7492 J. Phys. Chem. R000,104,7492-7501

Stepwise and Concerted Pathways in Thermal and Photoinduced Electron-Transfer/
Bond-Breaking Reactions

Cyrille Costentin, Marc Robert, and Jean-Michel Savent+

Laboratoire d’Electrochimie Mdleulaire, Unite Mixte de Recherche Umrsite—CNRS No 7591,
Universitede Paris 7Denis Diderot, 2 place Jussieu, 75251 Paris Cedex 05, France

Receied: December 17, 1999; In Final Form: May 22, 2000

Bond cleavages triggered by electron transfer may follow a stepwise or a concerted mechanism. A proper
description of the competition between the two reaction pathways requires a more detailed analysis of the
reaction coordinate than usual. Such an analysis is presented for systems in which nuclear reorganization
involves mostly the stretching of the cleaving bond and the reorganization of the solvent. It is first applied
to thermal reactions such as electrochemical or homogeneous bond cleavages and then to photoinduced
reactions. The quantum yields predicted for stepwise mechanisms are derived under conditions of practical
interest and compared with the quantum yields predicted for concerted mechanisms. It is shown that quantum
yields for stepwise mechanisms may approach unity and are not necessarily smaller than quantum yields for
concerted mechanisms. The fragments resulting from bond cleavage may interact within the solvent cage
where they are formed. The influence of such interactions on the dynamics of stepwise and concerted reactions
is discussed.

Reactions in which single-electron transfer triggers the Scheme 1
breaking of a chemical bond may follow two types of mecha-
nisms, namely, a stepwise mechanism and a concerted electron- RX+e
transfer mechanism, as pictured in Scheme 1. The dichotomy
between these mechanisms and the passage from one mechanism concert _
to the other are currently under active investigation for thefmal R + X+
as well as photoinducédeactions.

With thermal reactions, a transition between the two reaction In the last section. we discuss how the existence of inter-

pathways has been observed within families of cleaving gctions between the product fragments within the solvent cage
substrates upon varying their molecular propeft@sd also 3y affect the dynamics of the stepwise and the concerted
upon increasing the thermodynamic driving force offered to the pathways. There is, indeed, indirect experimental evidence that
reaction’* such attractive interactions, of the charge/dipole type, may exist
In the potential energy diagrams used so far to visualize the in the gas phase after injection of an electron in alkyl halidfes.
transition between concerted and stepwise pathways, theAb initio calculations give contrasting results, depending on the
potential energy is plotted against a “reaction coordinate” which method used and approximations méd.It is usually assumed
has not been clearly defined. To avoid any ambiguity in the that these interactions vanish in polar solvents. One such case
analysis of such transitions, it is important to emphasize that is the anionic state of GEI,1! where the shallow minimum
the reaction coordinate is, in fact, not the same for the three calculated in the gas phase disappears upon solvation, at least
reactions represented. This problem will be examined in the when a simple continuum solvation model is used. The attractive
first of the following sections. interaction existing in the gas phase may persist, even though
All photoinduced electron-transfer/bond-breaking reactions weakened, in the caged product system in a polar solvent and,
investigated so far exhibit quantum yields that are lower than thus, influence the dynamics of the concerted and stepwise
unity. On the basis of the intuition that the quantum yield of a pathways.
dissociative electron-transfer reaction should equal unity, it was
inferred that the investigated reactions follow a stepwise Reaction Coordinates in Concerted and Stepwise
mechanism, even if a concerted mechanism has been observegesctions
in the thermal reactions of the same cleaving substPafeis.
has, however, been recently shown that concerted mechanisms It is important to emphasize that the reaction coordinate is
are not necessarily endowed with a unity quantum yield, as not the same for the three reactions represented in Scheme 1.
intuitively guessed.The reason lies in the fact that the system With reactions in which the main nuclear reorganization factors
partitions between fragmentation and back electron transfer ininvolves solvent and bond cleavage, the length of the cleaving
the funnel offered by the upper first-order potential energy bond is a common ingredient for the three reactions but solvation
surface, combining the ground state and fragment zero-orderreorganization requires a specific coordinate for each of them.
surfaces. We address, in the second section, the question of the In the electrochemical case, starting with a molecuteXR
guantum yields predicted in the case of a stepwise mechanismthe dissociative electron-transfer reaction involves the solvent
so as to compare the result with the preceding evaluation of reorganization corresponding to the charging of the X portion
the quantum yields for concerted mechanisms. of the molecule. For the formation of the ion radical, solvent
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reorganization corresponds to the charging of the R portion of b

the molecule. For the cleavage of the ion radical, solvent /\
G

reorganization corresponds to the transfer of the charge between
two locations in the molecule, namely the R portion and the X
portion.

Describing the dissociative electron-transfer step, RX <
R* + X7, involves determining the saddle point on the inter-
section of the two following free energy surfategfor the
passage from potential energy surfaces to free energy surfaces
see ref 13).
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whereX; is a fictitious charge borne by the X portion of the
molecule, serving as a solvation index for solvent reorganization
around X, andig; is the corresponding solvent reorganization Y,
energy.

Yy =1—exp[=A(Y — Yrx] 3 ' P 26 @ <

~
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(with B = v(27%u/D)¥2, y = bond lengthyrx = equilibrium 0.75
value ofy in RX, v = frequency of the cleaving bond, apd= ] 4 1
reduced mass) is a variable representing the stretching of the ¥; o5 J
cleaving bond. The coordinates of the saddle point are " §
0.25 h
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Figure 1. RX £ e < R* + XT. In electronvoltsD = 3, 101 = 1.5,

Ghyie = 1.65,Gh. - = 0. (a) Full line: projection of the inter-

and the steepest descent pathway is given by the following two section of the two surfaces 1 and 2, dotted line: projection of the steepest
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equations descent pathway. (b) Steepest descent reaction pathway. (c) Steepest
descent reaction profile as a function of the reaction coordidatR:
o [ X \HAor [V 1D RX + e, P: R+ XT.
0=X, =Xi: o == (6)
Xl Yl = .
WhenX] = X; = 1.
_ 1— X, \tos 1-Y,\w
X =X =1 = = ~ @)
1-X] 1-Y;

'/(')(lfxl)/(lfxf) [1+ (ARWDMOJ]-)Z dy
An example is given in Figure 1. The dotted line in Figure Z,=1—(1—XJ) o (20)

1la shows the projection of the steepest descent pathway on the fl 1 +(R17mo,1—1)2 dy
X1 — Yi plane, while the full line is the projection of the 0 Ao

intersection of the two surfaces 1 and 2. A three-dimensional

representation of the steepest descent pathway is given in Figurerhe resulting reaction profile is shown in Figure 1c.

1b. We may combineX; and Y; so as to define a reaction The same type of analysis can be repeated for the two other
coordinate Z;, according to eq 8, where the normalization is reactions using appropriate free energy surfates.

adjusted so as to obtaifj = 1 for the product state, that is, for For RX &+ e < RX°'F

Xl = Yl =1.
) EVAE Gryse = Giyse T D{1—exp[-Ay — Yal} 2+ 2 X5 (11)
L/:) 1\/ 1+ (d_)(l) dy 0 ) 2
Z,= L 8) Grys = Gpryer T D'{1 — exp[=A(y — Yrx-s)]} " +
2
N dv,\2 Aol — X)) (12)
j; 1+ d7 d?]
. after introduction of another coordinad, depicting the solvent
Thus, when 0< X; < X7 reorganization around the R portion of the molecule and of the
corresponding solvent reorganization enetgy. The effect of
Xix; 14 D pig-1\? d bond stretching is represented by a Morse cui¥ebging the
B Js Aor! 1 homolytic bond dissociation energy of K%, which has the
Z,=X ’ 9) same repulsive part as the RX Morse cutb@his condition

1
fl 1+ R,?D/lo,l—l 2 dy implies that the two equilibrium values of the bond length are
0 Ao related by eq 13
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We may, thus, introduce another stretching coordinate,
defined as

Yrxs ~ Yrx = (13)

VD
Y,=——=Y (14)
*"Ub-vD
Equations 11 and 12 thus become
Grxie = Gcr)eXﬂr + (“/B - «/ﬁ)ng + /10,2X§ (15)
Gryer = Gxer T (VD = VD)L= Yp)* + 20 {1 — X))* (16)
and
0 0
= 1 Grx-r — Gryae
X;=Y; =31+ (17)
22 " e+ (VD VDY
= _ j~o,2+ (“/5 - \/6)2 ng# B G(FJaXier ?
G, = 1+ 5 (18)
4 | Ao+ (/D—VD)

Finally, the reaction coordinat2,, is obtained by application
of equations that are identical to eqs 9 and 10, in wh{gh
Ao,2, and (\/5 - \/5)2 replaceXy, 401, andD, respectively.

For RXF = R + X7,

Gryer = Gryer + D'{ 1= eXP[-AY — Yax-r)1} + A0 X5 (19)

Groxz= G(F)e-+X¥ +D{exp[=A(y — Yr)]} 2"'/'Lo,s(l - X3)2 (20)

after introduction of another coordinates, depicting the
reorganization of the solvent upon shifting the charge from the
R to the X portion of the molecule and of the corresponding
solvent reorganization energdy s. The effect of bond stretching

is represented by a Morse curve for RXand by a purely
repulsive Morse curve for the fragmenrfsWe may introduce

a new stretching coordinat¥;, defined as

Y;=1—exp[-By = Yrx-r)] =1 — %(1 -Y) (21)

Equations 19 and 20 thus become
— 0 n2 2
Gry-+ = Gryer T D'Y3+ 409%3 (22)
Greix= = Gpopxs + D'(1 — Vo> + A (1 — X9)* (23)

and

0 0
=_y=_ 1 Grex+ — Grxe=
X3 =Y;3 5 1+ /10’3_'_ D (24)
Zos+ D[ Ghixe = Glua]?
=_ 103 Re+XF RX+F
AG =" | Ao+ D’ (25)

Finally, the reaction coordinatgg, is obtained by application
of equations that are identical to eqs 9 and 10, in whigh
Ao, andD' replaceXy, 40,1, andD, respectively.
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Figure 2. 3-dimensional (a, b) and 2-dimensional, (&) repre-
sentations of the concerted (full line) and stepwise (dotted lines)
reaction pathways. R e < R + X™: D =3 eV, 11 = 1.5 eV,
ng = 1.65 eV (left-hand diagrams), 2.28 eV (right-hand diagrams).
RX + e RX* (VD VD)2 01 eV,
doa=1eV,Ghy:=21eV.R¥T =R + X¥: D' =2 eV, loz=
1leVv, G(F’HX1 = 0. R: reactants (RXt €"), |: intermediate (RXF),

P: products (R+ XT).
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It follows that a proper description of the stepwise and
concerted reaction pathways requires a three-dimensional
representation, as illustrated by Figures 2a and b.

The example chosen in Figure 2 corresponds to the passage
from a concerted to a stepwise mechanism, as observed by
means of cyclic voltammetry upon increasing the scan rate and/
or decreasing the temperature. At the peak, the free energy of
activation is given by eq 26

and Zz¢ = VRT/2zM (where M is the molar mass) is the
electrochemical collision frequency, is the scan rate, and
D; is the diffusion coefficient. Taking typical valuege{ =

4 x 10°cm s andD; = 1075 cn®? s71) leads to a bracketing

of the free energy of activation at the peak between 0.385 eV
(for v = 0.1 V/s, T = 301 K) and 0.185 eV (fow = 10® V/s,

T = 253 K), from which the values of the standard free energies
of reaction used in Figure 2 were derived.

Parts aand b of Figure 2 represent the projection of the
reaction pathways on the same plane, namely the front plane,
in which the dissociative electron-transfer step is represented.
This two-dimensional representation is easier to decipher than
the three-dimensional representation for determining the pre-
ferred pathway. They may, however, be misleading if it is not
borne in mind that, in the two-dimensional representation, the
crossings between the three curves should not be considered as
actual crossings of reaction pathways.

(26)

Quantum Yields of Stepwise Reactions

The reaction pathways can be obtained from the following
free energy surfaces, according to the procedure depicted in the
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Figure 3. Reaction pathway for a photoinduced reaction following a stepwise mechanism in which the electron transfer is in the inverted region.
IneV, Gl py = 1.15,G2 ny = —1.65,G% 1 pye. = 1.2, Gt ipiy. = 0, (WD — ¥/D)2=0.1,D' = 1.8, A2 = 0.75,205 = 1. R% D* + RX,

R: D+ RX, I: Dt + RX", P: D" + R + X™. 2% #, Zc, transition states of the photoinduced electron transfer, back electron transfer, and
cleavage, respectively.

preceding section. For simplicity of symbols, we treat only the Scheme 2

case of a reductive cleavage. Transposition to an oxidative

process is straightforward.

For the photoinduced electron-transfer step and for the back

electron-transfer step

GRxtpr = GEQ+D* + (\/B - \/E)ZYS + io,zxg (27)

Gryx+p =G

0

Grx-+D++ = Gr—+D-+

0
RX+D

+ (VD — VD)?Y5+ 4o X5
+ (VD - VD)1 -

(28)

Y,)? +

Ao AL —X)* (29)

For the cleavage step

Grxe—-+ = GRry—spm T D'Y3 + /10,3X§

(30)

Greix—+Dr+ = Gg-+x—+D-+ +D'(1— Y3)2 + o1 X3)2 (31)

lies in the normal or in the inverted region.
Back Electron Transfer in the Inverted Region. Past the

}

(D*,RX)

k
(D*+,RX 7)<~ D*++ RX "~

k"“///k
-act

(D.RX)

ke

\kc\

(D*+,R",X7) —2~ D+4+R + X~

region barrier (rate constakt,.), and cleavage (rate constant
kc) according to Scheme 2.
Figure 3a shows the photoinduced and the back electron-
transfer pathways as a function of the two coordinaxgsand
Y,, representing the solvent reorganization and bond stretching,
respectively. Figure 3ashows the projection of the three-
dimensional reaction pathways on tKgY> plane. The straight
lines are the projections of the intersection between the excited
reactant state surface and the intermediate surface (full line)
and of the intersection between the ground reactant state surface
It is convenient to distinguish the two situations according and the intermediate surface (dotted line). Although the photo-
to whether the electron-transfer step of the stepwise mechanisninduced and back electron-transfer pathways have different
projections, the element of arc lengttz, is the same function
of lo2and ¢/D — v/D')? in both cases. We may, thus, use the
transition state of the photoinduced reaction, the point represent-same reaction coordinat&;, as defined in the preceding section
ing the system reaches the ion-radical intermediate, |, beforefor the two pathways, bearing in mind that their traces on the
crossing the potential energy surface of the ground state, asX,/Y, plane are not the same. For the cleavage reaction, we
illustrated in Figure 3. The intermediate | may then competi- introduce the reaction coordinafg as defined in the preceding
tively undergo back electron transfer, going over the inverted section. Using these two coordinates, parts fahd B of Figure
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Figure 4. Reaction pathway for a photoinduced reaction following a stepwise mechanism in which the electron transfer is in the normal region.
In eV, Goiny = 1.15,G%, ny = —1.65,G%  py.. = 0, Gt tpsx. = 0, (WD — V/D')2 = 1.4,D' = 0.22,49, = 0.75,405 = 1. R D* + RX,
R: D+RX, I: D"+ RX",P: D"+ R + X".

3 give a representation of the whole stepwise mechanism present discussion, is when the cleavage rate constant is large
involving photoinduced electron transfer, back electron transfer, enough to prevent the diffusion of the cation and anion radicals,
and cleavage of the intermediate. one toward the other. The quantum vyield for the photoinduced
Turning back to Scheme 2, we may assume for simplicity reductive cleavage is, thus, given by eq 32 (in practice, the
that the rate constants for the diffusion of the anion radical and electron transfer from the ground-state donor is so uphill a

of the fragments from the solvent cage are the sagp and reaction thaka is negligible),

so are the cleavage rate constants of the anion radical within

and outside the solvent cage (there is no theoretical difficulty k,+ k.

in extending the analysis to cases where these simplifications o= P (32)

do not apply). The most interesting case, for the purpose of the ksp+ Ko+ K et
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Scheme 3 surfaces near their intersection. In the framework of the
Landau-Zener modelP is related toH by means of eq 33.
k, 32, 12
H
y P=1—expg — i (33)
Pe '{ h(RT)"4(vD — VD')? + 4o )"
B w—
Al - P < (wherev is the effective vibration frequency of the reactanfs).
& =1 - Introducing the ratiosk, of the rate constantk and of the
M o2 frequencyv,

k k.

_x_;l#_;ll__;

P p
R~ K=% =~ /& X T e )P + K IRX 34
kd1Lksr k., kp%: \k\d\\p v dt (Ksp k)Pl + k[ ] (34)
D

Pc “+,RX'™ Since,
D+ RX p k
% \p\ % . KSp
¢ [RX" ] =—F77—ld (35)
DR*+X~ D't +R+X" Kg[D™] + ke

R. =D, RX) Io. =(D*+, RX*™) Pc=(D*+,R" X"7) and

: , : . (ksp+ Ked[Pcl = k[l ] (36)
that is, by a simple extension of the expression of the quantum

yield for an outer sphere photoinduced electron transfer in the d[X] ( Ksp
C

Kd[D.+] + K,

[l 37)

inverted regiort? vdt
It appears that very high quantum yields approaching unity

may well be obtained by combining a fast cleavage with & 5 if we consider only the cases where the cleavage is fast
relatively high inverted region barrier. This is clearly the case enough to overcome the diffusion of RXtoward D*
with the values of the parameters used for the illustrative system

shown in Figure 3. d[X]

Back Electron Transfer in the Normal Region. In this case, a (ksp Kl ] (38)
past the transition state of the photoinduced electron transfer, ——
=+ at the intersection of the*Rand | surfaces, the system D] d[RX] _
reaches the intersection between the later surface and the ground vdt =~ vdt ks[Rcl = #[DI[RX] (39)
state (R) surface in a point W (Figure 4a and its projection on
the Xo— Y, plane, 49 before reaching the minimum correspond- ol - (kp T rgpt K] =0 (40)
ing to I. The transition state of the ground-state electron-transfer
reaction,=, is also located on this intersection. The system, Kr[RI] + k4[DIIRX] — (i, + k)[R =0 (41)
thus, bounces down from W te, while passing from the upper
to the lower first-order surface, in a fashion similar to the ol o] + P[R'] +@1-P)[IY]—- @1+ kI I] =0 (42)

previously described case of a dissociative electron-transfer
reaction® thus, partitioning between back electron transfer and «[RJ + Pl |] +@a- P)[Ru] @+ K,r)[R'] =0

formation of the intermediate as a function of the magnitude of (43)
the electronic coupling matrix element between the | and R

statesH. The intermediate then competitively undergoes back Ko+ (L =PI '] + PR —[I']=0 (44)
electron transfer and cleavage. Although the photoinduced and

back electron-transfer pathways have different projections, the (1- P)[R'] +P[IY] - [RY =0 (45)

element of arc lengthdz,, is the same function ofo, and

(VD — /D)2 in both cases. We may, thus, use the same The rest of the resolution is exactly the same as that for dis-
reaction coordinateZ,, as defined in the preceding section, sociative electron transfémeplacingkcc with «. and P with 1.

for the two pathways, bearing in mind that their traces on the Therefore,

Xo/Y, plane are not the same. For the cleavage reaction, we 1

introduce the reaction coordinafe, as defined in the preceding o= K (46)
. . . , , 2P —act

section. Using these two coordinates, parts 'b,abd B of 1+ p)(]_+_ )

Figure 4 give a representation of the whole stepwise mechanism 1+PkytKk,

involving photoinduced electron transfer, back electron transfer, \yith p peing related to the electronic coupling matrix element
and cleavage of the intermediate. We see on these representayy means of eq 33. Another demonstration of eq 46, taking
tions as well as in Scheme 3, which summarizes all the I'eaCtiOﬂSmore rigorous|y into account the stretching and solvent reor-
involved, that back electron transfer interferes twice: once, at ganization coordinates, may be obtained by a straightforward
the intersection between the zero-order | and R surfaces and, aransposition of the case of dissociative electron trarfsfer.
second time, from the intermediate through back crossing of In total, the situation is less favorable in terms of quantum
the ground-state electron-transfer barrieris the probability yields than in the preceding case. Indeed, even if the cleavage
that the system remains on the first-order potential energy rate constant is large enough for overrunning back electron
surfaces formed by a combination of the zero-order potential transfer from the ion pairk{ > k_5c), the maximal value of
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the quantum yield is 1/(% P), which would reach unity only
in the unlikely case where the ground-state electron transfer
would be entirely nonadiabati¢i(= 0).

Influence of Interactions between the Caged Product
Fragments.We first examine the influence of these interactions
on thedynamics of dissociaie electron transfersAs shown
by recent quantum mechanical calculations combined with a
cyclic voltammetric study of the reduction of carbon tetra-
chloride!” the interaction between the two fragments in the gas
phase may be modeled by a Morse curve, with a shallow
minimum, even if the nature of the interaction is more of a
charge-dipole (and induced dipole) type rather than that of a
covalent bond. It also appears that the repulsive part of the
fragments’ Morse curve is almost identical to the repulsive
part of the Morse curve depicting the homolytic dissociation
of the starting RX molecule. Assuming that this behavior is

general, the reactant and product free energies may be expressed

by eqs 47 and 48, respectively.
Ghxee T D{1— exp=Ay — YR} + 40X (47)

exp[=A(y — Y1} +
Aos(1 = X))? (48)

GRXj:e*

Grex) = Gfrexr) — AGY, + Dpf 1 —

Yr andyp are the values of the-RX distances in the reactant
and product systems, respectively. The interaction energy is
involved in the Morse function and also in the difference

between the standard free energies of the separated and the cagé

fragments,AGS,D = Dp — TASSpO. The assumption that the
repulsive terms in the two Morse curves are approximately the
same leads to eq 49, relating the difference in the equilibrium
distances to the ratio of the dissociation energies.

= In

2
28
Equation 49 indicates that a shallow minimump(< D)
corresponds to a loose cluster & yr) and vice versa.

Yp= (49)

The governing equations are, thus, the same as those for the

RX + e < RX°T reaction discussed in the first section,

although the physical situation is not the same, in the sense
that the species that is formed (i.e., the caged product fragments)

is not a strongly unstable species toward bond breaking. It
follows that the dynamics of this “sticky” dissociative electron
transfer may be depicted by the following set of equations:

GRxie + (VD — DY 2+ 10.:X3 (50)

GRXj:e*
G(R-,Xﬂ = G?R-,xﬂ + (\/5 - \/D_P)Z(l - Y'1)2 + 10,1(1 - X1)2
(51)

where (R,XT) represents the interacting caged fragments with

VD
Y, =———Y. (52)
RGN
and
0 0
1 G(R-,xﬂ ~ Gryse
XI=Y71=31+ (53)
o T )+ (VD — (DY
Jo 1+ (v'D —/Dp)? Gl — G2 [P
AG’TZ 0,1 ( p) |I1+ (R*,XF) RX+e (54)

4 I. io,1+ (“/5 - «/EP)Z
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Figure 5. Influence of a small interaction between caged fragments.

Full lines: RX+ e < (R, XT). Dotted lines: RX+ e < R* + X7.
IneV,D = 3, A1 = 15,Dp = 0.1, Gy, = 1.65, G2+ = O,

G(R xn = —0.1. (a) Morse curves for the reactant, interacting
rggments and separated fragments. (b) Projection of the reaction
pathways on th&; — Y'; plane. (c) Reaction profiles as a function of
the reaction coordinat@; orZ;. R: RX+ e, P: R+ X%, P: (R, X%).

(d) Steepest descent reaction profile as a function of the reaction
coordinateZ'; or Z;.

Figure 5 illustrates, with a typical example, the effect of a
small interaction between the caged fragments by comparison
with a purely dissociative electron-transfer reaction.

It is noteworthy that a small value dp produces rather
strong effects on the activation barri€The reason for such a
large effect is that it is not merely a work term effect but that
t has a significant effect on the intrinsic barrier in whibhis
replaced by {/D — J_)Z For example, ifDp is 4% of D, a
decrease 0f+20% of the intrinsic barrier ensues.

The electrochemical reduction of carbon tetrachloride offers
an example where the interaction between fragments is rather
strong in the gas phase-Q.4 eV), as revealed by ab initio
calculations, and appears to persist in a polar solvent, albeit
reduced to~0.06 eV.

Other recent observations concerning substituted benzyl
halides may also be rationalized within the same framework.
Whereas the electrochemical reduction of 4-nitrobenzyl bro-
mide in DMF is clearly a stepwise reaction, a concerted
mechanism is observed with unsubstituted benzyl and 4-cyano-
benzyl bromides? The cyclic voltammetric peak potential
of 4-cyanobenzyl bromide is significantly more positive
than the cyclic voltammetric peak potential of benzyl bromide
(by 250 mV at a scan rate of 0.1 V/s). It was inferred
from these observations that the bond dissociation energy
increases by 0.15 eV from the first to the second compound,
in line with previous photoacoustic wdi# in which the
substituent effect was regarded as concerning the starting
molecule rather than the radical. However, further measurements
using the same technique did not detect any substituent effect
and the same conclusion was also reached in the gas phase
by a low-pressure pyrolysis techniqtf®. Recent quantum
chemical estimatiod®® concluded that there is a small sub-
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Figure 6. Variation of the rate constant with the driving force in the homolytic cleavage of various types of anion and cation radicals. The open
symbols refer to bi-benzyl derivatives, and the stars refer to cation radicals tdrtHmityl derivatives of synthetic analogues of NADH.

stituent effect, namely, 0.07 eV, that is, about half of the Scheme 2
value derived from electrochemical experiments upon applica-

tion of the classical dissociative electron-transfer theory. These oF L o F k__“’"f o T
. . . RX "W ~— (R X' |=—R +X
observations may well be interpreted by a small attractive e Kaif
- )

interaction in the caged product fragments that would be larger

in the presence rather than in the absence of the cyano- @ k& forward and reverse activation controlled rate constants.

substituent because of its electron-withdrawing character. An K = K/k* K rate constant for the diffusion of the fragments out of

even larger similar effect is observed with phenacyl chloride the solvent cagekqi: bimolecular diffusion-limited rate constant.

and bromide, as expected from the electron-withdrawing effect ) )

of the carbonyl group. The apparent BDEs derived from cyclic bond. Because_ the unpaired and the negative charge_ are !oc_ated

voltammetry are 2.05 and 2.35 eV for the bromide and chloride, On the same nitrophenyl part of the molecule, the dissociation

respectively3d whereas the values found by low pressure ©f the anion radical is of the homolytic type.

pyrolysis are 2.75 and 3.13 eV, respectivElyThe two sets of It is also interesting to note that the above model applies to

results may be reconciled after introduction of an interaction electron transfers leading to an ion radical that dissociates

energy of 51 and 56 meV for the bromide and chloride, homolytically in an endothermic manner with a negligible

respectively. barrier for the back coupling. Although all homolytically
The kinetics of the reduction of a series of organic disulfitles  dissociating ion radicals do not behave in this marther,

seems to fit this framework. The values found for the electro- several examples can be found where, in the framework of

chemical standard rate constant for diphenyl disulfide and a Scheme 4 and of eqs 55 and 56, the observed kinetics is

series of 4,4substituted derivatives indicate a large intra- governed by

molecular reorganization energy for the unsubstituted disulfide

and for electron donating substituents, close to the predictions Ko At

of the classical dissociative electron-transfer model. The standard - dif ™+ (55)
. . . . ct

rate constant rapidly increases upon introduction of more and K it T K

more electron-withdrawing substituents, ending up, in the case o

of the nitro-substituents, with values that are indicative of solvent K = keir K (56)

reorganization with little intramolecular reorganization. These
trends indicate that the interaction between the caged fragments
is negligible in the unsubstituted derivative and in the case of o
electron-donating substituents. Because the positive charge orf€ diffusion of the fragments out of the solvent cage, the
the functional sulfur augments, the interaction between the cleavage being at equilibrium, as expressed by e 57.
fragments increases with the electron-withdrawing character of

the substituent. With the nitro-derivative, it has become a true ki = KK gt K_ = Kyt (57)

k'dif + k;iCt
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Examples are given in Figure 6. It is remarkable that, for all may have a quite significant influence on the dynamics of
endergonic reactions, anion radicals and cation radicals of quitedissociative electron transfer. Extension of the Morse curve
different nature fall on the same diffusion-controlled line. model allows the derivation of tractable equations depicting the
Equations 52 and 54 indicate that the smaller@aehe larger influence of such interactions on heterogeneous and homo-
the equilibrium distance, and the larger the internal reorganiza- geneous reaction dynamics.
tion the slower the electron-transfer kinetics. Conversely, when
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