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Abstract: The competition between stepwise and concerted (CPET) pathways in proton-coupled electron-
transfer reactions in water is discussed on thermodynamic and kinetic bases. In the case where water is
the proton acceptor, the CPET pathway may compete favorably with the stepwise pathway. The main
parameter of the competition is pK of the oxidized form of the substrate being smaller or larger than 0. The
driving force of the forward reaction is however independent of pH, despite the equilibrium redox potential
of the proton—electron system being a function of pH. At high pH values, CPET reactions involving OH~
as proton acceptor may likewise compete favorably with stepwise pathways. The overall reaction rate
constant is an increasing function of pH, not because the driving force depends on pH but because OH~
is a reactant. In buffered media, association of the substrate with the basic components of the buffer offers
an alternative CPET route; the driving force comes closer to that offered by the pH-dependent equilibrium
redox potential.

Introduction This role may also be played by OHand by the basic
Proton-coupled electron transfers (PCET) where proton and componer_ns of buffe_rs in which 'Fhe c_axperiments are often carried
electron transfer involves different molecular centers is a central ©Ut: I this connection, the oxidation of the phenol group of
problem of chemical reactivity, which attracts additional active Yrosine has attracted particular attentidhin view of its role
attention in view of the involvement of these processes in many [N the reactions taking place in photosystedHand in other
natural processésParticular emphasis has been laid on the biosystems such as ribonucleotide reductaedwhile in both

possibility that the two steps be concerted giving rise to a CPET ¢@ses the contribution of the CPET pathway is deemed
(for concerted protorelectron transfer) reaction. Several mportant, conflicting evidence has been reported concerning
homogeneous or electrochemical systems have been investigateH€ respective role of wateand of the basic component of the
in view of illustrating the occurrence of CPET pathways, rather buffer® as proton acceptors. The key observation of an alleged
than the competing stepwise pathways (Scheme 1), which'ack of dependence of the rate constant on the buffer concentra-
involve the transfer of an electron followed by the transfer of
3) (a) Binstead, R. A.; Meyer, T. J. Am. Chem. Sod.987, 109, 3287. (b
a proton (ETPT) an_d/or the reversed sequence (PTET)_' One © I(-IL)Jynh, M. H. V. Meye?’l, T. JProc. Natl. Acad. Sci. U.S.2004 10(1,)
category concerns intramolecular PCET reactions, typically 13138. (c) Biczé, L.; Gupta, N.; Linschitz, HJ. Am. Chem. S0d.997,
involving an amine or a carboxylate as proton accepting cénter.

10386. (f) Costentin, C.; Evans, D. H.; Robert, M.; Save J-M.; Singh,
particularly interesting PCET reactions, carried out in water,
(a) Reece, S. Y.; Nocera, D. G. Am. Chem. So@005 127, 9448. (b)

119 12601. (d) Gupta, N.; Linschitz, HI. Am. Chem. Sod997 119
Another group consists of intermolecular reactions involving
P. S.J. Am. Chem. So2005 127, 12490. (g) Singh, P. S.; Evans, D. H.
J. Phys. Chem. B006 110, 637. (h) Macias-Ruvalcaba, N. A.; Okumura,
. . . (4)
comprises those in which water may act as the proton acceptor. Reece, S. .. Stubbe, J.; Nocera, D.Biochim. Biophys. ACta005 1706
232.

6384. (e) Shukla, D.; Young, R. H.; Farid, 5.Phys. Chem. 2004 108
the prior formation of a H-bonded complé# third type of
N.; Evans, D. HJ. Phys. Chem. B006 110, 22043.
(5) (a) Sjalin, M.; Styring, S.; Akermark, B.; Sun, L.; HammarstipL. J.

(1) (a) Stubbe, J.; van der Donk, W. 8hem. Re. 1998 98, 705. (b) Stubbe,

J.; Nocera, D. G.; Yee, C. S.; Chang, M. C. €hem. Re. 2003 103

2167. (c) Chang, C. J.; Chang, M. C. Y.; Damrauer, N. H.; Nocera, D. G.

Biochim. Biophys. Act®2004 1655 13. (d) Mayer, J. M.; Rhile, I. J.
Biochim. Biophys. Act2004 1655 51. (e) Renger, GBiochim. Biophys.

Acta 2004 1655 195. (f) McEvoy, J. P.; Brudvig, G. WPhys. Chem.

Chem. Phys2004 6, 4754. (g) Meyer, T. J.; Huynh, M.-H. V.; Thorp, H.
H. Angew. Chem., Int. EQ006, in press.

(2) (a) Rhile, I. J.; Mayer, J. MJ. Am. Chem. So®004 126, 12718. (b)
Rhile, I. J.; Markle, T. F.; Nagao, H.; DiPasquale, A. G.; Lam, O. P;
Lockwood, M. A.; Rotter, K.; Mayer, J. Ml. Am. Chem. So@006 128
6075. (c) Costentin, C.; Robert, M.; Savg, J-M.J. Am. Chem. So2006

128 4552. (d) See reference 1c and references therein. (e) Costentin, C.;

Robert, M.; Savant, J-M.J. Am. Chem. So2006 128 8726.
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357, 1471. (c) Sjdin, M.; Ghanem, R.; Polivka, T.; Pan, J.; Styring, S.;
Sun, L.; Sundsthm, V.; Hammarstim, L. Phys. Chem. Chem. Phyz004
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tion or even of its presence reported in reference 5 is indeedconstant may well vary with pH upon changing the buffer
challenged by the results in reference 6 which describe ancomposition.

exactly opposite behavior. In the first case, the results, in

particular the variation of the observed rate constant with pH, Results and Discussion

in the absence of buffer, have been rationalized by considering 11 species involved (Scheme 1), at the reducéH(XR)

that the driving force of the CPET reaction is an increasing ,nq oxidized (RH, X©) states, are considered as being clustered
function of pH>® Introduction of this pH-dependent driving it water molecules, one of which may serve as proton donor
force into the Marcus activation-driving force relationship, o acceptor. This is the water molecule shown in the schemes.
assumed to be applicable to CPET reactions, would then accountrye yarious thermodynamic constants, standard (or formal) poten-
for the increase of the rate constant with pH. tials, K values and association constants are defined together
Assessing the role of water in CPET reactions is important \ith the schemes representing the reaction pathways. The nota-
from a fundamental point of view and also for gaining further jons involve as lower index a simplified designation of the reac-
|nS|_ghts into_their mech_amsms in b|olog|cal_ processes. The (ion ynder consideration. We focus on reactions where the sub-
various expected stepwise and CPET reaction pathways areyate is oxidized by means of an appropriate outersphere
summarized in Scheme 1 (simple outersphere electron transfergeciron acceptor. Extension to the opposite case of a substrate

in blue, concerted proterelectron transfer in red). We will start o qyction involving an outersphere electron donor is straight-
the discussion with the case where water is the proton acceptor, .4

in the CPET reaction and show that the rate constant of such Two-Step and One-Step CPET-HO Pathways. We
wa;er-asE!sLed reactcl:o;é_ll_s nottha function of pH. The contd|t|or_1$ consider the following scenarios. In the two-step CPET2
ggth?/\r/avg/l ilncwrigﬁ the electfoi ilv?r);sTe?r/esl;irrps?sfsolﬁ)viee dp‘g;/sescenario, the first step is a concerted protefectron transfer,
the transfer of a proton, (ETPT) will be established. We wil leading to proton formation, which takes place inside the water

. . . . cluster. The proton thus formed is transferred into the bulk of
:getr;]:'Spcrl;fsnthaecgggtg:egﬁz O;hist;;?ﬁtéorEtg \(,:V:rl1csrtTa(r1)tHisthe solution in a second step. Two cases are then distinguished
. o . according to whether the second step is so fast as to remain
independent of pH too. The conditions under which these CPET 9 P

thw m ; teoWi thway in which the prot nunconditionally at equilibrium or is governed by proton diffu-
pathways may surpass a stepwise pathway ch the prolongio, The two reactions are concerted in the one-step CPET1
is transferred first, followed by the transfer of one electron

(PTET) will then be established. Finally, CPET reactions scenario. The CPET reaction then includes the proton diffusion

) . . . rocess so as to deliver the proton directly in the bulk.
involving buffer components will be discussed. Although the P P y

drlvmg for_ce and the rate_ constant, for each buffer com- (8) Carra, N.; lordanova, N.; Hammes-Schiffer,J5SAm. Chem. SoQ003
ponent, still do not vary with pH, the observed overall rate 125, 10429.
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1.1. Do Driving Forces and Rate Constants Depend on The pH does not interfere in the kinetics of the first step but
pH? The rate equations corresponding to the two-step reactionmay influence the kinetics of the overall two-step reaction. In
(CPET2 pathway in Scheme 1a) write this respect, a first interesting limiting situation is when the

adduct formation and dissociation reactions are fast enough for
d[X"H,H,0] HOry R H,0py O N the reaction to remain unconditionally at equilibrium. The
dt = —kez [XTH,H,0] + kI [X 7, H0 7] kinetics then involves overall forward and backward rate

constantsk2; andkyx, defined by
AXCHOT] _ oy HOrYO H.O " diX"H,H,0]  d(X°H;0 "]+ [X°H,0))
o = k5 [X"H,H,0] — KI5 X H;0 "] — Ol fig H0D _
k_,[H,Ol[X °,H,0 "] + k [H,0 " ][X °,H,0] dt a
SAHAOIXEO TGl TIXCA, KISXHH,0] + KEYXOHO ] + [XOH,0)
d[x°,H,0
dIX=.H0l _ K_[H,01[X°,H;0 "] = k[H;0 ™ ][X °,H,0] where
dt P H,0 H,0
&2 = k5
where eab [ ] represents the concentration of the bracketed
species, and the rate constants are as marked in Scheme 1a. H:0 _ | H:0 10 PH
The rate constant of the first stégz’ may be expressed as ko= k=22 Yxoror
a combination of the activation free energyGH2>~ and of the ———10 P 107"
pre-exponential factoZmono or bi x(H;ZZO: VX0H,0
AGHO* wherey is the activity coefficient of the subscript species (taking
0 = 7 o2 ex;{— c2 ) for the activity of watery,o[H20] = 1).
RT It follows that the observed forward rate constant is predicted

to be independent of pHThe overall backward rate constant
does depend on pH, according to the above equation, not
because the second-order rate constant depends on pH but
because the proton is a reactant in the backward process, namely
in the formation of the proton adduct. This is in fact the way in
which the proton mixing entropy, invoked in recent analyses
of the problem to justify the notion of a pH-depending driving
force? interferes in the kinetics of the reaction.

In summary, the pseudo-first-order backward rate constant
depends on pH as a reflection of the proton mixing entropy but
the forward reaction rate constant does not.

We now lift the assumption that formation and decomposition
0% _ o o of the HO™ cluster are in unconditional equilibrium. To
AGc" = F(Exon+ xrn — Ea) emphasize the mixing entropy aspect of the problem alluded to

in reference 5, we assume that the interaction energy within

the cluster is negligible so that the coming in and out of the

o o o proton can be viewed as a diffusion process, possibly involving

FExo+ ixrH = Hxop+ — Hxri an oxygen site-to oxygen site proton hopping according to a
Grotthuss-type mechanist.In the approximate spherical

The symbols” represent, here and throughout the paper, the symmetry framework sketched in Figure 1, at steady state,
formal chemical potentials. They are related to the chemical

potential by ~(HT—=—[H'] )R

[H+]r - r + [H+]raoo

H20 and the collision factoZmono orbi @re Monomolecular or
bimolecular constants according to the electron acceptor being
attached to the electron donor or freely diffusing in the solution.
The transmission coefficient2°, is a measure of proton
tunneling in the CPET2 reaction.

The Marcus quadratic equatiinas often been used to relate
activation and driving force in CPET reactio#i€5 More
sophisticated and more exact treatments of the kinetics of CPET
reactions are availabl which also relate activation to driving
force. This is obtained from the formal potentials of the electron

acceptorEx and of the first stepEyo . xay:

where:

u=u’ +RTIN[] =u"+ RTIn(y[])
) ) ) ) o [H*]i—= is the bulk concentration of proton. It is regarded as

whereuC is the standard chemical potential gni the activity constant, even in unbuffered medium if the overall production
coe_fficient. With the e_xception of_ water, all _st_andard states are f protons is small as compared to the amount of protons already
defined by extrapolation of the ideal conditions at 1 M. For present in the bulk even at high pH values. If this is not the case,
water, the standard state is the pure liquid. Tifieand they° we assume that proton concentration is maintained constant by
values do not include a contribution from entropy of mixing of he presence of a buffer which components do not participate to
the reactant$! and therefore do not contain reactant concentra- tne CPET reaction as hypothesized in reference 5. The thickness

tion terms. of the diffusion layer is of the order d® meaning that the
(9) Marcus, R. ADiscuss. Faraday Sod960 29, 21. bulk concentratlon !s reached at small distances from the reaction
(10) (a) Cukier, R. 1.J. Phys. Chemi994 98, 2377. (b) Cukier, R. IJ. Phys. center, thus involving a small number of water molecules. The

Chem. A1999 103 5989. (c) Hammes-Schiffer, 8cc. Chem. Re2001,
34, 273. (d) Soudackov, A.; Hatcher, E.; Hammes-Schiffer).SChem.
Phys.2005 122, 014505.

(11) (a) See page 689 in reference 11b. (b) Marcus, R. &hem. Physl965 (12) (a) Agmon, NChem. Phys. Letl995 244, 456. (b) Marx, D.Chem. Phys.
43, 679. Chem.2006 7, 1848.

proton flux at the surface of the sphere is expressed as
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4

Bulk: constant proton concentration

Figure 1. Two-step CPET proton expulsion reactions; follow-up proton

diffusion.

d[H"]

—47D,,. (r & )r_R = 47D, R(H ™, — [H],—)

Thus, at the molar scale,

d[X"H,H,0]  d[X°H,0"]
dt B dt

= k&3’ [X"H,H,0] — KZ[H ], _a[X ]
= Kggpe ([H Tr2r = [H'],-)X]

Dy+ is the proton diffusion coefficient, andi;u+ = 47Dy RNy
(Na = Avogadro number) is the proton diffusion limit.
It follows that

_ kg [H T X ) + K5 XHH,0]
kX% + KYEIX ]

In total, the governing rate equations become™{[H.. is
equal to the value of [fD™] in the bulk)

[H +] r=R

~ d[X"H,H,0]  d[X°H;0"]
dt N dt
HEIXTH,H,0] — K, x 107X

where the overall rate constants are now defined by

ARTICLES
1 _ 1 L
8RS ol E € o ol
THor 1 1

= +
k{jé’z K, Kt

Proton diffusion does interfere in the second term of the
expression of the forward rate constant but in a manner that is
independent of pH. This second term vanishes when the electron
acceptor is sufficiently strong an oxidant to make the reaction
irreversible. As expected, pH interferes in the kinetics of the
backward reaction inasmuch proton is a reactant of this reac-
tion.

At this stage, we may conclude that, in all situations, the
forward rate constant of CPET proton expulsion reactions is
not expected to vary with pH, whereas the overall backward
rate constant varies with pH because proton is a reactant in the
backward process.

We may now go a step forward in terms of concertedness.
In the above discussion, we have considered proton production
and proton diffusion as two successive steps. We now regard
these two steps as concerted: the CPET reaction now includes
the proton diffusion process so as to produce directly bulk
protons, even if there might be a price to pay for this in terms
of reorganization energy and pre-exponential factor. If the
oxygen site-to oxygen site proton hopping is concerted with
electron transfer, we indeed expect an increase of the reorga-
nization energy related to variations in the oxygen-to-oxygen
distances and to the reorganization of water molecules not
participating directly to the conducting chain.

The rate equation now writes

d[X"H,H,0]
dt -
—KEZOH,01IX "H,H,0] + K*5[H,071[X °,H,0]

The driving force, defined from
AnglOO’ = F(Eg(0+H+/XRH - EZ\)
is governed by the formal potential
FE§0+H+/XRH = ﬂ% + ﬂz3o+ - #gRH - ,Ltgzo

which again does not depends on pH. Indeed, as in the preceding
case of one reactant and one product, gfevalues do not
include a contribution from the entropy of mixing of the
reactants, and therefore do not contain reactant concentration
terms. This conclusion has been previously reached for electron-
transfer reactions involving more than one reactant and one
product, in the case of dissociative electron tranfensd, more
recently, in the case of proton coupled electron transfefs
noted before, the validity of this conclusion does not require a
guadratic activatiorrdriving force relationship.

(13) (a) Savant, J-M.J. Am. Chem. S0d.987, 109, 6788. (b) Satent, J-M.J.
Electroanal. Chem200Q 485, 86.

(14) (a) Krishtalik, L. I.Biophys. Biochim. Actd99Q 23, 249. (b) Krishtalik,
L. I. Biophys. Biochim. Act2003 1604 13.
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The overall forward and backward rate constah’g‘%o and symmetry factor of 1/2. Then
ko, are defined by ,
H,0 =y _E°
R AGHZOZ Zc1 XO+H+/XRH A
d[X"H,H,0] _ 4 2
dt Ho0 0 0
—KSH, 01X "H,H,0] + KIS, x 10 P[X°,H,0] Gt = et Bxenen 7 Ba
4 2
with
and for the first step outersphere electron transfer in the ETPT
H2° = k2 pathway (wherel is are the corresponding reorganization
energy)
ngO
H,0 _ —Cl pH 0 0
kb,ZC:L_ VH3O+ 10 AG)eq—{z - ﬂ; +E EXoH/XZRH - EA

The forward rate constant may be expressed as Still concerning the ETPT first step

AGHZO‘) -

H,0 _ H,0 AG

X H __ XH e

kC Zb| orterXc1 © ;{ RT ké _Zmonoor o€ XY — RT

where AGZZ” is the activation free energy ankl’” and wherex*H is the transmission coefficient for this outersphere

Zpjorterare b|molecular or termolecular rate constants according electron-transfer reaction.

to the electron acceptor being attached to the electron donor or  The comparison between the two pathways may thus be
freely diffusing in the solution. The transmission coefficient, formulated as

%0, is a measure of proton tunneling in the CPET reaction.

The kinetics of the forward reaction does not thus depend kazo[H 0] Zii or e F°[H,0] leo 7
on pH, in line with the fact that the driving force does not 09— 55— k?:H ol xi |~ ZRTIn10
depend on pH either, even though the entropy increase related mono or bf¢ ’
to proton diffusion has duly been taken into account. The overall E E?(OH,XRH EXO A H+H/XRH
rate constant of backward reaction does depend on pH, not RTIN 10 2

because the second-order rate constant depends on pH but
simply because the proton is a reactant in the backward reaction.

We may thus conclude that whether the CPET proton
expulsion reaction follows this concerted process or the two- 454
step scenarios discussed earlier, the driving force is independent
of pH and so is the forward rate constant.

An objection to this conclusion might be that the reactivity
(and activity) of the water molecules involved in the CPET Thus,
reaction could depend on the bulk concentration of protons. Such ’
an effect, if any, would fit the framework of the third scenario  Eoxry — Exorrirxry =

o _ 0 o _ 0o _ o
FExotHxrn = txo T Un,or = Hxry — Up,0

] 0
FEXOH/XRH Hxon — Uxry

we discussed above in which the proton is released to the bulk YoV Ho
along short water chains concertedly with electron transfer. In RTIn 10|0 ©| _ RTIn 10 PK o
an a fortiori approach, we may regard the last water molecule F VxoVH ot F

in the chain, say the fifth one, as being unable to accept a proton

because it is already bonded to a proton, thus blocking the and

reaction. The influence of the proton on the reactivity is expected k? OH,0]
2

XH H,0
to vanish upon increasing its average distance to the reactant;,, - Zoiored e H0]) A =28

It is reasonable to estimate that this influence has become totally kf:“ Zonoor ol 4RTIn 10
negligible at a distance corresponding to ten water molecules. VonV

Among the ca. 50 mol of water molecules in a liter, the 1Iog TXOHTHO —lpK
protonation of 5 mol of them would thus be required to start 2 VxoVH,0+ 27 en

affecting the reaction rate. This effect is obviously negligible
over the usual pH ranges where the experiments are carried out.
1.2. Competition between CPET Proton Expulsion and HzO[ H,0] nglo Z, orter[HZO]llz
Stepwise ETPT Pathwayslnsofar as the oxidation reactions log|————— m = | i 7
are irreversible, as it is usually in experimental studigs, k: K
predicting the outcome of the competition between the title 2H lgio 1 Yo
concerted and stepwise pathways amounts to a comparison of ZRTIN10 ' 2 log|————| — > PKyon
HZO « [H20] or HZO with k:H VxoVH,0+
As a gross apprOX|mat|on the activation free energies may The third term in the right-hand side is close to nil in the
be related to the driving force by a linear relationship with a usual experimental pH ranges. The fac@ono or blZpi or ter =

and therefore, taking into account that,o[H-0] = 1:

mono or bi

5874 J. AM. CHEM. SOC. = VOL. 129, NO. 18, 2007
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10—20"%is almost compensated by {8]Y2 = 7.5. In addition,

although not to a large extent, outersphere electron transfers

are expected to be intrinsically more favorable than CPET
reactions both in terms of reorganizatiotf’ < A*H) and
transmission coefficientz° < «XH) than CPET reactions (in

the above equation the outersphere electron transfer is assumed £

to be adiabatic, i.e., its transmission coefficient is equal to 1).
The main factor that governs the competition between the
CPET1 and ETPT routes is thus thi pf X°H being positive

or negative.
Since
Exo oer — Exorrixen =
RTIn10, [”xoHH0| RTIn 10
lo - Kyo i+
F VxoVH 0t F '

the comparison between the CPET1 and CPET2 pathways is

likewise governed by the following equation:

Iog( amol (zb. or el H;0]"
'_,1(:2 ZmOnO or bX(H:EO
1'|O Vxo,H+ leo AHZO 1 K
2% o] ARTINI0  2PTxen

ARTICLES
pKXUHQ(]
Fes | yon
JE'?(I“ll.-'x“u
[\‘ xRy
E}("n{R

pH

Figure 2. Equilibrium potential vs pH diagram showing the zone of
stabilities of the four reactants and the formal potentials to be used in the

For the same reasons as before, it follows that the main definition of the CPET1 (red) and ETPT (blue) driving forces.

governing factor is the lp of the (X°,H;O") adduct.

In summary, there are thus two main possibilities for the order
in which the X values fall, leading to the following sequences
of predominance of one pathway over the others:

PKyxon <
PKyoy > pKXo,,_H >0: ETPT> CPET2> CPET1

PKyop: < 0: ETPT< CPET2< CPET1

the driving forces of the CPET1 and ETPT pathways are those

indicated by the red and blue arrows, respectively.

2. Two-Step and One-Step CPET OH Deprotonation
Pathways.Going to higher pH values, water may be replaced
by OH™ as proton acceptor. Here too, a two-step or a one-step
process may be envisaged as depicted in Scheme 1b.

2.1. Do Driving Force and Rate Constants Depend on pH?
The rate equations corresponding to the two-step reaction

In the second case there is little doubt that the stepwise ETPT(CPET2 pathway in Scheme 1b) write

pathway will surpass the CPET pathways. In the first case, the

CPET pathways overcome the ETPT pathway. Such an outcomed[X"H H0l

requires however that the excess driving force is sufficient to

overcome the somewhat unfavorable balance of the intrinsic

factors.
The equilibrium potential versus pH diagrams in Figure 2

show the zones of stabilities of the four reactants as a function

of pH and potential in the two cases whergéxpy < 0 and
pKxon > 0.

In the central zone, the equilibrium redox potential varies
with pH according to

RTIn 10
Eeq= Eg(OH/XRH —( H — pKyop)
RTIn 10
= Eg(0+H+/XRH - FE pH

(in the likely case where that the activity coefficients are close
to 1).

One may of course use this pH-depending equilibrium
potential to introduce an apparent driving foré¢Eeq — Ea)
for the CPET1 reaction but this is not the “driving force” to be
used in activation-driving force relationships describing the
kinetics. The proper formal potentials to be used for defining

dt
—k_[OH™][X "H,H,0] + k [H,O][X "H,0H ]
R _
dx7HOH | Hd;OH l__ 25 [XFH,OH] + K2¢[X°,H,0] +
k_[OH][X "H,H,0] — k [H,O][X"H,0H ]
d[X°H,0]

2 IXTH,0HT] — K2HIX %, H,0]

dt
where the rate constants are as marked in Scheme 1b.
The rate constant of the second sﬂe@ﬂ' may be expressed
as a combination of the activation free energ,  and of
the pre-exponential factoZmono or bi Xg;":

AGS” )
RT

OH __ OH- _
2 _Zmonoorb%CZ ex;{

wherek2y" and the collision factoZmono or biare monomolecu-
lar or bimolecular rate constants according to the electron
acceptor being attached to the electron donor or freely diffusing
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in the solution. The transmission coefficiepty , is a measure
of proton tunneling in the CPET2 reaction.

In the above discussion, we have considered the @bproach
and CPET from the OHadduct thus formed as two successive

The Marcus quadratic equation may again be used to relatesteps. We now regard these two steps as concerted: the CPET

activation and driving force. The latter is obtained from the
formal potentials of the electron acceptdfi and of the

0 .
second stepExo n,o/xan,ot:
OHO __ 0 =
AGCZ - F(EXO,HZO/XRH,OH- EA)
where

FEY _ 0 _ 0
XO,H,O/XRH,0H — Mx0,H,0 ~ MXRH,0H

An interesting limiting situation is when formation and dis-
sociation reactions of the OHadduct are fast enough for the
reaction to remain unconditionally at equilibrium. The kinetics
then involves overall forward and backward rate constants,
ki, andky e, defined by

d(X"HH,0] + [XFHOH D) dX°H,0] _
dt I
—K2 (IXRH,H,0] + [X"H,OH]) + KX °,H,0]

where
10 PKXRHH0 ¥ XRH,H,0 _
K - Yon [OH]
oH _ w VXRH,0H kgHr
<2 10 PKXRHH0 ¥ XRH,H,0 _ 2
1+ = Yor [OH]
W Y XRH,0H
OH __ | OH
Koco= Keoz

The true rate constantky, andk®, are independent of pH
as are the corresponding driving forces. The overall forward
rate constant is now an increasing function of pH as a reflection
of the fact that OH is a reactant in the forward process.

Conversely, the overall backward rate constant does not depenqNh ereAGOH”
C1

on pH.

We now lift the assumption that formation and decomposition
of the OH cluster are in unconditional equilibrium. We assume
that the interaction energy within the cluster is negligible so
that the coming in and out of OHcan be viewed as a diffusion
process, possibly involving a Grotthuss-type mechanism. Simi-
larly to the case of the proton expulsion mechanism, the effective
rate constants are obtained from

~ d[X"H,H,0] _ d[X°H,0] _

dt dt
KEEIX 'H,H,OJ[OH ] — KSe X ©,H,0]
where
1 _1 1
OH LOH K.
Cc2 2 dif, OH-
11 1
OH  LOH- F o ,
koo Kocz ex;{— ﬁ-(ES\ - E?(O,HZO/XRH,OH-) Kait.on-
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reaction then includes the OHiliffusion process, even if there
might be a price to pay for this in terms of reorganization energy
and pre-exponential factor. The rate equation then writes as
follows:

_ dIX"H,H,0] _ d[X°,H,0] _
dt dt
M IXRH,H,OJ[OH] — K2, [X°,H,0]

The driving force, defined from
AGng-O’ = F(E3<0+HZO/XRH+OH- - Ei)
is governed by the formal potential
FE;Y(O,HZO/XRH+OH- = /4(;(0 + P‘;:zo - P‘;y(RH _P‘((YJH-

The overall forward and backward rate constarfy;, and
Koo, are defined by

B d[X"*H,H,0] _ d[X°,H,0] _

dt dt
KX RH,H,0] — k2e, [X O, H,0]
with
o=k [OHT]

OH _ | OH
kb,Cl_ k—01

The forward rate constant may be expressed as

|

is the activation free energhll" andZy; or erare
bimolecular or termolecular constants according to the electron
acceptor being attached to the electron donor or freely diffusing
in the solution. The transmission coefficiep®,, is a measure

of proton tunneling in the CPET reaction.

The rate constant of the forward reaction does not thus depend
on pH, because the driving force does not depend on pH. The
global rate constant of backward reaction does depend on pH,
not because the second-order rate constant depends on pH but
simply because the proton is a reactant in the backward reaction.
The kinetics of the forward reaction depends on pH simply
because OH s a reactant, whereas the backward reaction rate
constant does not depend on pH.

We may thus conclude that whether the CPET Qt¢pro-
tonation reaction involves a one-step or a two-step scenario,
the overall forward rate constant depends on pH, not because
its driving force depends on pH, but because Q$la reactant
in the forward process.

2.2. Competition between CPET OH Deprotonation and
Stepwise PTET Pathways.As the pH increases, possibly
triggering the occurrence of the CPET OHleprotonation
pathways, the PTET stepwise pathway may also go off as the

AGS”
RT

OH __ oH
ker = ZyiorterXc1 exf{_
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pH values come close to the&Kpof the reduced form of the
substrate. In the case where protonation/deprotonation precedingog
electron transfer is at equilibrium, the kinetics of the PTET
pathway (Scheme 1c) involves the overall forward and backward

rate constants’ andk; defined by

d(X"H] + X)) _ dIX%] _

dt T dt
—kE(IXRH] + X)) + IGTX ]
where, by analogy with the CPET2 Okthse
10 PR Y rpy
K VOH [OH ]
= 1OWpKX FH Y xRH <
1+K—W Ve VOH [OH]

I = K

OH 1/2
(kf ) — |Og(zb| othe%C1 [H O] +

mono or bf(

N Pt
2% Yxo¥xmiYor| 4RTIN 10 2 2 (Pt + 10G K

For reasons similar to those discussed before in #@HH,0
case, the main factor that governs the competition between the
CPET1-OH and PTET routes is now thekpof XRH being
smaller or larger thar-log Ky (=14).

Since

0 0 RTIn 10
EXO,HZO/XRH,OH E><0+H20/XRH+OH =
o ( Y XrRH,0HY OH- ) RTIn 10

VXRY x0,H,0V H,0

(PKxrp 4 ,0 +log Ky)

the comparison between the CPET1 and CPET2 pathways is
likewise governed by the following equation.

We may now compare the kinetics of the three pathways at OH Z, i 0]1/2
pH values where the CPET2 and PTET forward rate constant3|og = log o LG +
begin to be proportional to [OH: 'CZ Z om0 or b?ngH
OH __ ,OH
Vxr Aca —Acy

10 PRxRH VxR
kf - KW Vxr — Yow [OH ]k:

Then
OH OH
Z
Iog(kf’—Cl) = Iog(—bI O AL | 4 pKogey + l0G Koy
k;( Zmono or bi¢
X _ ,OH
VXRH o
log( ", Vor| T arTin10 "
Evone — E
= XOIXR ~ EXO+H,0/XR+OH:
RTIn 10 2
o _ 0 o o o
FExo+h,0xeH+or = Hxo T Uh,0 ~ Uxrr = Hom
and
FE?(OIXR = ﬂgo - ﬂgR
Thus

0 0 —
EXOIXR - EX0+H20/XRH+OH- -

RTIn 10| YxrHY OH- RTIn 10/
o - Kyry + log K
F g(yXRyxoszo) = (PRxrH gKw)
and
OH OH
7.
log fC1 log bi orte%c1x n 1 log Y N
k;( Zmono or bf¢ 2 yxo)/HZOyOH-yXRH
21X — JoH
e Lok e+ log Ky)
4RTIn 10 2 XRH w.

and therefore, taking into account that,o[H.0] = 1,

1
=lo
2 9 VX0,H,0V XRH,OHY OH 4RTIn 10

1
5 (PKxrr 1,0 1 109 Kyy)

For the same reasons as before, it follows that the main
governing factor is thek of XRH being smaller or larger than
—log Kw (=14).

In summary, there are thus two main possibilities for the order
in which the K values fall, leading to the following sequences
of predominance of one pathway over the others.

If pKxry < pKxRum,o < —log Kw (=14), the PET pathway
predominates over any of the two CPET pathways. In the
converse situation Kxryq > pKxRum,0 > —log Ky is a necessary
condition for the CPET1 pathway being the most favorable. It
may not be a sufficient condition. The driving force has to be
sufficient to overcome the handicap deriving from a somewhat
larger reorganization enegy and a somewhat smaller transmission
factor.

Similarly to Figure 2, Figure 3 indicates the proper formal
potentials to be used for defining the driving forces of the
CPET1 and PTET pathways with red and blue arrows, respec-
tively.

3. CPET Pathways Involving the Buffer Components.
Since we selected to focus on oxidation processes, we analyze
now CPET reactions that involve the basic component of the
buffer, Z-, as sketched in Scheme 1d. Transposition to reduc-
tions involving the acid component of the buffer is immediate.

The rate equations write

d[XRH]
dt

—KJZ T IX RH] + KiIXHR,Z7]

diXH™+Z7] _

T —IEXRH++Z7] + KX O---HZ] +

KAZ X RH] — KiJIXHR,Z7]

J. AM. CHEM. SOC. = VOL. 129, NO. 18, 2007 5877



ARTICLES Costentin et al.

prRH <14 ( Eeq
]
E Eyouxty
“ XOH (0 - : 0
EY, X0 21Xk 7, X
XOH/x*H | X2 X2, : |
n 1
i x¢ X0 z,xRz, - ; i :\
' R . R
Enn, R - i XH ‘Ei“:xk -+ i :XH !
o | T Xk - P X
.'[JI o = |
XO L H, 0P HAOH i i . ! ! . H
: ! ! PK oy pKyy pKyz, PKyry P
PKXOH prnH 14 pH Figure 4. Standard potentials for CPET-OHpathways involving basic
components of the buffer.
prRH >14 pH in experiments where pH variations around the bufi€r p
are obtained by increasing the concentration of base. Whgn [Z
Eey XOH < 1KE, the variation of the rate constant with the base
E;)(OHJXRH concentration is linear and Idgf' increases proportionally to
: pH. The variation then tends to be less, ultimately reaching an
. E X0 asymptote.
O O O T ;\ The dependence of the reaction rate on the driving force can
BV - : ! be approximated as before by
x9/x I [
1 XRH 1 R 7 0 0
| : X H,0* At ,_EXO--~HZ/><RH--~Z‘ —Ea
! ! AGCZ = T + f 2
PK oy 14 PRyry PH
Figure 3. Equilibrium potential vs pH diagram showing the zone of AGz-=
stabilities of the four reactants and the formal potentials to be used in the ké: ya b‘XCg- expl — c2
definition of the CPET1-OH (red) and PTET (blue) driving forces. mono or bl RT
A&
d[x©:+-Hz : _ : log(ks,) = log(Z i) — ==+
% = kéz[XRH"'Z 1— kZ_CZ[XO"'HZ] + kéZ) mono or bLC2) 4RTIn 10
Ex — EY
o 0 w0 F A X0n+-HZ/XRH:++Z-
HZ][X ] — ks X 7=-HZ
d[XO] _ —kgS[HZ][X o] i kdo [XO---HZ] in which the standard potential of the hydrogen-bonded couple,
- isl

dt EXei-..7—xo-1z, IS related to the couple involving the separate

L . . reactants according to
If we assume that association and dissociation of the adducts

are so fast that equilibrium is unconditionally achieved, then o RTIn10 (K
R R - o Exo-nzixar-z- = Exorrzixrnsz + T'Og )
d((X"H] + [X"H---Z7]) _ d([X®] + [X%-++HZ]) K
: S'} — : de 0 It follows that, when [Z] < 1/Kf,
—k (XFHL + [XTHZ7]) + K (XTH] + [X®H-+-Z7]) ]
. : A&,
with (assuming that the activity coefficient of all intervening Iog(kfz) =1log [Z7] + 109Z0n0 or b%é ) — ﬁ)
species are close to unity) o o
1 RO F A~ EXo+HZIXRH+Z-
Kz ] 2'000Kad + RTin1g 2

< kézl +KZ] The driving force offered to the reaction is defined by the
standard potential involving the separated reactants, which falls
on the oblique line of th&y — pH Pourbaix diagram, as shown
o in Figure 4. An increase oftpentails an increase of the driving
k§'= k{cz KadHZ] force offered to the reaction (as illustrated in Figure 4) and
1+ KSS[HZ] therefore a potential increase of the rate constant. Although this
change in driving force is, besidesT{l the second main factor
The forward rate constant exhibits saturation kinetics on of an increase of the rate constant with pH, when going from a
increasing the concentration of base. A similar variation of the buffer to a more basic buffer, one should also take into account
backward rate constant on the buffer acid concentration is that the standard rate constant (or equivalently the intrinsic
expected. Focusing on oxidation, the increase of the rate constanbarrier) and the two association constants may also vary. As to
with the base concentration is one reason for its increase withthe latter factor we note that the variations of the association

and
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constants upon passing from one buffer to the other tend to pH, not because the driving force varies with pH, but because

compensate each other. OH~ is one reactant of the forward process. Conversely, the
In all cases, the variations with pH are indirect, being caused rate constant of the backward reaction is independent of pH.

either by an increase of the concentration of a reactant or by anThe competition between such CPET-Olkactions and the

increase of the bufferka stepwise PTET process depends on tkepthe substrate being
below or above 14. In the first case, the PTET pathway
Concluding Remarks predominates. In the second, the CPET pathways may be the

nYe d | idations involvi most favorable. This however requires that the excess driving
(1) Concerted protorelectron oxidations involving water as force thus gained be sufficient for overcoming pre-exponential

proton acceptor may well compete favorably with electron first, and reorganization factors that are somewhat unfavorable to the
proton second (ETPT) stepwise pathways. A necessary but NOt-pET pathways in the competition

sufficient condition for this to happen is that thK pf the re-

duced form of the substrate is smaller than 0. This excess driv-
ing force has to be large enough for overcoming pre-exponential
and reorganization factors that are somewhat unfavorable to the
CPET pathways in the competition. The driving force for such pathways. It has however to overcome unfavorable pre-

CPET pathways does not vary with pH and so does the oxidation exponential and reorganization factors and also possibly unfa-

rate constant. The overall backward reaction rate constant does .
. . . . vorable values of the H-bonded association constants between
vary with pH, not because the driving force varies with pH,

. the substrate and the buffer basic component.

but because proton is one reactant of the backward process. (4) The above conclusions are based on first principles. It

(2) In the basic pH range, concerted protatectron oxida- . . . . P pes.
. . . L follows that interpretations of previous experimental data based
tions involving OH™ as proton acceptor may similarly compete : . o

. . - on the incorrect notion that the driving force of CPEFH
with proton first, electron second (PTET) stepwise pathways. reactions depends on hould be revised
The driving force of the reaction is likewise independent of pH. P s )
The overall oxidation rate constant is an increasing function of JA067950Q

(3) When the reactions are carried out in a buffered medium,
basic components of the buffer may serve as proton acceptor
in a CPET mechanism. The excess driving force thus provided
may make the CPET pathway predominant over the stepwise
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