JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Article

Evidence for Concerted Pathways in lon-Pairing Coupled Electron Transfers
Jean-Michel Savant
J. Am. Chem. Soc., 2008, 130 (14), 4732-4741 « DOI: 10.1021/ja077480f
Downloaded from http://pubs.acs.org on February 8, 2009

Stepwise
EA/ B

B

A 1 e
A+M /& Kip
Concerted

Additional resources and features associated with this article are available within the HTML version:

More About This Article

Supporting Information

Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja077480f

A\C\S

ARTICLES

Published on Web 03/18/2008

Evidence for Concerted Pathways in lon-Pairing Coupled
Electron Transfers

Jean-Michel Savéant

Laboratoire d’Electrochimie Mdleulaire, Universitede Paris 7-Denis Diderot, 2 place Jussieu,
75251 Paris Cedex 05, France (2)

Received September 28, 2007; E-mail: saveant@paris?.jussieu.fr

Abstract: lon-pairing with electro-inactive metal ions may change drastically the thermodynamic and kinetic
reactivity of electron transfer in chemical and biochemical processes. Besides the classical stepwise
pathways (electron-transfer first, followed by ion-pairing or vice versa), ion-pairing may also occur concertedly
with electron transfer. The latter pathway avoids high-energy intermediates but a key issue is that of the
kinetic price to pay to benefit from this thermodynamic advantage. A model is proposed leading to activation/
driving force relationships characterizing such concerted associative electron transfers for intermolecular
and intramolecular homogeneous reactions and for electrochemical reactions. Contrary to previous
assertions, the driving force of the reaction (defined as the opposite of the reaction standard free energy),
as well as the intrinsic barrier, does not depend on the concentration of the ion-pairing agent, which simply
plays the role of one of the reactants. Besides solvent and intramolecular reorganization, the energy of the
bond being formed is the main component of the intrinsic barrier. Application of these considerations to
reactions reported in recent literature illustrates how concerted ion-pairing electron-transfer reactions can
be diagnosed and how competition between stepwise and concerted pathways can be analyzed. It provided
the first experimental evidence of the viability of concerted ion-pairing electron-transfer reactions.

Introduction molecule, and between a paired anion radical and its parent

molecule. Theoretical considerations have allowed a discussion
of the various mechanistic possibilities in systems such as those
represented belott

w D -
v Y .~

Nonspecific effects of electroinactive counterions on electron-

The presence of ions that do not directly partake in an
electron-transfer reaction may strongly affect its overall kinetics,
and even their mechanism, through interactions between these
ions and the reactants and/or products. Deciphering the ways
in which this influence operates is important from a fundamental
standpoint but also in view of the role that nonelectroactive ions
are deemed to play in natural electron-transfer procésses.

In most cases, investigations of the role of ion-pairing in the
thermodynamics and kinetics of electron transfer have concerned
the association of electroactive anions with an electroinactive

cation, rather than the opposite arrangement. Early oals o ) .
shown that transfer of the cation in the ion pair accompanies transfer_kmenc_:s h_ave_ attract_ed early _atte_nt|on, leading to the
expression of iofrion interaction contributions to the reorga-

the homogeneous electron transfer in systems where the anionniz tion enerav within a DebveHiickel frameworké Further
radicals exist primarily as ion pairs. These systems involved ation energy a DebyeHlckel framework: Furthe

anion radicals of aromatic hydrocarbons and ketones paired With{eflnerlnetr;]ts of the dthle(?[ry have.then tbleen (tjevelﬁ tr)n ptfs]
alkali metal cations in ethereal solvents of low dielectric constant |2 :pirt)eyof aelsaer n(]aob(;e ds ;Zﬁpz:zng tgl Zﬁaemtser:s\,/t?n ese strear;]es.
and large differences were found in the rate constants for P g Y P gsy

exchange between an unpaired anion radical and its parent such as polyoxometalates have not provided real opportunities
to test these theoretical approaches, because, owing to their high

(1) (a) Kaim, W.Bioinorganic ChemistryWiley: New York, 2007. (b) Kaim,
W.; Schwederski, B. IrBioinorganic Chemistry: Inorganic Elements in
the Chemistry of LifeWiley: Chichester, 1994.

(2) (a) Zandra, P. J.; Weissma®, . J. Am. Chem. S0d.968 90, 3611. (b)
Szwarc, M.Acc. Chem. Red 972 5, 169. (c) Sorensen, S. P.; Bruning,
W. H. J. Am. Chem. Sod.973 95, 2445.

(3) Marcus, R. AJ. Phys. Chem. B998 102, 10071.

(4) (a) Piotrowiak, P.; Miller, J. RJ. Phys. Chem1993 97, 13052. (b)
Piotrowiak, P.Inorg. Chim. Actal994 225, 269. (c) Piotrowiak, Pinorg.
Chim. Actal994 225, 269.

(5) Marcus, R. AJ. Chem. Physl1965 43, 679.

(6) (a) Dogonadze, R. R.; Kuznetsov, A. Nl. Electroanal. Chem1975 65,
545. (b) Waisman, E.; Worry, G.; Marcus, R. A. Electroanal. Chem.
1977, 82, 9.
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charges, the kinetics of electrochemical and self-exchange
electron transfers is governed mostly by electrostatic work terms
that blur the contribution of ion atmosphere reorganizatibi.

(7) Kuznetsov, A. M.; Phelps, D. K.; Weaver, M.lat. J. Chem. Kin199Q
22, 815

(8) Kozik, M.; Baker, L. C. W.J. Am. Chem. S0d.99Q 112 7604.
(9) (a) Swaddle, T. WChem. Re. 2005 105 2573. (b) Czap, A.; Neuman,
N. I.; Swaddle, T. Wlnorg. Chem.2006 45, 9518.

(10) (a) Geletii, Y. V.; Hill, C. L.; Bailey, A. J.; Hardcastle, K. I.; Atalla, R.
H.; Weinstock, I. A.Inorg. Chem.2005 44, 8955. (b) Grigoriev, V. A,;
Cheng, D.; Hill, C. L.; Weinstock, I. AJ. Am. Chem. So2001, 123
5292.
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As in the homogeneous case, specific interactions involving concentration of the ion-pairing agent (according to the Nernst
ion-pairs strongly influence the thermodynamics and kinetics law) and incorporated as such in the Marcus equation for
of electrochemical electron-transfer reactiéh$hey may also outersphere electron transfétsThis approach is incorrect not
influence the mechanisms and kinetics of follow-up reactiéris. only because ion-pairing-triggered electron transfer reactions
lon-pairing is also deemed to play an important role in the are not outersphere electron transfers but also, more fundamen-
thermodynamics and kinetics of electron-transfer reactions in tally, because it contravenes the basic principles of chemical
the actively investigated room-temperature ionic liquitid8 equilibrium.

lon-pairing may also influence the kinetics of reactions that  The next step was the search in experimental literature of
are not necessarily driven by a simple electron-transfer step suchexamples where the diagnostic criteria we have established can
as Diels-Alder reactions?® be applied with a particular attention to reactions where the

lon-pairing and electron transfer may be associated in a concerted pathway is predominant. In this connection, quite
stepwise or concerted manner in the electrochemicaPtase interesting examples of the effect of ion-pairing on the kinetics
well as in homogeneous thermal or photoinduced reactions. Theof electron transfer to quinones in thermal and photoinduced
distinction and competition between stepwise and concertedreactions have been reported recetyf As revealed by a
pathways is thus an important, and so far unresolved, issue indetailed analysis of these experimental results, based on the
several areas of electron-transfer chemistry and biochemistry.present model of ion-pairing-triggered electron transfers, one
In spite of several experimental examples where ion-pairing was of these series of reactions provides the first example so far of
deemed important, no evidence for concerted pathways has beem@n electron transfer/concertedly triggered by ion-pairing. Analy-
reported so far. This state of affairs appears to result from a sis of an older electrochemical examilpoints to the stepwise
lack of a reliable model describing the electron-transfer reactions character of the reaction.
that are triggered by ion-pairing. We present such a model Stepwise and Concerted Pathways. Theoretical Relation-
below, focusing attention on homogeneous and electrochemicalships. The stepwise versus concerted dichotomy is as depicted
electron-transfer reactions that are coupled with ion-pairing of in Scheme 1. Because most experimental investigations are
the electron-transfer produdtn-pairing of the reactant being
negligible with as a main objective the establishment of Scfeme !
activation/driving force relationships characterizing such con- Homogeneous Intermolecular Reactions
certed associative electron transfers. Combination of these results Stepwise (EIP)
with an estimation of the pre-exponential factors allows one to 0 0
diagnose the occurrence of stepwise and concerted pathways FE =B gy a)
and uncover the parameters that govern their competition. D+A = = *D+A

One difficulty in past attempts to rationalize the observed + *
effects of cation addition on the kinetics of electron trari8fet M
resides in the lack of a precise definition of the reaction driving
force. The phrase driving force is usually connected with 0 0
activation-driving force relationships such as Marcus’s, the one F(ES b~ E o apD)
established here in the concerted case or any other. If this is ) o
indeed the use one wants to make of the driving force concept, Concerted (CIPE) O s D)+
then it should be defined as the opposite of the reaction standard
free energy, and as such referred to standard states. It is therefore Stepwise (EIP)
independent of the reactant concentrations, in particular of the F(E° _E® )
concentration of the ion-pairing agent. In past rationalizations, "D-A/D-A  D-A/D-A

the driving force was instead considered as a function of the D-A — = *D—A"
+ +

(11) (a) Chauhan, B. G.; Fawcett, W. R.; Lasia, JAPhys. Chem1977, 81, Mt M
1476. (b) Fawcett, W. R.; Lasia, A. Phys. Chem1978 82, 1114.

(12) (a) Ryan, M. D.; Evans, D. Hl. Electroanal. Chem1974 121, 881. (b)
Ryan, M. D.; Evans, D. HJ. Electroanal. Chenil976 67, 333. (c) Macias-
Ruvalcaba, N. A.; Evans, D. H. Phys. Chem. B005 109, 14642.

(13) Andrieux, C. P.; Robert, M.; Saast, J.-M.J. Am. Chem. S0d.995 117,
9340

Mrl+

-RTInKpp

—RTInK;p

0 0
. E —-E
(14) (a) Hammouche, M.; Lexa, D.; Momenteau, M.; Save J. M.J. Am. ( *D-A/D-A D—A+M“+ID—AM(“'”+)
Chem. Soc1991, 113 8455. (b) Bhugun, I.; Lexa, D.; Saaet, J. M.J. ; B tD—AM@-1+
Phys. Chem1996 100, 19981. Concerted (CIPE)
(15) Brooks, C. A.; Doherty, A. PJ. Phys Chem. B005 109, 6276.
(16) Lagrost C.; Preda L.; Volanschi, E.; Hapiot,JPElectroanal. Chen2005
585 1
17) (@) Evans R. G.; Compton, R. GhemPhysCher2006 7, 488. (b) Fietkau, i i
N.; Clegg, A. D.; Evans, R. G.; Villagran, C.; Hardacre, C.; Compton, R. Electrochemical Reactions
G. ChemPhysChen2006 7, 1041. Stepwise
(18) Matsumlya M.; Terazono, M.; Tokuraku, Electrochim. Acte2006 51, EV EIP
1178. Taa ( 1P)
(19) (a) Fukuzumi, S. lilectron Transfer in Chemistralzani, V., Ed.; Wlley- A +eg =—]——
VCH: Welnhe|m 2001; Vol. 4. pp-367. (b) Fukuzumi, S.; Ohkubo

Okamoto, T.J. Am. Chém. So@002, 124, 14147. M"+
(20) Savaent, J.-M.J. Phys. Chem. R001, 105 8995.
(21) (a) Okamoto, K.; Imahori, H.; Fukuzumi, $.Am. Chem. So€003 125, e Kip

7014. (b) Okamoto, K.; Ohkubo, K.; Kadish, K. M.; Fukuzumi JSPhys. A+M“+IAM"’
Chem. A2004 108 10405. (c) Wu, H.; Zhang, D.; Su, L.; Ohkubo, K.; Concerted
Zhang, C.; Yin, S.; Mao, L.; Shuai, Z.; Fukuzumi, S.; Zhu,JJDAm. Chem.

S0c.2007, 129, 6839. (CIPE) AM(-1+
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concerned with ion-pairing of a reduced species by a Lewis 2)
acid, in most cases a nonelectroactive metal ion, we have
considered this case in Scheme 1. The reaction scheme and the | conditions where the reaction is irreversible and in the

attending derivations can straightforwardly be adapted to the presence of an excess of M, the reaction rate is proportional to

0 0 0
AG” = F(Ep:/p = Easmnisame- v+)

reverse, and more rare case, of an oxidation coupled with thepn+ This implies a termolecular collision leading to a pre-

reaction with a Lewis bas&.Because we focus on cases where

exponential factor. hom \vhich is, fa a 1 Mreference state for

er ?

ion-pairing of the reactant is negligible, the stepwise pathways njn+ concentrations, about 20 times smaller than the bimolecular

to be considered only involve the EIP route shown in Scheme qjision factor Z1°™

1 with electron-transfer first, followed by ion-pairing.
Concerted Reactions. Contribution of lon-Pairing to the
Activation Barrier. The equilibrium potential of the system,
or apparent standard potentiafgp is a function of the

concentration of ion-pairing agent, [M] as represented in Figure
1, which shows the zones of stability of the various species.

0
Eap

A (RT/F)In10

v
A‘—_

- AMO-1F

~log K p log[Mm}

Figure 1. Zones of thermodynamic stability of the various species. Blue
arrows, EIP stepwise pathway; red arrow, CIPE concerted pathway.

The equation of the oblique line is
RT
Egp: Eg,A, + = In(K,p[M ")

M™]
[M n+] 0

_ 0 RT
- EA+Mn+/AM -1+ + f

)

whereES, _ is the standard potential of the A7Acouple and

Kip is the ion-pairing equilibrium constant. These two parameters
define the thermodynamics of the EIP stepwise pathway, which

°" meaning thaZ2"IM"]° is about 16°

M-1s1orz°"is about 160 M~2 5123
For intramolecular reactions(Scheme 1), the electron is
transferred from one part of the molecule to the other. The

reaction rate may be expressed as

_db-A] _ dM™] _ d[D-AM" P
dt dat dt
=k [D-AJM "] — k[D-AM® D]

and the reaction standard free energy is now

®3)

In conditions where the reaction is irreversible and in the
presence of an excess of M, the reaction rate is proportional to
[M"*]. The pre-exponential factor is the classical bimolecular
collision factorZ{o™ (typically 3 x 10"t M~1 %),

For electrochemical reactionghe current density is given
by

0_ 0 _ 0
AG” = F(Eip-ap-a — Ep-atmmp-ame-v+)

I conc

F

~ é’)““{ Ao [M™] — [AM ™D x

F 0
eXF{ﬁ(E - EA+Mn+/AM<n—1)+)]} (4)
wherel is the current densityE is the electrode potentiag
is the potential-dependent forward rate constant, and the
subscriptx = 0 indicates that the concentration is taken at the
electrode surface. [M] is large enough to be considered as

is represented by blue arrows in Figure 1. The concerted constant and equal to its bulk value throughout the diffusion

pathway is represented by a red arrow in Figure 1. The stand.slrdlaglle

potential of interest is then
RT
Ensmniamon = Eqa- T E IN(K,pM™1%)

in which [M"*]° is the concentration of M at the standard
state, usually 1 M. The introduction &, \./ave »: leads to
the second expression Ef;p ineq 1.

Homogeneous ReactionsFor intermolecular reactions
(Scheme 1)the electron is transferred from a homogeneous
electron donor D, giving rise to D The reaction rate may be
expressed as

_dA]_ d[D] _ dM™]_d[AM® Y] d[D7]
dt  dt d dt Tt
=k [A[M "[D] — k[AM "~ YD ]

The driving force is defined as the opposite of the reaction
standard free energy.

(22) Muriel, F.; Jimenez, R.; Perez-Tejeda, P.; SanchegHem. Phys. Lett.
2006 422 382.

4734 J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008

r. The pre-exponential factor for the concerted pathway,
Z,, corresponds to a triple collision involving the electrode, A
and M,

f
V ranex KA+ Mot aM o0+ M
f AMn+

el

N n+]O

wherev is the frequency at which the transition state collapses
into products,f; is the translation partition function of the
transition statef v © is the translation partition function of
the precursor complex AM resulting from the collision of A
and M along a direction perpendicular to the electrode surface,
andKa+mmam®- 2+ is the equilibrium constant corresponding
to the formation of AM* from A and M,

_f kT 1
Fan W Jon(m, + My ks T/H?

_ [ RT
271(M,, + My

(23) Savant, J.-M.J. Electroanal Chem200Q 485, 86.
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wherem s andM s are the molecular and molar masses, It follows that for homogeneous concerted reactions, the

respectively, and forward rate constant is given by
Kasmniamo-ae = Zhom keone = Zhom exp{— A_G*
MAMEDE T e TTh RT
For [M"]0 =1 M, with24
ZEIIIM T~ Z;I AGT= e jo : j'i(l * Ap +AAGOO+ li)z ©)
Typically, and
Z2IM]° = 15x 10°cm/s Zhom — Zhom g Zhom

In all three cases, activation involves solvent reorgan- for inter- and intramolecular reactions respectivl&° is given
ization and a contribution of ion-pair formation. The latter factor by eq 2 in the first case and eq 3 in the second.
can be derived from a Morse curve representation of the The activation-driving force relationship is therefore given
potential-energy variation upon changing the distance betweenby the familiar Marcus quadratic equati$hwith a driving force
the moieties of the ion pair as represented in Figure 2, similarly and a reorganization energy that are independent of the

to the theory of dissociative electron transfér. concentration of the ion-pairing agent
In the electrochemical case, eq 6 applies to each of the
(A~ + M™) electrode electronic states. After summation over the electronic
@ (A + M@+ states and linearizatidh,26 eq 4 becomes
= = - -
E = I conc onc COn(i: 0
‘§ E ks ex (E Eatmnamo-n)| X

[Al, = [M™] = [AM "] o x

F
eXF{ﬁ(E - E2+MH+IAM(n1)+)]}

n+ - A, Mot ..
A+MT+(e) (; M(n-n+} (a*" transfer coefficient)
distance with
Figure 2. Electron-transfer concerted with ion-pairing. Morse curve Con
potential-energy profiles. kconc_ Zel T RT /1
oAl 4 ;LCO"C 4RT

Figure 2 shows a situation where the driving force is zero and
represents only the contribution of ion pair formation to which gnd
solvent {o) and intramolecular /() reorganization should be

added: conc __ Zel 44 RT ;{con
(B) terp/ 4 ;{conc 4RT
A= o+ A+ A, )

COnC1: 0
exl{ (E Eatmntamo- 1)+)]

The product system, that is, the ion-pair, is represented by a
Morse curve profile with a dissociation energy, nofgsd, and
the reactant system by a purely dissociative profile equal to the
repulsive part of the product system. The use of Morse curves
in the modeling of bond making and breaking is suited to the | conc oSO
case where ion-pairing is so strong that dissociation is homolytic =~ KEONgM M exy{ —(E-E [)]
(example in ref 20). This corresponds to a situation where,
inside the solvent shell surrounding the ion-pair the oxidation [Al, _ oM n+] [AM (n— 1)+ lL—o exp{ ‘I‘E E ]}
potential of B is smaller than the oxidation potential of M. R

Eap }

In the reverse case, heterolytic dissociation prevails. In spite of _ e ex;{ o"F
(25) Savent, J.-M.Elements of Molecular and Biomolecular Electrochemistry

Introducing the apparent standard potemEﬂp, defined in

its resulting Coulombic character, the interaction within the (E E F)]

ion pair may nevertheless be approximately represented by . (= 1)+ =

the same system of Morse curves, with however a different [Aly=o[M™] = [AM ]x=oeXF{ﬁ-(E -
definition of Ap.

(24) (a) Savant, J.-M.J. Am. Chem. S0d987, 109, 6788. (b) Savent, J.-M. Wiley-Interscience: New York, 2006; Chap. 1.
Elements of Molecular and Biomolecular Electrochemistiley-Inter- (26) Costentin, C.; Robert, M.; Saamt, J.-M.J. Am. Chem. So@007, 129
science: New York, 2006; Chap. 4. 9953.
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with a, = Bt AV o)
[M n+] 1—qconc 1+ K|p[M n+]
ap,conc__ |, con n+10 _ _
s L Fyrer (ATt AMT,
KieM™]
Discrimination and Competition between the Concerted
and Stepwise Pathwaysln the stepwise case, two situations and thus,
may arise. In one of these, the ion-pairing reaction is fast in .
both directions and therefore remains at equilibrium during the | _ kztepex _ o (E - E° )| x
whole course of the reaction. In the other, electron transfer is F RT AR
fast in both directions and acts as a pre-equilibrium toward a _ (n— 1)+
rate-determining ion-pairing reaction. [A],_o — (A 1o + [AM lx=0) %
Homogeneous Reactiondn the first situation, < Kp[M™]
d[A] _ d[D] _d[AT]_d[D'] exp[RiT(E —EQn) }
dt dt  dt  dt
=k [A][D] — kb[A_][D+] introducing the same apparent standard potential as before
(eq 1)
A= (A7] + [AM (n—1)+]) _ A1+ [AM (n_1)+]) itepz kgp'StepeX;{ oo E- Eap)]
1+ KpM™] Kip[M™] F

A (n—1)+ F - o
(insofar as substantial ion-pairing effects are concerned, {[A] =0~ (A 1o T [AM Jo) exF{R'I(E Eap)]}
K|p[M n+] > 1)

In conditions where the reaction is irreversible, the reaction with

rate is therefore independent of the concentration of the ion- kZ‘e"

pairing agent, a situation that is easy to distinguish from the KEP-SteP— —

concerted case where the reaction rate is proportional to the (Kip[M n+])a ’

concentration of the ion-pairing agent. T RT lste
A second important situation arises when electron transfer is (K M n+])as[ep4/ 4 Astep F{ 4RT

fast in both directions and acts as a pre-equilibrium toward a

rate-determining ion-pairing reaction (rate constdt). Then,  3step regrganization energy for the initial electron-transfer step)

(=)t The variations of the apparent standard rate constht,
d[A] _ d[D] _ d[AM ] with the concentration of ion-pairing agent thus provide an easy

dt dt dt diagnosis of the concerted and stepwise mechanisms. d&#th
_ [AlID]M " =~ o =~ 0.5, k¥ increases asg/[M"'] in the first case and

[D+] decrease as 4[M""] in the second. Equivalently, the forward
rate constant increases as T\l in the first case and is

In conditions where the reaction is irreversible, the reaction independent of [M] in the second. In cases where the overall
rate is proportional to the concentration of the ion-pairing agent, reaction is irreversible, the cyclic voltammetric peak is expected
as in the concerted case where the reaction rate is proportionalo vary by RT2aF) In 10 by decade [M], that is, ca. 60 mV
to the concentration of the ion-pairing agent. A way of at298 K for the concerted pathway and is independent 6fM
distinguishing the two pathways resides in the fact that the in the stepwise case.
reaction rate is inversely proportional to the concentration of  Ina second limiting situation, electron transfer is fast in both
D*, which is not the case for the concerted pathway. directions and acts as a pre-equilibrium toward a rate-determin-

Electrochemical ReactionsFor the stepwise EIP pathway, Ing ion-pairing reaction. The cyclic voltammetric peak potential

the current density is given, after summation over the electrode IS then expected to vary byr{l72F) In 10, that is, ca. 30 mV at
electronic states and linearization by 298 K by decade of [W] The peak width is also half of what

it is in the concerted case.
The various expressions that have been derived of the rate
(E— EA,A )] of the homogeneous and electrochemical concerted and stepwise
} pathways give access to the parameters that governed the

"IPeXF{ RT(ED+/D Eqa)

| step

o] F

_ F 0 -
Al - —TA 1 _exd—(E — EY,, competition between them.
{[ heo ™I beo F{RT( wa) Illl?strative Examples
(o™"°® transfer coefficient) Homogeneous ReactionsTwo interesting systems that
illustrate the application of the above theoretical analysis have
In a first limit, the ion-pairing reaction is fast in both  been recently investigated in detail. One of these involves an
directions. As in the homogeneous case, intramolecular electron transfer triggered by the addition of an

4736 J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008
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ion-pairing agent as depicted in Schemé&'#® In acetonitrile

at 298 K, no intramolecular electron transfer occurs in the
absence of an ion-pairing agent. It is triggered by addition of
either S&", or Y3, or EW* ions. It is remarkable that the

Scheme 2
Stepwise
AGY .
CreNQo FeNg (EIP)
Fe-NQ+ M3+ *Fe-NQ + M3*
Concerted K!P
(CIPE)
0 +
AG * Fe-NQM?2*

Fe-NQ+M¥* - Fe-NQM2*
(0] (0]
Fe-NQ: EJKNVO
Fe
<< o
M: Se¢, Yor Eu

reaction is first order toward the ion-pairing agent, as shown in
Figure 3.

5.00 o —
J logk,,; (M7's )
a0 -
J oo 000 000
3.00 o
2.00 3
100 3
3 .—.—.
0.00 =
3—
-1.00 3
E log[M*" ] (mM)]
'200 3 lIIIlIIIlIIlIIlllIIlIIIl
35 30 25 20 -15 -0

Figure 3. Second-order rate constants for the intramolecular electron
transfer in Fe-NQ triggered by the addition of 8t (red dots), Y (blue
dots), and E#" (green dots).

The ensuing second-order rate constants at 298 K are thus
log ky,g (M~s %) = 3.23 (S¢%), 0.60 (Y*1), —0.50 (EG™)

and, therefore, taking as approximate value of the collision

frequencyZp®™ = 3 x 101 in

F_ h
AG" = RTIn(Zy"" ko0
the values of the activation free energyG*, are

AG' (eV)=0.49 (S¢%), 0.64 (¥*"), 0.71 (EG")

0

0 _ 0
AGFc—NQ**FC—NQ’ - F(EFd/FC o ENQ/NQi)

0 _ 0 0
AGFchQ+|\/|3+~+F<:7NQM2+ = F(Ercipe — ENQ+M3+/NQM2+)
noting that
RT

£ N Kp

0 _ =0
ENQ+M3+/NQM2+ - ENQ/NQ‘ +

E etk aNAEQ oo are obtained from the reversible cyclic
voltammetric waves of FENQ in the absence of an ion-pairing
agent, which show fast electron-transfer kinetics. Upon the
addition of Sé*, Y3, or EW" ions, the apparent standard
potentiaI,Egp, shifts toward positive values byR{/F) In 10 by
decade of [M],

E%= Elqno- + 1N Kip + XIn M
RT
= EEIQ+M3+/NQM2+ + ?In M 3+]

in line with the fact that"Fc—NQ~ is strongly ion-paired,
whereas FENQ is not. These variations allow one to derive
the ion-pairing equilibrium constant;r and the standard
potentiaIE‘,iQ +mstnome+ Which corresponds to the concerted
reaction pathway and is equal E(ﬁp for a molar concentration

of M3*. As noted earlier, and unlike the interpretation in ref
21a, the driving force of the concerted pathway is indeed
independent of the concentration ofMRather, M* then plays
the role of a reactant as pictured in Scheme 2.

From what precedes and the data in ref 21a, we obtain the
following values of the various thermodynamic parameters
(equilibrium constants in M, standard potentials in V vs SCE,
standard reaction free energies in eV).

Efcre = 0.38,Ejono- = —0.81

0 -
AGgc ng— +Fe-ng- = 1.19

Exosmeaues = 1.39 (SE7), 1.02 (Y1), 0.93 (Ed™)

log K,p = 37.2 (&%), 31.0 (¥*"), 29.5 (EFH)*?

AGE, N0t —+Fengues = —1.01 (SE), —0.64 (Y1),
—0.55 (E4)

On these bases, we may now discuss the mechanism of the
homogeneous reaction, considering first the stepwise pathway.
For the overall kinetics to be first order in ¥, the initial
electron transfer should act as a pre-equilibrium to the successive
ion-pairing step (in the other limiting situation where electron
transfer is associated with a fast and reversible ion-pairing step,

The fact that the reaction becomes possible upon the additionth® reaction rate is independent of [M]). The equilibrium

of S&*, Y3t or ER?" ions is the consequence of strong ion-
pairing with the N@Q moiety. The thermodynamics of the
system is characterized by the driving force of the electron

constant for the first step is 0.8 1020 Thus, if ion-pairing
was so fast as being limited by diffusidiyng would be smaller
than 101°M~1s™1, in obvious disagreement with experimental

transfer between the Fc and the NQ moieties in the EIP pathway,data. We are thus left with the concerted mechanism. As shown

—AG,‘ZC_NQ%FC_NQ,. The driving force of the ion-pairing as-

sisted electron-transfer (CEIP pathway) between the Fc and the

NQ moieties is—AGE, yoim—reno-u- These two standard

reaction free energies are related to the characteristic standard

potentials by the following equations,

in the theoretical section, the activation free energy may be
expressed by the quadratic expression,

W(
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Figure 4. Intramolecular electron transfer in F8lQ triggered by the

addition of S€*. (a) Variation of the pseudo-first-order rate constagy,
with temperature for [S¢] = 20 (red triangles), 10 (blue dots), 5 (green

squares) mM plotted as in ref 20. (b) Variation of second-order rate constant
with temperature obtained from the same data and plotted according to eq

8 that characterizes the concerted pathway.

where A%°"¢ is the sum of the energies involved in solvent

reorganization, intramolecular reorganization, and in the forma-

tion of the ion pair (eq 5). At variance with the interpretation
given in ref 20, it is, from first principles, independent of the

concentration of the ion-pairing agent as already emphasized.
Fitting of the rate data, taking into account the above values of

AG‘;C_NQJFMHH%_NQMH, leads to the following values of
ASOC in eV.

A =3.55(Sé"), 3.7 (Y*), 3.85 (E{")

The variations of the rate constant with temperature in the
case of S&", recast from ref 20 in Figure 4, are also consistent

with the concerted mechanism. Indeed, the second-order rate

constant may be expressed as

+
N Koy = In 2, — 5=
Kond ( > [8x ) AS AH
In(ﬁ) In Nad M +? = (8)

(ASF and AH*, activation entropy and enthalpy respectively;
M, reduced molar mass of the reactamtscollision distance;
Na Avogadro number).

From the intercept, one obtainsS* = 0.17 meV/K. Dif-
ferentiation of eq 7, assuming that°"¢ is independent of
temperature leads to the following relationship,

AS' = aA$chQ+Mﬂ+FchQ-,M

where the symmetry factor (transfer coefficieat)s expressed
as,

AGFc—NQ+M3+~+Fc—NQM2+
Aconc

1
2

conc _

1+

Becausenco® is close to 0.5, we obtain the following an
estimate of the standard entropy of the reaction,

A$C—NQ+SC3+—>+FC—NQSCH =0.34 meV/K'

decrease resulting from the formation of the ion-pair is
overcompensated by the increase of solvation entropy fréth Sc
to Fc—-NQSe*. The decrease of the entropy contribution due
to the formation of the ion pair may be estimated as ca. 0.08
eV at 298 K, if the two reactants are approximated by two
equivalent hard spheres. The contribution of the solvation
entropy increase may thus be estimated as ca. 0.18 eV at 298
K.

If we consider the ion-pairing reaction itsetf-c—NQ~+M?3*
— TFc—NQM?Z2*, rather than the concerted electron-transfer
reaction, Fe-NQ+M3* — TFc—NQM?2*, the entropic contribu-
tion to the standard free energy of reaction is expected to be
even smaller. We thus infer that

AHY% = AG = —RTIn K,
=2.20 (S&"), 1.83 (¥*"), 1.74 (Ed") eV

Coming back to the values of the reorganization energy, if
we assume a small solvent reorganization energy on the order
of 0.5 eV as for other intramolecular electron-transfer reactions
and neglecting the intramolecular reorganization, the contribu-
tion of ion-pairing to the reorganization energyy may be
estimated as

Ap = 3.05 (S¢%), 3.2 (Y*"), 3.35 (EF")

These values are much larger than the valuestef,. This
is not surprising because the dissociation energy of the ion pair
within the solvent cage involved in the Morse curve model is
expected to be much larger than the heterolytic dissociation
energy into individually solvated fragments ions. It is even likely
that, within the solvent cage, the Morse curve ends withv@"
rather than with Q+M?3* fragments (in the gas phase, the
MZ2+/M3* ionization potential is on the order of-42 eV,
whereas quinone electron affinities are on the order of Z)eV
It is clear that such strong ion-pairing constants and reorganiza-
tion energies are relevant to contact rather than solvent-separated
ion pairs. We also note that the reorganization energy does not
vary strongly from one metal ion to the other. An independent
estimate of the homolytic bond dissociation energy in the solvent
cage where an ion pair is formed by neutralization of one of
the three positive charges of the cation by the quinone anion
radical negative charge, whereas the two remaining positive
charges continue to induce a strong solvation, is not possible
from existing gas phase and crystallographic data.

Another system of interest is the reduction in dichloromethane
in the presence aif-tetrabutylammonium cations, gFbenzo-
quinone, and naphthoquinone (NQ) by the triplet excited-state
of tetraphenylporphyrin®*H,P, leading to the quinone anion
radicals and to the porphyrin cation radical (Schem@&!s).

The rate of the reaction is proportional to the concentration
of n-tetrabutylammonium cations, as seen in Figure 5, which
shows that the third-order rate constant is indeed independent
of the concentration ofi-tetrabutylammonium cations.

The concerted pathway, if followed, would involve a termo-
lecular reaction between the porphyrin triplet state, the quinone,

meaning that the entropic contribution to the standard free (27) Costentin, C.; Robert, M.; Saaet, J.-M.J. Am. Chem. SoQ003 125,

energy of reaction is 0.100 eV at 298 K. This appears as a
reasonable value for the concerted reaction where the entropy

4738 J. AM. CHEM. SOC. = VOL. 130, NO. 14, 2008
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(28) Handbook of Chemistry and Physi@&?2nd ed.; CRC Press: Boca Raton,
FL, 2001-2002; pp10-153,10-175.
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Scheme 3 exactly known because the cyclic voltammetric experiments that
Stepwise allow the determination of th&®s are carried out in the
(EIP) presence of a minimum amount (0.02 M) ®Bu;N™ serving
3pH, + Q:(H2P+ .Q )._,—: H,P™ + Q- as a supporting cation. We may infer from the latter experiments
+ + + that B pyp — Ego. = 1.59 and 1.79 V in the case of
+ - + n-BugN* 2 2 . .
n-BuyN n-BugN 4 p-benzoquinone and naphthoquinone, respectively. In fact, the
Comeorton “’ “ potential difference of interest in the estimation of the driving
cerlec . . 0
(CIPE) E);ce for the con?rthed rsac(:jtlo!”n dI?EHzpﬂtLﬂHzp ot of
i . i . n—BuN+H(Q—n-BuN+)» Which can be derived from the plots o
(H2P+*Q *”‘Bu4N+]""_ HoP™ + [Q n-BugN ) the standard potentials versus thBuyN™ concentration (Figure

12 in ref 21) taken for the standard conditions, that is, for

. . I . ° . 5 A
and the tetrabutylammonium cation, leading directly to a triple [n.By,N+] = 1 M, leading toE, pp — Eyin-BunIO-n-BuN®)

ion as sketched in Scheme 3. The rate constant thus writes  — 138 and 1.61 V forp-benzoquinone and naphtho-
+ quinone, respectively. Another important ingredient of
INnk,.=In zhom_ﬁ the driving force of the concerted reaction is

3rd ter RT

0 .
AGHZP+ +(Q- BN —~(HzP+,Q- n-BUN*)» the energy rquwed fqr

The termolecular pre-exponential fact@e, may be esti- passing from the |on_pa|r_|nvolvmg the quinone anion radical
mated as being approximately, 202 s 1 at 298 K, as already andn-BusN* to the triple ion cluster involving the same two

mentioned. The activation free energies are therefore obtainedions and the porphyrin caFion radical, which is the ir.nmediat.e
from the data in Figure 5, log = 9.44 and 7.94 leading to product of the. photpchemlcal electrqn-tra}nsfer reaction. If this
AG* = 0.033 and 0.121 eV fop-benzoquinone and naphtho- Parameter is ignored, as it is in ref 21,

quinone, respectively. PHy+QHn-BuN (P Q@ n-BuN) — 0-20 and 0.18 eV for
p-benzoquinone and naphthoquinone, respectively.

g Y] The reorganization energy°"S may accordingly be esti-
4 Inky,y (M™s7) ot
10.00 - 3rd mated from the application of
g - 0 2
9.00 conc AGpp 1 Qin-BuN—(HP*Q n—BuN)
. AG =414 — NP0 B
] 4 Jc0ne

] It follows that A°°"¢ would then be equal to 0.22 eV for

7.00 B p-benzoquinone. For naphthoquinone, there is no valué&at
] log[M] (mM) that is compatible with the driving force and the experimental
6.00 =TT T T value of AG*. The value fop-benzoquinone is obviously much
-1.0 -08 -06 -04 -02 0.0 too small to correspond to solvent reorganization and ion-pair

Figure 5. Electron transfer from the triplet excited-state of tetraphenylpor- formation.

phyrin to p-benzoquinone (blue squares) or naphthoquinone (red squares) s . .
in dichloromethane in the presencergtietrabutylammonium cations. Third- In fact, the driving force is larger in both cases because the

order rate constant as a function of the concentration-tsftrabutylam- ion interaction energy is larger in the triple ion cluster than it
monium cations. is in the ion pair. A simplified picture of the structure of the
. . . . . triple ion cluster consists in placing the quinone anion radical

fAf’h dISCUSSfd in the the%rettl)cal _tsectlton,dthz o:(rlvmg force in the center and one positive ion on each side at a distdnce
0 € reaction, measure y I standard ree €nergy ¢om the center. The interaction energy in the®H, Q-,

0 . .
AG3F’Hz*+Q+n—Bu4N*—-(HzF’*,Q*,n—BuaN*)’ is not a function of the n-BusN*) cluster may then be estimated as,

concentration of the n-tetrabutylammonium ion-pairing
cation and so is the reorganization enerdyo" Rather, AG? . - =
n-BusN™ is simply one of the reactants. The driving force may HoPHHQ N BUNTHPT. @ BuN)
_14.4(2 1): 314.4

be expressed as _—

e \d 2d 2 «
0 —
AG3PH2*+Q+n—Bu4N+~(H2P+,Q’,n—Bu4N+)_ wheree is the solvent dielectric constamkG is in eV, d is in
0 0 A, and, in the ion pair,
F(EHZPHHZP - EQIQ) - E3PH: + P
0 — 0 14.4
AG priQ+n-BuN—(HP* Q n-BUN)— AGG - BuN+—(@Q n-BuN*) — T
F(E} —Edn uns) — Bt
H2P+/H2P Q+n BL(J;NH(Q ,Nn—BuyN™) 3PH, leading to
AC:"HZPWL-F(Q‘,nfBu;;N*)a(HzF’hQ‘,nfBu4N+) 14.4
0 _ .

AGH2P++(Q‘,nfBu4N+)ﬂ(H2P+,Q‘,nfBu4N+) - 2¢d

whereEspp,* is the energy of the triplet state of tetraphenylpor-
i (0 i . _ 0 _
phyrin (1.43 e\#), and theE®s are the standard potentials of Takingd = ~4 A, AGH2P++(Q—,n—Bu4N+)—-(H2P+,Q—,n—Bu4N+) —

. . 0 .
the subscript couples. The differeng§ »  » — E3q- is not 0.2 eV, and the driving forces may be re-estimatedAas

0 - —
(29) Murow, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochemistry G3PH2*+Q+n—_Bu4N+——(H2P+,Q—,n—Bu4N+)__ 0.25 and—_o'018 eV for .
Marcel Dekker: New York, 2006; p 56. p-benzoquinone and naphthoquinone, respectively, thus leading
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Scheme 4 tion. This observation rules out the concerted mechanism and
Stepwise point to the occurrence of a stepwise EIP mechanism in which
(EIP) the rate determining step is electron transfer, whereas ion-pairing
/O acts as a follow-up equilibrium. We note that this predominance
NO, +¢&¢ —— _N\(— of the stepwise mechanism parallels the fact that ion-pairing
o) is not very strong Kip = 660 (K), 4800 (Na), 14 100 (Li)),
+ + much weaker than in the first homogeneous example discussed
mM* m*t earlier.
Concerted Kp Concluding Remarks

(CIPE) lon-pairing-triggered electron-transfer reactions may occur
in a concerted manner. When strong ion-pairing is involved,
. _ 7 such concerted pathways have a definite thermodynamic

M: Li, Na, K N( -+ . L
\ M advantage over stepwise pathways where the initial elec-

tron transfer is followed by the ion-pairing step in the sense
that they avoid going through a high-energy intermediate.
There is a kinetic price to pay for this thermodynamic advantage,
namely the contribution of ion-pair formation to the activation
barrier. An estimation of this contribution may be obtained
through the modeling of the potential-energy profile of this
associative electron-transfer reaction by means of repulsive
and attractive Morse curves similarly to the theory of dissocia-
tive electron transfer. The familiar Marcus quadratic equation
then relates the activation free energy to the driving force.
Besides solvent and intermolecular reorganization, the contribu-
tion of ion-pair formation to the total reorganization energy is
equal to the bond energy. From first principles, the driving force
is independent of the ion-pairing agent concentration. It is indeed
related to thestandardchemical potential of the ion-pairing
agent (usually defined faa 1 M concentration) through

to A%n= 0.31 and 0.50 eV, respectively. Although larger, these
values are still much too small to correspond to solvent
reorganizatiorand ion-pair formation, therefore ruling out the
occurrence of the concerted pathway.

We are thus left with the stepwise EIP pathway. To follow
the experimental kinetic order, the first electron-transfer step
should act as a pre-equilibrium to the ion-pairing step.
Maximizing the occurrence of this pathway implies considering
that the ion-pairing rate constant is at the diffusion limit, say
kgt = 101 M~ 571 Then,

0
ke = kg €X 2o
f RT

Fitting of the experimental data requires thak

Gl +0-~pq)= 0:03 and 0.12 eV fop-benzoguinone and FES s wiem = M + 43 — tow
naphthoqulnone respectively. The standard free energy of the
initial electron-transfer step may be expressed as Competition with the stepwise pathway should also take into
account the fact that the concerted pathway involves a triple
AGSPH2*+%(HZWQ = F(EOZPHHZP EQ/Q) Espry et collision. This is the case for homogeneous intermolecular
0 reactions and for electrochemical reactions involving free-
AGH2P++Q*~(H2P+,Q*) moving reactants. A simple bimolecular collision is required in
the case where ion-pairing triggers an intramolecular electron
From the precedlng estlmatlonSGH PrQ—HPh) = 04 transfer.
eV. It follows thatE% prp — Eqio- should be equal to 1.86 In all of the cases, the reaction order in the ion-pairing agent

and 1.95 V to match the experlmental datagevenzoquinone allows the discrimination between the concerted and the stepwise
and naphthoquinone, respectively. This is quite possible becausgpathway when the latter involves a fast and equilibrated ion-
E°2P+,HZP EOQ,Q > 1.59 or 1.79 V, as obtained from the pairing step. The forward reaction is indeed first order in the
values corresponding to the lowest concentratiom-&usN* ion-pairing agent in the first case and zero order in the second.
for p-benzoquinone and naphthoquinone, respectively. Distinction is more ambiguous when the initial electron transfer
We may thus conclude that the stepwise EIP pathway is quite acts as a pre-equilibrium toward a rate-determining ion-pairing
likely to be followed. As compared to the preceding experi- step because the reaction is then first order in the ion-pairing
mental example, the change in mechanism falls in line with a agent. It is, however, still possible by introduction of the
much weaker ion-pairing, likely to involve solvent-separated oxidized form of the electron donor and determination of the
rather than contact ion pairs. In such a low dielectric constant corresponding reaction order. This is also the case for the

medium, it is also likely that some of theBus;N™ ions form electrochemical reaction where the characteristics of the cur-
ion-pairs with the PE counter-anions, thus influencing the ion-  rent—potential responses can equivalently be used in this
pairing equilibrium with the quinone anion-radicals. purpose.

Electrochemical Reactions An early example is provided The first experimental system we have examined provides
by the reduction (Scheme 4) of nitromesitylen&iiN-dimethyl- an example of a concerted mechanism, whereas the two others
formamide in the presence of alkali metal cationst(L\Na", clearly follow a stepwise pathway. This is related to the fact

K*).11 The forward rate constant, was determined by an that ion-pairing is very much stronger in the first case than in
impedance technique as a function of the alkali metal cation the two others, rendering the thermodynamic advantage decisive
concentration. Mechanism assignment is unambiguous becausén spite of a large contribution of ion-pairing to the reorganiza-
the forward rate constant is independent of the cation concentra-tion energy. An additional favorable factor is the fact that the
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