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This paper presents two new theoretical models for accurately determining activation energy and reorganization
energy for an electron exchange reaction in solution. The hydration process of an ion is considered and two
accurate potential functions (Morse function and anharmonic oscillator potential function) are defined in
terms of experimental spectroscopic and hydration thermodynamic data. These functions are then used to
depict the energy dependence of the reacting system on the separation between the central ion and the inner-
sphere water molecules and the solvent reorganization. The activation energy and reorganization energy are
obtained in terms of the proposed activation and reorganization models and the hydration potential functions.
The experimental activation energy is corrected by taking into account the actual electronic transmission
coefficient. The slopes of the potential energy surfaces are obtained from the proposed accurate hydration
potential functions, and the coupling matrix element is determined by the two-state model and numerical
integral method over the perturbed d-electron double-zeta Slater-type wave functions. The theoretical values
of the activation energy are compared with the experimental values, and the relationship between the activation
energy and the reorganization energy is tested. The applicability of these models are also discussed.

1. Introduction contributing factors into exponential and preexponentials and,
The theory of electron transfer reactions is now highly Seécond, to disentangle different components of those factors and
developed, encompassing classical, semiclassical, and quanturrompare them with the corresponding predictions of contem-
mechanical models. In spite of several shortcomings, the Porary theories. For the preexponential parts, the electronic
classical model of the outer-sphere electron transfer reactionsfactors, the effective frequency for the activating nuclear
developed by Marcu, Hush3 and Sutint among others, has ~ réorganization, and a _nuclgar tunneling fact_or are th_e main
been fundamental to the understanding of a wide range of contribution factors. L|I_<eW|se, the _exponennal part, viz. _the
homogeneous and heterogeneous processes in chemical anlaranck—Condor_l fa(;tor, is a composite of the structural activa-
biochemical systems. The semiclassical and quantum-mechantion or reorganization characteristics of the reactants and the
ical models developed on the basis of the classical model haveSurrounding mediuri® These parameters and their effect on
been very successful in rationalizing several struetveactivity ~ the electron transfer rate have been extensively studied by both
relationships and in predicting novel features of reactivity. ~ €xperimental and theoretical methdda! These have shown
From a classical viewpoirit#Selectron transfer reactions are  that the electron transfer rate depends sensitively on the
generally explained within the activated complex formalism. activation energy and the reorganization energy. It is well-
These classical theories establish a formal relationship betweerknown that the activation energy is the energy change of the
the electron transfer rate and some parameters. These paranf€acting systems associated with the structural change of the
eters nomina”y contain three elements: (|) electronic factor’ reactants and the reorientation of the SUrrOUnding medium for
(ii) nuclear tunneling factor, and (iii) the energy factors including the reacting system from the initial state to the transition state,
the activation energy and the reorganization energy of the While the reorganization energy is the vertical energy difference
reactants and the medium in which the electron transfer occurs.between the energy of the reactants in their equilibrium
In terms of semiclassical electron transfer thebtyhe rate configurations (initial state) and their energy immediately after
constant for a nonadiabatic electron transfer reaction can be@n electron has transferred (also at the reactants’ equilibrium
expressed as the product of a thermally averaged Franck nuclear configurations). These two energy differences are
Condon factor and an electronic factor that is proportional to generally divided into inner-sphere and outer-sphere contribu-
the square of the electronic coupling matrix element. The tions, as is also done in electron transfer theories for the
thermally averaged FranelCondon factor depends on the corresponding chemical and the electrochemical quantities. The
driving force (the reaction free energy) and the nuclear two contributions are treated microscopically and macroscopi-
reorganization energy accompanying the electron transfer. ~ cally, respectively. Their summation then gives the total energy
An approach toward estimating the dependence of electroncontribution. In developing an accurate treatment of the

transfer rates on various factors is, first, to separate variousactivation and reorganization energies, great progress has been
— madel>2° and a considerable amount of theoretical work has
T Shandong University.

. A been devoted to the development of models.
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presented on the basis of the harmonic oscillator potential in energy. However, although many recent studies give some
the 19508? Marcus rederived the activation free energy formula available schemes for the inner-sphere reorganizaicd,as

by considering of the vibrational energy increment caused by mentioned above, the outer-sphere contribution may be easily
the collision interaction among the surrounding medium mol- overestimated by applying the Born-type continuum medium
ecules?1® Tunuli and Khan put forward the locked dipole theory. Therefore, complementary and more reliable methods
orientation (LDO), improved average dipole orientation (IADO), are needed.

and the semiclassical perturbed rotational state (PRS) mod- It should be noted that although the activation energy and
els1”18and Zhou and Khan proposed the intermediate neglect the reorganization energy are two different energy quantities
of differential overlap (INDO/Il) MO methot¥2to improve the and affect the electron transfer rate at different levels, there must
parametrization of the potential constant factors involved in the be a relationship between them. In simple electron transfer
George-Griffith formula. Although these models generally theory, an approximation is often used to which the total
work well, they sometimes give large errors in activation energy. reorganization energy is equal to 4 times the activation energy
Especially for systems with a large nuclear configuration change, for the self-exchange reactions. Actually, as was pointed out
the calculated values are very different from the experimental by Newton33 this relationship is not strict for application in
values extracted from the experimental rate constants. Thisthe electron transfer reaction because it does not include the
phenomenon can be attributed to the following two causes. First,anharmonicity feature of the reation potential energy surface.
there is no accurate experimental method to directly obtain the Sometimes this approximate relationship yields large errors in
activation energy from the experimental rate constant. At the the evaluation of these energies. Further, these energies refer
present time, the experimental activation energy is generally t0 the energy changes associated with the structural change of
extracted from the experimental rate constant data by assumingfhe reacting system and the surrounding medium in an electron
the electronic transmission coefficient to be unity instead of its transfer process in solution. This molecular structural change
actual valué® because there is no direct experimental method and solvent reorganization process are similar to the hydration
to determine it. However, this assumption may not be true for Process of an ion. In the hydration of a metal ion, there must
many electron transfer reactions in solution. Obviously, the be |nt¢rmol_ecular reorganization, the hydration hgat varying with
activation energy obtained in this manner must be larger than the orientation of th(_a solvent molecules and the distance between
that obtained by using the actual transmission coefficient value. the central metal ion and the solvent molecules. After the
Second, sometimes the activation energy may also be theoretihydration process reaches egumbrlum, the total hydra.tlon heat
cally obtained by summing the inner-sphere contribution and May be experimentally obtained. When an electron is added
the outer-sphere contribution. In general, although the George (O OF removed from a hydration ion, the hydration heat must
Griffith formalism based on the harmonic approximation cannot change along with the charge change of the reactant ion.
give the inner-sphere activation energy accurately, the improved”Actually, the hydration process of a metal ion includes the metal
self-exchange model can work well. However, the outer-sphere ion—solvent molecu!e interaction process and the reorganization
activation energy is generally calculated by using a Born-type Process that occur m_the e_Iectron transfer process. The_refo_re,
electrostatic continuum medium model, which is based on siow, there must bg a relat_lonshlp between ele_ctron transfer kinetics
infinitesimal, and nonquantal charging of a conducting sphere Parameters in solution and the hydration process and the
over a very long time period. Obviously, such a slow process Corresponding hydration heat effect.

cannot completely be applicable to an electron transfer process, I|_1 or_der to establish accurate Sc.he”.‘es for determining the
which involves quantal change of charge in a very short time activation energy an.d the reorganization energy values and
domain of 1x 10%5t0 1 x 10-6s. Thus. this continuum  €sting the relationship between the two quantities, we present

model can only give an approximate result for the outer-sphere several new theoretical models. Two accurate potential func-

activation energy. In other words, this summation method for ?Or?sti (rl:/lorfe f;nrcnon dairr]ldt ?r?]harrfntc;]nlc fscrli”rﬁtor:t ﬁ)Oten“t?l i
total activation energy can be inaccurate. In addition, the unction) are expresse erms of the experimental Spectro

division of the solvated reacting system into the inner-sphere scopic and the hydration thermodynamic data and are then used

compex (genralyanexaland comple) and h aersprere, ‘0L TE S1E9) AP Bl e tescng e o e
solvent medium is approximate, because this division neglects P P

. X . . molecules and the solvent reorganization. The activation energy
the interaction between the inner-sphere ligands and the outer- . - .
sphere solvent molecules. an(_j reorganization energy are obtained in terms of t_he propos_ed
] ) ) ] activation and reorganization models and the hydration potential
For electron transfer reactions in solution, there is no general fnctions. The experimental activation energy is corrected by
method to experimentally determine the total reorganization taying into account the actual electronic transmission coefficient.
energy, although one approach was developed in which theThe siopes of the potential energy surfaces are obtained from
reorganization energy is obtained directly from relative experi- the proposed accurate hydration potential functions, and the
mental results on the energetic of photoelectron emission from coypling matrix element is determined by using the two-state
aqueous solutions in the-4.1 eV range of photon energi&s?> model and numerical integral method over the perturbed
This photoemission method allows the experimental determi- g_electron double-zeta Slater-type wave functions, and also is
nation of the reorganization energy provided that the thermo- caliprated with that from the energy difference between the
dynamic data are available for the calculation of the free energy theoretical activation energy and the energy of the reacting
Changes for the reactions. Another method for determining the System at the Crossing point_ The theoretical values of the
total reorganization energy is to make use of the fact that the activation energy are compared with the experimental values,
reorganization energy is related to the values of the activation and the relationship between the activation energy and the
energy extracted from the experimental kinetic data for electron reorganization energy is tested. The applicability of these
transfer reaction. Obviously, this method also may not give models is also discussed.
accurate reorganization energies due to the approximations )
involved in obtaining the activation energy. In addition, a 2- Theoretical Models
summation method similar to the one used in the calculation of (i) Reorganization Model. According to the definition that
the activation energy may be used to calculate the reorganizationthe reorganization energy is equal to the energy change of the
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Energy M*aqr)) ..M* Haqr) + e—
1 M*agr,) ..M (aqry) (EA,Y) (4)
1 and the reorganization processes can be represented by eq 5

for the donor species (fhq)), and by eq 6 for the acceptor

RE species (M1(aq)) in the reacting complex.

M*Xaqr,) ..M aqr.) — M*(agr) ...M¥aqr) (RE®)

(1) 5)

M*aqr?) ..M (aqr.) — M*(agr) ..M (aqr,) (RE®)
REACTANTS PRODUCTS (6)

>
reaction coordinate The energy changes in the four processes correspond to those
Figure 1. The reorganization model. mentioned above (in parentheses), wherg® |IBenotes the

vertical ionization potential of the donor species, Efenotes

reacting system associated with the structural changes of theyye yertical electron affinity of the acceptor species, an® RE
reactants and the reorientation of the solvent molecules required; g R denote reorganization energy of the donor and the
to proceed from the initial state geometrical configuration 10 acceptor species, respectively. These four subprocesses are
the final state geometrical configuration after electron transfer, shown in Figure 2. Obviously, the total reorganization energy

and the assumption that vertical electron transfer takes place(rg) is equal to the sum of REand RE and also the sum of
from species M (aq) to ML (aq) prior to the molecular IP,D and EAA, viz.

structural reorganization, the electron transfer process between

species M (ag) and M*! (aq) can be represented by the RE=RE° + RE® (7)

following four equations.

RE=IP,° + EA" (8)

M¥aqry) + M*aqr,Y) — M¥aqr,) ...M*agr?) (1) Y Y
According to Figure 2, the dependence of'lRihd RE on the

M%agr,) ...M* Haqr.) — M*agr,) ..M¥aqry) (1) ionization potentials and electron affinities are given by
— oD _p D
M* Y aqr,) ..M{aqr,l) — M*agr?) ..M{aqr)) (2) RE’=1P,” — IP ©
RE*=EA — EA (10)

M*Xaqr?) ..M aqr,) — M**(agr,’) + M*(aqry) (2)

where IRP and EA{* are two adiabatic quantities correspond-
ing to IR,P and EA”, and should be equal and opposite for the
self-exchange reaction.

It becomes apparent that if the ionization potentials and the
lectron affinities can be obtained by various experimental
spectroscopic methods (e.g., electron impact, photoelectron
spectroscopy, photoionization, and optical spectroscopy, etc.),
the reorganization energies for the raectants in the self-exchange
electron transfer reaction can be experimentally determined via
egs ~10.

In the absence of the JPIP,q, EA,, and EAq4 experimental
data, these vertical and adiabatic energies can be obtained from
the vibrational spectroscopic data by means of an accurate
potential energy function. According to Figure 2, for the
potential function

The symbols i) and ¢°) denote the nuclear equilibrium
configurations of the corresponding species in their reduced and
oxidized states in the reaction complexes?)(and (") denote

the same quantities in the separated states, respectively, and a
denotes that the reduced or the oxidized ions are the hydrate
ions in aqueous solution. Equatiorisahd 2 are the processes

of forming or dissociating the complexes. The energy change
in process 1corresponds to the sum of the reaction free energy
change forming the precursor complex and the electrostatic work
required to bring the two reactants together, while that in process
2' corresponds to the sum of the reaction free energy change
dissociating the successor complex and the electrostatic work
required to separate the two products from each other. Obvi-
ously, the energy changes in stegsahd 2 are equal and
opposite. Thus the total energy contributions from stépsd

2' to electron transfer process may be neglected. The main E=E(q) (11)
electron transfer steps are the processes 1 and 2. Step 1 is the

electron transfer process by which the produced speciesthe relevant ionization potentials and affinities are given by
reorganizes according to process 2. The energy change in

process 2 corresponds to the total (vertical) reorganization IP,° =E/(q) — E() 12)
energy. These two processes are shown in Figure 1. Obviously,

for the self-exchange reaction, the energy changes in steps 1 1P, = E(q°) — E/d) (13)

and 2 are equal and opposite and correspond to the total

reorganization energy. In detail, eqs 1 and 2 may be subdivided A _

into four different subprocesses according to the features of EA” = E(") — Ef(d") (14)
donor-acceptor process. The electron transfer process can then A ;

be expressed as EAL = E(d) — E,@) (15)
M*(aqr,) ...MZ“(aqre") — where the symbols o and r denote the oxidized species or the

reduced species, respectively (the same is true in the following),
1 1 D
M*agr,) ..M*(aq ’) + e (IR°) (3) andd' (I =r, o) denotes the molecular geometrical parameters
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Energy whereq is the hydration radius displacement from equilibrium
A configuration and is the interaction energy between the metal
ion and the hydration sphere. This energy may be experimen-
tally determined from the hydration heat by subtracting the
vaporization heat of the metal iorf. and g are the quadratic
and the cubic force constants, respectively. In general, the
experimentalf value can be determined by utilizing the

/ experimental vibrational spectroscopic frequency of reactants.
1 - f = 47°cPWPm IN (22)

r 3
-IPad=EAad
y A 4

wherec is the velocity of lightw is the experimentally obtained
stretching-compression vibrational frequency of an ion hydra-
tion spherem_ is the molecular weight of the inner hydration
sphere. In addition, two other parametebsapd g) may be
obtained from the Dunham expansion of the Morse function.

M**(aq.) M*'(aq.)

>

Internuclear distance

Figure 2. Energy plot and various energy indexes and four processes
mentioned in the text.

of the Ith species in the reacting complex. By using these b = (f/2D)"? (23)
equations (eqgs 1215), together with eqs-810, the correspond- 32 12
ing reorganization energy can be obtained. It should be noted g = 3f"(2D) (24)

that calculation of these energies (IP, EA, and RE) strongly
depends on the potential energy surfaces of the hydrated
oxidized and the hydrated reduced species.

(ii) Activation Model. According to the modified self-
exchange modél and the given functiof(q) mentioned above,
the total energy of the reacting system at the crossing point
before electron transfer (the initial state) is given by

Obviously, these two functions not only include the relation-
ship between the hydration heat effect and the hydration radius
but also reflect the energy change accompanying the structural
reorganization of the complex ion and the reorientation of the
solvent molecules in the electron transfer process. For the self-
exchange reaction, substituting these two hydration potential
functions into the formulas mentioned in the activation model,
E. = E(q) + E,(x—0) (16) the activation energy formula may be rewritten as

AOP:
After electron transfer (the final state), the energy becomes L , 1 - , 1 .
Baa= (7of 0" — 7600 + ofo(x—0)" — /6Go(x—q)" (25)

E =E,(x—0) + E(9) (17)
wheref; andg; (j = r, the reduced, or o, the oxidized species)
where subscript i denotes the initial state and f denotes the finalare the corresponding force constants of jhespecies. The
state and x is the change of the corresponding hydration radiusactivation parameter (the minimum bond stretching) of the
of the reactant molecule from the reduced to the oxidized state.reduced speciesy, satisfies eqs 26a and 26b.
For a radiationless transition of an electron, the total energy

must be conserved during the transiti@ £ E;); the activation (9, — gr)qt2 +2(f, +f, — 9.¥0, + gox2 —2fx=0 (26a)
energy of the reacting systerB,q, in solution is given by
Approximately, eq 26a may be further simplified to
Ead = Er(qt) + Eo(x_qt) (18)
2f x — g
whereq is the activation parameter of the reactant molecule at 0 = 26+1.—gx (26b)
the activated state and may be obtained via the minimization r-o ¥
method of the potential energy surface. Morse:
‘(dEr(Q) N dEo(X—Q)) ~0o (19) E.q= D1 — exp(—b,g))* + D,(1 — exp(—by(x — q)))*
dq dg /o=, (27)

It becomes apparent that calculation of these energies stronglyl" Which the activation paramete, satisfies the equation
depends on the potential energy surface of the reacting system

(piii) Hydration Igunction Modegll.y According to the strugtuél L(exp(=b.a) — exp(=2b,qy)) — (exp(=by(x—ay) —
characteristics of the hydrated ions, taking the solvent hydration exp(—2b,(x—qy))) =0 (28)
sphere as a cavity from which the solvent has been excluded,
and letting the metal ion occupy the center of the cavity, the WhereL = Dib/Dobo. - . .
interaction energy between the central metal ion and the Similarly, substitution of these two hydration potential
hydration sphere is a function of the radius of the cavity and functions into the relevant formulas mentioned in the reorga-
may be accurately expressed by the Morse-type function Nization model may give the corresponding reorganization
(Morse): energy results.

E=D(1— exp(—bq))z (20) 3. Experimental Determination of the Activation Energy

. . ) In practice, the experimental activation energy is extracted

or the anharmonic oscillator potential (AOP): from the experimental rate constant by assuming the electronic
1,2 1 transmission coefficient to be unity. Obviously, this method is

E="1fq" — /69q3 (21) available for the more strongly coupled systems; however, for
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ENERGY mental activation energy may be obtained from the experimental
4 rate constant data in terms of eqs 31 and 32. It is also evident
from eq 32 that the determination of the transition probability
depends strongly on the coupling matrix element and the slopes
of the potential energy surfaces. Therefore, in this paper, we
present new methods for determining the coupling matrix
element and the slopes of the potential energy surfaces.

A. The Coupling Matrix Element Hj. It should be noted
from Figure 3 thaH;; represents the energy difference between
the diabatic activation state (at the crossing point) and the
adiabatic activation state (at actual transition state); khusan
be also expressed as

REACTANTS(i) PRODUCTS({Y)

> Hi =By — By (33)

REACTION COORDINATE
Figure 3. Parabolic energy profiles of two diabatic states along the However, this approach involves equating the coupling element
reaction coordinate, displaying the crossing endigand the splitting with the very small difference between two large energy
of the adiabatic states Kg). guantities and can be subject to large errors.
) Actually, the coupling matrix elemer; in eq 32, strictly
the weekly coupled systems, the same is not true because thgpeaking, should be a many-electron quantity associated with

electronic factor plays an important role in affecting the electron he jnjtial and the final state functions combined linearly from
transfer rate. Thus the electronic factor should be accurately 5iomic orbitals. For weak interaction. the coupling matrix

included in the determination of the experimental activation gjlement may be reduced to a simple formalism.
energy.
For the following type of outer-sphere electron exchange H; = OpsH; ;0 (34)
reaction involving hydrated transition metal complex ions
Some theoretical calculations of this many-electron quantity
M**(ag)+ M¥aq)= M{aq)+ M**aq)  (29) have been made3” by Newton, German, and Kuznetsov.
. In this work, a new method is presented. The Slater-type
the dependence of the electron transfer rate on the electronicygyple-zeta orbital wave functions are used to depict the

factor and some other parameters can be expressed as electronic state functions of the free metal ion in this method.
_ - On the basis of the perturbation theory, taking the potential field
ke = keiZerr EXPCEaKT) (30) produced by the inner-sphere ligands and the outer-sphere

medium as a perturbation potential, the perturbed d-electron
wave functions of the hydrated metal ion in solution may be
obtained by the perturbation method from the Slater-type double-
. exp zeta wave functions of the metal ion. Then substitution of these
Bao = KT IN(keiZes/k: ) (31) electronic state functions into eq 34 can give the resultsifor
by using numerical integral method.
B. Slopes of Potential Energy Surfaces.In many recent
_ 34.6the following expression forgS, — S| was used in
=2PJ(1+P 2 works;**>the following exp S — |
Kel o( o (322) determiningPy via the Landau-Zener formalism.

Thus the experimental value of the activation energy may be
extracted from the experimental rate constant data by using

where

denotes the electronic transmission coefficient and summarizes
all the electronic effects on electron transfer rate, Agdlenotes IS, — S| = 8w/ (TRTE Y/ v (35)
the effective frequency associated with motion along the reaction
coordinatek is the Boltzmann constant, afdis the thermo-
dynamic temperature P is the electron adiabatic transition
probability for hopping from the initial (i) to the final (f) diabatic
potential energy surfaces on a single passage of the systemO
through the crossing region.

For the weak coupling electron transfer system in the outer-
sphere mechanism, the LandaZener modet-3>is available,
the electron adiabatic transition probabilRy may be expressed
as

Obviously this formula is an approximate one and cannot give
accurate slope differences of the potential energy surfaces. Thus,
it is not appropriate to apply eq 35 in the accurate determination
f the electronic transmission coefficient.

From the characteristics of the self-exchange electron transfer
reaction between the hydrated transition metal redox pairs, the
potential energy surfaces of the reactants and the products are
symmetrical relative to the transition state so that the slope of
the potential energy surface for the reactants is equal to that
for the products with an opposite sign. Thi, — S| reduces

Po=1- exp(-4r'H/(hwyS, — Sl))  (32b) 'O AN VE

v, — =2 = 20E,/ot 36
whereh is Planck’s constantys is the relative velocity of the 4= S Rl ! (36)

velocity (assumed constant) with which the reacting system, |t should be noted that the potential energy surface of the
M**(aq)+ M*"!(aq) passes through the interaction region along reactants includes two contributions from the reduced and the

the reaction coordinate|S; — S| is the net force exerted on  oxidized species, respectively. Therefore, eq 36 may be
the system tending to restore to its original state or take it to a yewritten as

final state. S and S are the negative slopes of the potential
energy surfacesFand B (Figure 3), respectively. IS, — SI=2(S| + 1S, (37)
It becomes apparent that if the coupling matrix element and
slopes of the potential energy surfaces are known, the experi-whereS andS, denote the slopes of the potential energy surfaces
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TABLE 1: Potential Constant Factors of Morse and
Anharmonic Potential Functions Determined
Experimentally?

fi(mdyn/A)  g/(mdyn/A®)  b/(L/A)  Di(kcal/mol)
V2 (aq) 9.60 41.506 1.441 332.67
V3*(aq) 14.64 46.627 1.062 934.94
Cr(aq) 9.60 38.880 1.350 379.13
Cr*(aq) 15.24 47.331 1.035 1023.52
Mn2*(aq) 9.90 40.870 1.376 376.29
Mn3*(aq) 15.24 47.305 1.035 1024.67
Fet(aq) 9.60 39.306 1.365 370.95
Feit(aq) 15.24 48.509 1.061 974.40
C**(aq) 9.60 39.165 1.360 373.64
Co*t(aq) 15.24 49.920 1.092 920.12

2 The potential constard (in kcal/mol) is obtained by subtracting
the vaporization heat from the hydration heat of an ion.

of the hydrated reduced and the hydrated oxidized species atcg+/+

J. Phys. Chem. A, Vol. 101, No. 7, 1997203

TABLE 2: Theoretical and Experimental Activation
Energies and Reorganization Energies of the Self-Exchange
Reactions of the Redox Pairs M*(aq) M?*(aq) (M =V, Cr,
Mn, Fe, and Co) in Solution

methods
species Morse ACP AOP® expf expf expt Born RE/ES
Activation Energy/(kcal/mol)

vzttt 1559 1542 15.60 15.98 14.77 18.50 18.60 3.03
Crtft 1711 16.91 17.31 16.54 18.69 22.20 19.30 3.04
Mnzt/3 15,00 15.03 15.05 12.70 11.46 14.90 17.00 3.08
Fet/*t  13.47 13.34 13.60 1254 11.42 14.30 14.80 3.15
CotPt 13.45 13.32 13.62 12.69 11.57 14.80 16.00 3.15
Reorganization Energy/(kcal/mol)

V2Tt 4716 45.70 45.70 49.12
Crtf** 52,04 50.36 50.36 47.27
Mn2t/3t  46.20 44.87 44.87 46.59
Fet3t 4245 41.32 41.32 48.66

42.32 41.17 41.17 52.12

the transition state and can be calculated in terms of the accurate

hydration potential functions (egs 20 and 21). The calculational
formulas are expressed as

§ = —2Db(1 — exp(-bq)) exp(—bq)
§=—fg +1/29q° (AOP)

wherej (=r and o) denotes the hydrated reduced and the
hydrated oxidized species, respectively. Substituting eqs 32
34, and 3739 into eq 31, the experimental activation energy
may be easily obtained.

In addition, for electron transfer reactions in solution, the
electronic transmission coefficiert, is generally about 0.01.

(Morse) (38)

(39)

Thus, the experimental activation energy may be also ap-

proximately extracted from the experimental rate constant for

the electron transfer reaction by assuming the electronic

transmission coefficiente as 0.01.

4. Results and Discussion

(i) Results. Utilizing relevant formulas mentioned above

together with experimental spectroscopic and hydration ther- have focused on this electronic factor.

modynamic dat&14.17.3841 of the hydrated transition metal ions
M2*(aq) and M*(aq) (M = V, Cr, Mn, Fe, and Co), the
potential constanD may be obtained from the hydration heat
of a metal ion by deducting its vaporization heat, the force
constants f( and g) for the anharmonic oscillator potential
function and the exponential factdn)(of the Morse potential
function can be further obtained in terms of eqs-24. These

a Obtained from the anharmonic oscillator potential function method
(egs 25 and 26ay.0Obtained from the anharmonic oscillator potential
function method (egs 25 and 26B)The corrected experimental
activation energies by using the actual electronic transmission coefficient
value, and the experimental reorganization energies are cited from the
photoemission experimental resiits?? ¢ The corrected experimental
activation energies by using the approximate electronic transmission
coefficient value (0.01)¢ The experimental activation energies derived
early by assuming the electronic transmission coefficient as unity.
fObtained by summing the inner- and the outer-sphere contributions

'which are calculated by Georg&riffith formalism and Born-type
continuum medium mode¥.RE/E, values are calculated using the
values in the Morse function model in column 2.

constant data, the experimental activation energies are also
extracted by assuming the electronic transmission coefficient
as unity and as 0.01, respectively, and are also given in Table

(ii) Electronic Transmission Coefficient. Before the de-
tailed data presented here are discussed, it is useful to establish
a reasonable comparison standard. From eq 31, it is known
that the electronic transmission coefficient is an important
parameter affecting electron transfer rate. Many recent studies
Newton and others
introduced some reduced formalism to depict the electronic
factor! Khan also extended the original Landagener formula
by using semiempirical INDO/II molecular orbital method and
some approximate activation parameféks Studies indicated
that the electronic transmission coefficient of the electron
exchange reaction in solution is generally about 6%0%. To
determine the electronic transmission coefficient, the original

results are given in Table 1. Subsequently, activation parameterd_andau-Zener formalism is used in this work (eq 32). The

and activation energy at the crossing point can be calculated ininvolved parameters (the coupling element and the slopes of
terms of eqs 2528. The reorganization energies may be also the potential energy surfaces) are determined using the numerical
obtained using eqs-715. In determining the experimental integral method over the perturbed d-electron Slater-type double-
activation energies from the experimental rate constants, thezeta wave functions and the hydration function model proposed
accurate electronic factor is needed. The slopes of the potentialin this paper (eqs 33, 3739), respectively. The calculated
energy surfaces are obtained by using the activation parametersvalues of this preexponential factor for the self-exchange
of the reacting system at the crossing point in the slope formulasreactions studied in this work are 0.0779%(¥"(aq)), 0.192
egs 38 and 39. The coupling matrix elements are calculated (Cr23*(aq)), 0.0889 (MA+3+(aq)), 0.0679 (F&/3*(aq)), 0.0686
by using numerical integral method and are also related to the (Co?™3*(aq); in the Morse hydration function model, respec-
energy difference of the reacting system between the crossingtively, they are very close to the quasiexperimental values
point and its actual activation state. Substitution of the coupling (0.0626 (\2*3*(aq)), 0.182 (CG¥"3*(aq)), 0.0211 (M&3*(aq)),
matrix element and the corresponding slope difference of the 0.0137 (F&3*(aq)), 0.0215 (C&73*(aq)). These results clearly
potential energy surfaces and other relevant quantities into eqimply that the experimental values of the activation energy
32 gives the values of the electronic transmission coefficient derived earlier from the experimental rate constant data using
kel. The experimental values of the activation energy may be the unit value of the electron transmission coefficient were
easily calculated from eq 31. These results for activation overestimated. Therefore, the electronic factor should be
energies and the reorganization energies are given in Table 2 actually taken into account in relevant analysis.

In order to test the applicability of the approximate method  (iii) Activation Energy. The values of the activation energy
for determining the activation energy from the experimental rate are obtained from the experimental electron transfer rate constant
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by using the calculated electronic transmission coefficient. The the electron transfer reaction and other types of reactions. On
corrected experimental results of the activation energy are muchthe other hand, the overestimated activation energy obtained
smaller than those derived earlier. This difference between by summing the inner-sphere and the outer-sphere contributions
before-and-after correction may be observed from Table 2 andmay result in larger error for the reorganization energy.
are about 2.0 kcal/mol for the self-exchange reactions in solution Therefore, it may be said that this evaluation method from the
studied here. activation energy for the reorganization energy is not reliable.

Comparison of the activation energy data in Table 2 shows (v) Hydration Function Model. The observed reasonable
that the values obtained from the Morse-type hydration potential agreement between the theoretical and the experimental values
function method are in good agreement with those obtained from fully indicates that the hydration potential function presented
the anharmonic hydration potential function method, and all of in this paper can be used for determining the activation and the
them agree very well with the corrected experimental values, reorganization energies of electron self-exchange reaction
except for the MA(aq)/Mret(aq) redox system whose theoreti- between the hydrated transition metal redox pairs in solution.
cal values are slightly greater than the experimental value. TheseThe activation model gets around some shortcomings in the
theoretical values are also in reasonable agreement with ap-classical model and utilizes the accurate potential functions
proximate ones extracted from the experimental rate constant(Morse, AOP) including the anharmonicity feature to calculate
by using the approximate value of the electronic transmission the activation energy and the reorganization energy, and should
coefficient (0.01) and are obviously smaller than the experi- be areliable method. This arises because the accurate hydration
mental ones extracted by taking electronic transmission coef- potential function model takes into account the properties and
ficient as unity (compare columns 2, 3, and 4 with column 7 in the real behavior of the hydration process of the transition metal
Table 2). ion and accurately gives the potential energy surface. Thus,

In addition, the activation energy may be evaluated by the energy change in the electron transfer process may be
dividing the hydrated ion into the inner-sphere complex and interpreted in terms of the thermodynamic data in the hydration
the outer-sphere solvent medium, and summing the inner-spherdrOCess.
contribution and the outer-sphere contribution. These two In conclusion, this paper presents some new models which
energy contributions to the activation energy are obtained by are the reorganization model, the activation model, and the
using the microscopic and macroscopic methods, respectively.hydration function model from which the potential energy

In general, for the inner-sphere part, the improved activation Surfaces are accurately determined. The results of the energy
modeR526works well. However, for the outer-sphere part, the barrlers of the self-exchange electron transfer reactions in
classical Born-type electrostatic continuum medium model solution are obtained. The experimental standard values are

cannot give accurate results, because this classical model /S0 discussed. Good agreement between the theoretical and
based on the slow, infinitesimal, and nonquantal charging the experimental values indicates that two new models (activa-
process of a conducting sphere over a very long time period. tion model and reorganization model) yield accurate valuee of
On the other hand, the summation method actually is ap- the two energy quantities. This result also confirms the utility
proximate becuase it neglects the interaction between the innerOf the hydration potential function model in determining the
sphere complex and the outer-sphere solvent medium. The datdotential energy surfaces. This hydration potential function
in Table 2 (compare column 8 with others) supports the above takes into account the common features of the activation process
analysis. (or reorganization process) and the hydration process and gives
(iv) Reorganization Energy. For the reorganization energy an accurate description of the_energy dependence on the central
no method has been developed to directly obtain this energy'on_hydrat'c.)n sphere separation in solution. Results als_o show
from the experimental kinetic data of the electron transfer that the ratio of the reorganization energy to the activation

process. Only one indirect approach has been proposed in Whicrﬁnergy is about 3 instead of 4, and the traditional relationship

T . . . between the two energy quantities is not valid for the electron
the reorganization energy is extracted from relative photoemis- . . . .
transfer reactions especially for reacting systems with more

sion experimental results. ‘Table 2 gives a comparison betweenanharmonic otential energy surfaces. In addition, the classical
the indirect experimental results and the theoretical values nic p 9y ) '
summation method from the outer- and the inner-sphere

obtained from the proposed reorganization models (Morse, - . -
4 . contributions overestimated the two energy quantities.
AOPa, AOPb). Good agreement is obtained except for the . .
C?*(aq)/Cé+(aq) redox couples. This error may be due to It should be pointed out that the electron transfer reactions
the following two aspects: the error of the thermodynamics data of the hydra_ted lons in s_olqun n t_he o_uter-sphere mechanism
the electronic transmission coefficient is generally about 0.01,

of reactants in the indirect photoemission experimental method . N :

and the different kinetic (or dynamic) properties of the thermal and the e?<per|mental activation energy ShOUId be obtained from

electron exchange process from that of the photoelectron the exp_en_mental rate constant data_ by using f[he actual electronic
transmission coefficient value. This correction may lower the

emission process. experimental value of the activation ener
Another method which is used is to relate the reorganization P " . . . gy- .
In addition, this hydration function model may be applied to

energy to the activation energy. For the self-exchange reaCt'on’other solvated ion systems in solution with couterions and

it is usually assumed that the reorganization energy is 4 times . . s .
the activation energy. Obviously, this relationship is ap- dlfferent ion strength py utilizing the solution heat of the reactant
species at the given ion strength.

proximate because the anharmonicity of the potential energy
surfaces of the reacting system is not considered. From Table
2, it is noted that when the anharmonicity effect is taken into

account the reorganization energy is only about 3 times the
activation energy. The ratio of reorganization energy to the

activation energy depends strongly on the property of the
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