneling decay coefficients, encour-
ages us to perform absolute calculations of intramolecular
ET when AG°=~0. A most appropriate test for our model
is the distance-dependent rate constants of the paradigmatic
system biphenylyl-spacer-naphthyl in tetrahydrofuran, stud-
ied by Closs and Miller, because |AG°|<0.05 eV.?® The
spacers used were cyclohexane, trans-decalin or a steroid;
only stereoisomers in equatorial positions were considered.
The parameters employed in these calculations were taken
from Table 1, and treated in the same manner as for the self-
exchange reactions. Using the data for biphenyl and naphtha-
lene, we obtained f;=f,=376.5J mol~! pm_z, Lieq+10x=279.7
pm, and nf=1.435. The tunneling decay coefficient can be
taken from Table 2, £=1.06 A1 the frequency factor, based
on Eq. 13, was set as 5x10'* s, and the distances between
donor and acceptor are the edge-to-edge distances given
by the geometry of the systems. As shown in Fig. 6, our
absolute rate-constant calculations for intramolecular ET are
within an order of magnitude of the experimental ones, and
reproduce their distance dependence.

Conclusions

We applied ISM to calculation of the rate constants of
a large variety of electron self-exchange reactions involv-
ing organic species. The reaction coordinate involves the
bonds participating in the molecular orbital where the elec-
tron being transferred is initially located. Averages of the
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Fig. 6. Experimental (circles) and calculated (line) in-

tramolecular ET from the biphenylyl anion to naphthyl,
across cyclohexane, trans-decalin or steroid spacers. Only
experimental rate constants and edge-to-edge distances
concerning donor and acceptor in equatorial positions are
shown. All the parameters used in the calculations were
taken from biphenyl and naphthalene in Table 1.

force constants, bond lengths and bond orders of the bonds
between these atoms provide the parameters used in ISM.
With these parameters, it is possible to calculate rate con-
stants that are within a factor of ten of the experimental
values. No parameters were adjusted in our calculations.
A comparison between our calculations and those following
the Marcus theory, reveals that ISM is a signifficant improve-
ment in the ability to predict electron self-exchange rates in
organic chemistry.

Intramolecular ET rate constants of organic systems where
AG°=0 can also be calculated in the same manner if the dis-
tance-dependent nonadiabatic factor is calculated indepen-
dently. A tunneling model to calculate such a factor was
proposed, based on electron tunneling through a square en-
ergy barrier. The length of this barrier is given by the edge-
to-edge separation of the donor and acceptor groups. Its
height is given by the difference in energy of the electron
in the donor and its energy in the dielectric that separates
the donor from the acceptor. By associating this tunneling
model with ISM it is possible to calculate intramolecular ET
rate constants without adjusting any parameters, provided
that AG°=0.

The authors acknowledge Junta Nacional de Investigacdo
Cientifica e Tecnolégica and PRAXIS XXI Programme for
financial support of this research.
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