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Abstract: The idea that significant ion/radical interactions should vary with solvent if they do exist in the
liguid phase was pursued by an investigation of the dissociative electron-transfer reactivity of carbon tetrachloride
and 4-cyanobenzyl chloride in four different solvents, 1,2-dichloroethididdimethylformamide, ethanol,

and formamide, by means of their cyclic voltammetric responses. Modification of the conventional dissociative
electron transfer theory to take account of an interaction between fragments in the ion/radical pair resulting
from the dissociative electron reaction allows a satisfactory fitting of the experimental data leading to the
determination of the interaction energy. There is an approximate correlation between the interaction energies

in the ion/radical pair and the solvation free energies

of the leaving anion;T@¢& interaction is maximal in

1,2-dichloroethane, which is both the least polar and the least able to solvat€h@l interaction is smaller
in the polar solvents, albeit distinctly measurable. The two protic solvents, ethanol and formamide, which are

the most able to solvate Clgive rise to similar interac

tion energies. The interaction is definitely stronger in

N,N-dimethylformamide, which has a lesser ability to solvate tGan the two other polar solvents. The existence

of significant ion/radical interactions in polar media is t

An ion and a radical are the products of the one-electron
reductive or oxidative cleavage of neutral molecules, whether

the cleavage follows a concerted or a stepwise pathway (Scheme

1) and regardless of the mode of injection or removal of the
electron, thermal (electrochemical or homogeneous) or photo-
induced!~® There is preliminary experimenté¥° and theo-
retical®10.11evidence that interactions between the ion and the
radical may influence considerably the reactivity patterns of
reductive or oxidative cleavages. Consideration of these interac-
tions is thus expected to be a helpful contribution to the general

hus confirmed and a route to their determination opened.
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processes. Conversely, careful analysis of the rate data for such
reactions should provide evidence for the existence of such

understanding of the dynamics of electron transfer/bond breaking
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interactions and estimates of their magnitude. In this respect, existence of a small attractive interaction between the caged
the fact that small attractive interactions give rise to large kinetic radical and ion that would be larger in the presence than in the

effects is quite encouragirg.e.10

absence of the cyano substituent, in line with its electron-

Despite some uncertainty in the early application of quantum withdrawing character. An even larger similar effect is observed

chemical methods to this problel# ¢ there is little doubt that,

with phenacyl chloride and bromide, as expected from the

in the gas phase, substantial attractive interactions between ionglectron-withdrawing effect of the carbonyl group. Indeed, the

and radicals do exigf213 For example, the energy of the
interaction between Cgland CI~ has been found to be on the
order of 400 me\%2while, for para-substituted benzyl radicals
and CI, it varies, with values of 200, 250, 700, and 950 meV
for the series OCK H, CN, and NG'2¢ (corresponding to
carbon-chlorine distances of the order of 28 A). These
interactions may be so strong as to support the notianioh
radicals (or, equivalently, of three- or one-electron bonds) in
the gas phagé?or in apolar solid matrixe¥sb:c

apparent bond dissociation energies derived from cyclic
voltammetryd are again significantly lower than the values
derived from low-pressure pyrolysis.

Another piece of evidence for the existence of ion/radical
attractive interactions in a polar solvent results from homoge-
neous electron-transfer data concerning the initiation step of the
Kornblum'® Sgn1 reactions of 2-nitropropanate ion with 4-ni-
trocumyl chloride and 4-nitrobenzyl chloride in acetonitffté%

The ion and radical interact significantly in the case of

One expects these interactions to decrease or even toA-nitrobenzyl chloride, with an energy 6f100 meV, whereas

disappear in the liquid phase, particularly in polar solvents.

they do not in the case of 4-nitrocumyl chloride, in line with

There are, however, consistent clues that this is not the casesteric and electronic effects.

even in solvents as polar &5N-dimethylformamide (DMF) or

The most recent example concerns the electrochemistry of

acetonitrile, at least when the presence of electron-withdrawing carbon tetrachloride in DMF, pointing to a 62 meV interaction
groups induces a positive charge density on the radical atomenergy between Cgland CI in this polar solvent?

center that favors its interaction with the counteranion. A first
indication in this direction resulted from the comparison of the
kinetics for the reductions of benzyl and 4-cyanobenzyl

So far, the evidence for the existence of such ion/radical pairs
in polar solvents is thus 2-fold. On one hand, introduction of
the corresponding interaction energy into the dissociative

bromides, which both follow a concerted electron transfer/bond €lectron transfer model allows a satisfactory fitting of experi-

breaking mechanisi#t 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). Application of the dissociative
electron transfer theoty to these observations led to the

mental data in an increasing number of cases. On the other hand,
significant interactions are found only with radicals where strong
electron-withdrawing effects are present in line with the
anticipated reinforcement of the charge/dipole attraction between
the ion and the radical. Although these are valuable clues,

conclusion that the bond dissociation energy increases by 0.15additional evidence of the existence of such ion/radical pairs in

eV from the first to the second compound. However, further

the liquid phase as well as further assessment of the magnitude

determinations of the bond dissociation energy by independentof the interaction energies are obviously welcome. This was

technigues failed to detect such a substituent effeitte same

the objective of the work reported here. The guiding idea was

conclusion was also reached by means of quantum chemicalthat if these interactions really exist, their magnitude should

estimations® These observations may be interpreted by the
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vary with the nature of the solvent. It seems probable that the
interaction will decrease as the stabilization of the free ion by
the solvent increases. Fulfillment of these expectations would
provide a solid confirmation of the reality of ion/radical inter-
actions in the liquid phase.

It is worth noting that solvent effects on reactivity are among
the most difficult problem to be handle by quantum chemical
approaches, hence the importance of the gathering of experi-
mental data and of their rationalization by semiempirical models.
Another example is the effect of radical ion pairing on the
dynamics of photoinduced electron-transfer reacti§espite
some semantic similarity and the fact that they are both mostly
electrostatic in nature, the two effects are not the same: inter-
action between an ion and a radical in one case and interaction
between an anion radical and a cation radical in the other.

Turning back to ion/radical pairs, we investigated two
systems, CGt and CI on one hand and the 4-cyanobenzyl
radical and Ct on the other, through the cyclic voltammetric
responses obtained for the dissociative electron-transfer reduc-
tion of the parent molecules, C&ind 4-cyanobenzyl chloride,
respectively. Four solvents were selected, 1,2-dichloroethane
(DCE), N,N-dimethylformamide (DMF), ethanol (EtOH), and
formamide (FA), so as to obtain the largest possible variation
of the solvation free energy of Clthe free energies of transfer
from water to these solvents are 0.541, 0.497, 0.207, and 0.145
eV, respectivels).
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Figure 1. Peak potentialsk, (V vs aq SCE) corrected from ohmic drop (see Experimental Section). Supporting electrolyte: rOBUMF..
Scan rates) in V/s. Temperature: 20C.

Our strategy was as follows. Cyclic voltammetric peak serious uncertainti@sand appears actually worse than the use
potentials as a function of scan rate for the two compounds in of an aqueous reference electrode (i.e., saturated calomel
the various solvents form the set of kinetic data on which our electrode, SCE) with careful estimation of the potential differ-
exploration of ion/radical pairs is based. Their treatment with ence between the organic solution and the reference electrode
an extension of the dissociative electron transfer theory that compartment. We may, in this connection, distinguish two
integrates the existence of an attractive interaction between thecases: one when the solvent is miscible to water (all solvents
ion and the radical formed upon reductive cleavage allows the but DCE) and the other when the solvent and water are
derivation of the interaction energy. The variation of the immiscible (DCE). In the first case, the potential difference
interaction energy with the solvent is then discussed with the between the organic solution and the aqueous solution is a
help of an attempted correlation with the free energy of solvation steady-state junction potential. In the second case, a Donnan
of chloride ion in each solvent. The reliability of the interaction equilibrium potential across the interface separating the two
energy values and of their variation with the solvent obtained solvents must also be taken into account.
by means of this procedure requires a precise estimate of the Concerning junction potentials, the classical Henderson
error that may arise from potential difference between the modef? applicable to the junction between two ionic solutions
reference electrode and the organic solution bathing the workingin the same solvent assumes that the concentration of each ion
electrode. This point will be discussed in detail. Another varies linearly from one side of the junction to the other. For
important parameter of the model is solvent reorganization. How extending the model to the case of two different solvents, we
the corresponding energy varies from one solvent to the otherassume that the ionic mobilities also vary linearly across the
and, in each solvent, as a function of the reaction coordinate junction from the value they have in one solvent to their value
will also be scrutinized. in the other solvent. Under these conditions, the difference
between the potential in the organic solutigst, and the
potential of the aqueous SCEY, is expressed (see Supporting
Information) by eq 1 C refers to the concentratiom, to the
ionic mobilities, andz to the charge number).

Results and Discussion

Cyclic Voltammetry Data. Figure 1 displays the variations
of the peak potentialg,, with the scan rate for the two com-
pounds in all four solvents. The values of this parameter are
affected by ohmic drop, especially toward the higher end of

the scan rate range. Although the effect is not very big, a later
hand correction is worth carrying out. This was done according
to the procedure described in the Experimental Section.
Junction and Donnan Potentials between the Organic
Solution and the Aqueous Reference ElectrodeAs empha-
sized earlier, the definition of a potential reference independent
from the solvent is crucial to our purpose. One possibility is to
select a voluminous transition metal complex as redox reference
couple in the hope that solvation, being small, will be ap-
proximately the same in all solvents. This strategy suffers from

RT_ |2l
¢°— 9" = —?z;(cis -G
] |

_Bb
Eln(aJr b+ c) n 2c
2c a /bz — Jac ‘ (1)

. Zc+b—x/b2—4acb+x/b2—4az)
2¢ + b+ vVb? — dac b — Vb? — 4a

(20) Marcus, Y.lon Properties Marcel Dekker: New York, 1997.

(21) Marcus, Y.Pure Appl. Chem1986 58, 1721.
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Table 1. Solvent Parametets

i IW W

DCE DMF EtOH FA > U@~ G
AlGY S 0.541 0.497 0.207 0.145 P RTT 4 3)
—GSc 3.056 3.1 3.39 3.455 F W W
e 1.76 1.81 21 2.16 > 1z (G = )
¢S — W 0.202 —0.016 0.002  —0.009 '
ks® 0.59 0.38 0.30 0.12 w
c 0.95 1.00 1.03 1.13 Z|;|uici
2 Energies in eV, potentials in \..Standard free energies of transfer In '

from water to the solvent S (from ref 20)Standard free energy of W
solvation.? Standard potential of the subscript couple vs aq SEE. Z|2i|uiCi
e Standard rate constant for the reduction of benzaldehyde in"ém s T
f Coefficient in eq 21.
The interfacial concentrations offCand A~ on the aqueous

with side are obtained from eq 4

a= 3 z/G"y" RT Cer| _RT [Cat| _ A'Ge, °+AG® @
J Filcs,| Fllcs 2

b= 12/0"(c; - ¢) + (¥ — u™)O
7 leading to G, = A,= 0.0359 M and, from eq 3, tp'V — oW
= 0.09 mV, a perfectly negligible figure. In total, one thus
c= Z|4|(cj5 - (:].W)(u].S - uJW) obtains the figure reported in Table 1.
7 We may note that in the three polar solvents, the correction
for the junction potential is small, thus making unimportant
A=u" B=uv-u" small defects in the model used. In contrast, the potential
difference between the DCE and aqueous solutions is large, but

The ionic mobilities may as well be replaced by the limiting it is @ Donnan potential with a negligible contribution of an

molar conductivities A®. Applications of eq 23 thus lead to additional junction potential. Thus, despite its larger amplitude,

the results listed in Table 1. the correction procedure appears reliable in the case of DCE,
In the case of DCE, the two solvents are immiscible. It can t00.

be assumed that KCI does not penetrate the organic solvent Global Reorganization Energies from Brute Force Ap-

phase. Within this framework, the Donnan potential between plication of a Quadratic Activation —Driving Force Relation-

the two phases may be obtained from the relationships describ-ship. The conventional theory of dissociative electron transfer

ing the electrochemical equilibrium at the interface (see Sup- entails a quadratic relationship between the activation free
porting Information) leading to eq 2. energy AG*, and the standard free energy of the reactiv@?,

as depicted by eq 5.
AIGWjS _ AIGW"S
S _ W _ A C+ 0\2
e = 2 @ AGH= %(1 + Af‘ ) )

¢§,\j§, as before, the electrical potential in the organic solution. e gioha) reorganization energy, contains a contribution

¢ 1S the electrlpal pott.antllal in the aqueous phasejgst .out5|de pertaining to bond breaking, equal to the bond dissociation

the interface. It is, a priori, different from th_e po_tent|al in t_he energyDr, and a solvent reorganization contributiag, Values

bulk of the aqueous phasp, because of the junction potential ¢ 7' oy he obtained by brute force application of eq 5 at the

between the interfacial and the bulk gqueovyfsgolutlons which heak potentialE,, that is, for a value of the standard free energy

do not have the same ionic compositigifG:, ™ is the free of reaction given by eq 6.

energy of transfer, from water to DCE, of the cation of the

supporting electrolyte in the DCE phase, that nsBusN*. AG® = E, = ERyr. + x- (6)

AIGX"T S represents the same parameter for the anion. The

energies are in electronvolts, an e electrical potentials, in In the fitting of the experimental data shown in Figure 2, the
lect It d the electrical potential In the fitt f th tal data sh F 2, th

volts. Assuming thaA‘GX’fS is the same for CI® and BR~ experimental values oAG* were obtained, at each scan rate,
(0.1762 eV and takingAtG‘é’fS = —0.2280 eV2° we find from eq 7, in whose derivation the quadratic rate law is
that ¢S — ¢ = 0.2021 V. linearized around the peak (see Supporting Information).

The junction potentialp'V — ¢, may then be estimated by

the Henderson model, according to eq 3. AGH= E{In(ze' / RT ) _ 0.7% )
F aFvD

(22) Henderson, PZ. Phys. Chem1907, 59, 118.
(23)

VS Ay ASur Ason AT Because the value of is needed in applying eq 7, we used an
K* 319 0 7352 316 2354 1233 iteration procedure in which is obtained from the differentia-
tion of eq 5 in each loop.

»ByN* 0 01 195 269 194  6.54 ; .
The standard potentials for the reductive cleavage of the two
cr 319 0 7634 538 21.85 1746 ; : :
compounds in the various solvents (Table 2) were derived from
BFy 0 01 674 516 305 166 the previously determined values in DM®P taking into
account the difference of the free energy of transfer from water

A s in cn? Q71 mol™* from ref 20. The values for BF to be the same as WS
for ClO4™. to each solventA'Gg -, and the free energy of transfer from
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Figure 2. Fitting of the peak potential data (Figure 1) by brute force application of a quadratic activdtieing force relationship (eq 5).

Table 22 _ IAGT _ AG®
DCE DMF EtOH FA C=OAGe 0'5(1 T2
CCly(Dr = 2.84,7° = 5.02 x 10° cm s

D x 10°b 7.58 8.0 5.9 1.93 is the transfer coefficient (symmetry factor), leading to a value
ERxre+x-° —0.696 —0.650 —0.360 —0.300 of dA/dAG”° on the order of 1.5. To illustrate this point, we may
A0 2.56 2.9 3.35 3.39 compare the value of obtained with and without correction
Ao —0.28 0.06 0.51 0.55 of the junction potential. We find that the error is below 1%.

4—CNGCgH,CH:CI (Dg = 2.82,7¢' =5.05x 10°cm s'}) In the conventional theory of dissociative electron transfer,
D x 10°° 6.34 6.69 4.93 161 A is the sum of two contributions featuring bond cleavage and
Exxr +x-C —0.756 —0.71 —0.42 —0.36 solvent reorganization (eq 8).
24 2.59 3.02 3.18 3.48
igppe —0.23 0.20 0.36 0.66

A =Dy + A2 ®)

aEnergies in eV, potentials in \P.Diffusion coefficient in cnd s1
from the application of the Stokeginstein equationt Standard

potential for the reductive cleavage reaction, in V vs aq SCE (see text). Because we know the first term, that is, the bond dissociation

d Global reorganization energy from the application of eg/A&pparent energy, we may estimate the apparent solvent reorganization
solvent reorganization energy from the difference betweemd Dg energy,A5™.
: rom the ensuing values isted in Table 2, it is clear
(eq 8) From th lues af listed in Table 2, it is cl
WDME that they are much too small to represent solvent reorganization
water to DMF,A'Gg ™" (Table 1): plausibly. This is obvious for DCE, where the valuesigf®
are negative, but is also true for the other three more polar
EScm + o = Eaomr . o + AGE PMF — AGY S solvents. For example, the solvent reorganization energy ac-

companying the electrochemical electron transfer to anthracene

In the computation ofAG® (eq 6), the values of the peak N DMFis 0.6 eV?4 The solvent reorganization energy for the

potential were corrected from the estimated values of the tWO reactions discussed here is certainly larger because the
potential difference between the organic solution and the charge develops on a smaller volume. We are thus led to
aqueous SCE (Table 1). conclude from these preliminary observations that the contribu-
the peak potential or of the standard potential do not have aoverestimated by the conventional model. Perusal of the values
large impact on the values afthus determined. The transmis-  found for 2 and g™ (Table 2) also shows that the difference

sion of errors obeys the following equations (from differentiation between the experimental data and the conventional model

of eq 5, keepingAG* constant): decreases as the solvation energy of i@treases (from left to
right in Table 2).
ar Ao Model of Dissociative Electron Transfer That Takes the
IAG® AG°\2 Formation of an lon/Radical Pair into Account. One way of
1- ( 7 ) decreasing the contribution of bond breaking is to assume that

there is a non-negligible attractive interaction between the ion

where (24) Kojima, H.; Bard, A. JJ. Am. Chem. Sod.975 97, 6317.
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and the radical produced upon dissociative electron transfer. A B
This assumption is also consistent with the solvent effect that
we have noted previously, since the formation of an ion/radical
pair facilitating the reductive cleavage reaction, because this
effect is expected to be less and less effective as the free chlor-
ide ion is more and more stabilized by the solvent. As dis-
cussed elsewhefélobc this improved model is based on
Morse-type energy profiles for the reactant (eq 9) and product
(eq 10). 0.5

—
W
—
w

Energies (eV) Energies (eV)

d

—_

—_—
TR NS S

o
w

Gg = DRY + ,(NX? (9) 1

D'
i
Dr
whereD'p is the energy of the interaction between the ion and 15 2 25 3 35 40 025 05 075 1

the radical.Y is a coordinate representing the stretching of the
cleaving bond. It is defined by eq 11 Figure 3. Example of energy profiles for RX~. a. Potential energy
in the gas phase. b. Potential energy in the solvent. c. Variation of the

Y=1—exp[AY — Yay)] (11) difference between the _standard solvation free energy of the system
and the standard solvation free energy of the freeiofi. d. Solvent

. — 2 12 o, . reorganization energy. The origin on the energy axis corresponds to
with § V(2n°u/Dr) %, y is the bond lengthyrx is the infinite separation of the fragments. A. Variations with the length of

equilibrium ,Value ofyin th? reactant system,is t,he fr?q,u_ency the cleaving bondy. B. Variations with the bond-stretching indé&k
of the cleaving bond, andis the reduced masX.is a fictitious defined by eq 13.

charge borne by the molecule, whose value is between 0 and 1,

serving as index for solvent reorganization. The solvent it the interaction energy in the ion/radical pair being much
reorganization energylo, is indicated as being a function of |4rger in the gas phase than in the solvent. The standard solvation
the bond-stretching indeX. This provision relates to the fact  ee energy of the product system is thus the difference between
that the volume offered to solvation changes as the bond e two curves, being thus represented by curve ¢ in Figure 3.
stretches. If, in a first stage, we neglect the variatiodpive More exactly, what is represented by curve c is the difference

see th.at the degrease .in the. int.rinsic barrier caused by thepatween the standard solvation free energy of the system and
formation of the ion/radical pair simply amounts to replacing 14 standard solvation free energy of the freeidn, AG® sV

Dr with (/Dg — 4/D'p)? as results from eq 12, which has been _ go.sov _ GOV,

obtained from the saddle point on the intersection of the two It F;:; further be assumed that the solvent reorganization
surfaces defined by eqs 9 and 10. y 9

energy is proportional to the opposite of the standard sol-

(=1

2
+ A(N)(L = X)?
(10)

Gp=AG® — D'p+ Dy

a

LI B N N N B N L L OB B S B B

y (&) Y
-0.5 T T T

'
g
n

I~ YR Y o 5 vation free energy of the system resulting in curve d in Fig-
AGH & (VDr D'e)” + 49 1+ AG® — D' ure 3, which depicts how this parameter increases during the
4 |. (V/Dr — /D'p)* + 4, course of the reaction. It is interesting to see that the solvent

(12) reorganization energy thus estimated is a linear function of the

bond-stretching indeX varying from a valueﬂg, character-

As illustrated by experimental examples in the next sections, izing the configuration of the reactant systeyi= 0) to a value,
small changes iD'p result in large effects on the reaction 4P characterizing the configuration of the product syst¥(
dynamics, either large variations of the activation free energy 1). This linear behavior, which was a priori assumed in the
ata given electrode potential or large shifts of the peak potential earlier treatment, is here a direct consequence of the representa-
at a given scan rate. tion of the free energy profiles of the product system in the gas

For what regards the Variationﬁ)&SWith the bond'stretChing phase and in the solvent by Morse curves having the same
coordinate, a reasonable approximation is the linear variation repulsive term. This shows that the two treatments are in fact
depicted by eq 13 equivalent.

Proceeding further to the derivation of the activation/driving
force relationship, intersection of the two potential energy

hereiR is th | o h q surfaces (eqgs 9 and 10) and determination of the saddle point,
whered, Is the solvent reorganization energy that Corresponas ouing due account of the variation f with the coordinatey

to the chargg bemg spread over the entire molegule asin the(eq 13) finally leads to the following set of three equations

nuclear configuration of the reactant system, th@ecorre- characterizing the transition state (%).

sponds to the charge located on the leaving anion as it is in the

product system. Another, seemingly different, approach is as - p R

follows.1%2The free energy profiles of the product system both v = (1 _ E’)Xx _ Ao~ Ao Xi(l _ X*) (14)

in the gas phase and in the solvent may be represented Dg 2Dy

approximately by Morse curves having the same repulsive term

as the reactant Morse curve, as pictured in Figure 3. Thus, while 1 /D'P
DR

curve b represents the(or Y) dependent part of the product AG® =D'p+ Dg
F ot
dependent part of the product curve in the gas phase (eq 16), [/15 + (lcF)’ - loR)Y](ZX —1) (15)

AoY) = (1= VA§ + Yig = Ag + (Ag — A)Y  (13)

r

2Y*—(1— ol

Da)|

curve in the solvent (eq 12), curve a representsytiier Y)
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AG* = DRY?+ 4]+ (A — A Y (16)
Simultaneous resolution of the three equations allows the fitting
of the experimental data and the determination of the interaction
energyD’'p. The transfer coefficienty, to be used in an iterative
procedure for fitting the experimental data (eq 7), is then simply
given by eq 17.

o = IAGTIAG® = X} (17)

To proceed and treat the data summarized in Figure 1
according to the above model, we need a procedure for
estimatingl} and A, for each compound in each solvent. This
is the purpose of the next section.

Estimation of the Solvent Reorganization EnergyThe best
strategy is to rely on experimental data pertaining to reversible
systems in which solvent reorganization prevalently controls
the dynamics of the charge-transfer reaction. In this connection,
it has been showh!“cusing previous experimental datathat
a satisfactory estimation df in DMF is provided by eq 18

3

Ao(€V) = ad)

(18)

for the treatment of electrochemical rate data with no correction
for the double layer effect, wheweis the radius of the sphere
equivalent to the molecule as can be derived from, for example,
density data. We may thus obtaitf and Aj in DMF by
application of eq 18 usingcc, = 3.37 A, as—cnchacrcl =
4.03 A, andac- = 1.81 A as reported in Table 3 (the radii are

Pause et al.

Table 3. Characteristics of the Reductive Cleavage and
Determination of the lon/Radical Pair Stabifity

DCE DMF EtOH FA
CCly (Dr = 2.84,7° = 5.02 x 10°cm s
D x 106b 7.58 8.0 5.9 1.93
S -0.696  —0.650  —0.360 —0.300
AR 0.85 0.89 0.92 1.01
Abe 1.57 1.66 171 1.87
D | 135413  88+£10  34+7 4047
ID'HOAG® @ 0.36 0.30 0.20 0.21
ID'HoA° 0.18 0.15 0.10 0.11
4—CNCH,CH,CI (Dr = 2.82,7¢ = 5.05x 10°cm s°?)
D x 106b 6.34 6.69 4.93 1.61
S -0.756  —0.71 -0.42  —0.36
Rd 0.71 0.74 0.77 0.84
e 1.57 1.66 1.71 1.87
Dipf 121412 5248 36+7 2546
ID'HIAG® 9 0.34 0.24 0.20 0.17
ID'pl0A° 0.17 0.12 0.10 0.09

2Energies in eV, potentials in V* Diffusion coefficient in crd s*
from the application of the Stoke&instein equationt Standard poten-
tial for the reductive cleavage reaction, in V vs aq S&ESolvent
reorganization energy in the reactant and product configuration,
respectively! Interaction energy in the ion/radical pair from the fitting
(Figure 5) of the experimental data (Figure 1) with eqs—18.

9 Coefficient for the transmission of errors froxG® to D'p. " Coef-
ficient for the transmission of errors froiy to D'e.

cyclic voltammetric data displayed in FigureAG® is calculated
by means of eq 6 from the peak potentials (Figure 1) and the
values ofERyr..x- listed in Table 3AG* is obtained from eq
7 using the values of the parameters listed in Table 3. These

obtained from the molar mass and the density for neutral specieseyperimental points are then fitted with eqs-16, leading to

and from crystallographic data for Ql

the results shown in Figure 4. The valuedX$ corresponding

For the other solvents, eq 19 may be used in place of eq 18yq the best fitting are listed in Table 3. The valuegbbtained

after determination of the coefficieq.

3 ¢

Ay (V)= a A

(19)

C was derived from the variation of the standard rate constant
for the electron transfer to benzaldehyde when passing from
DMF to the solvent. At sufficiently high scan rates, the

from eq 17, is used to correct iteratively the experimental value
of AGH.

Figure 4 also shows the values of the solvent reorganization
energy in each case and its variation along the voltammetric
wave as the transition state becomes more and more reactant-
like.

The fact that even small variations of the interaction energy

dimerization of the anion radical formed upon electron transfer cause strong changes in the dynamics of the reaction is
to benzaldehyde does not interfere in the cyclic voltammetric illustrated in the top diagrams of Figure 4 which represent the
response, which thus becomes chemically reversible. After difference AEp, between the actual peak potential and the peak
careful correction of the ohmic drop, the difference between potential predicted to occur in the absence of interaction. The
the anodic and cathodic peak potentials and its variation with latter was obtained from the application of eq 5, makirg D

the scan rate provide a measure of the standard rate constant}- 4o and taking forio the values shown in the middle diagrams

ks (see Experimental Section). Tle values are summarized  Of F_igure 4._ We see thz_;lt even in the two pr(_)tic solvents where
in Table 1. the interaction energy is small (280 meV), its effect on the

peak potential is quite large, of the order of 0.5 V.

There are two main sources of uncertainty in the determina-
tion of the interaction energy. One comes from errors\@f
caused by errors oBp and onEgy .. x-- The transmission of
errors is given by the coefficiemD's/0AG®, which can be
approximately estimated from application of eq 12, neglecting
the quadratic term. ThusiD'p/0AG°® ~ 2/(,/Dg/D'p + 1),
leading to the values reported in Table 3. The other source of
uncertainty arises from the estimation/gf dD'p/dA° may also
be estimated by application of eq 12 with neglect of the
quadratic term leading téD'p/dA° ~ 1/(,/Dg/D's, + 1) and
and its value in each solvent is reported in Table 1. The valuesthus to the values reported in Table 3. The uncertainty in both

kgMF
kzolven

Rn
=

DMF

lvent
Ao = +
0,GsHsCHO

0,GHsCHO —

(20)

C is thus obtained from eq 21,

DMF
S

olven
kS

DMF
kS

kgolven
(21)

fepcro 4R, =1+ 114887,
“TF

of AY and 4§ (eq 19) ensue (Table 3).

Treatment of the Electrochemical Data. Determination of
the lon/Radical Interaction Energies. All the necessary
ingredients are now available (Tables 1, 2, and 3) to treat the

Ep and onE}yr..x- Mmay be estimated a&10 mV in total,
while the uncertainty irlg is on the order oft50 meV. Total
uncertainty on the interaction energy thus ranges from 6 to 13
meV (see Table 3 and the error bars in Figure 5).
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Figure 4. Fitting of the data in Figure 1 with eqs 446 with theD'p values listed in Table 3. Energies in eXE, (V) corresponds to the
difference between the observed peak potential and the peak potential in absence of ion/radical interaction.
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Figure 5. Plot of the interaction energies in the ion/radical pair against

the standard free energies of transfer of €bm water to the solvent.

From left to right:

FA, EtOH, DMF, DCE. Energies in eV on the

horizontal axis and in meV on the vertical axis.

The interaction energies in the ion/radical pair thus obtained

vary with the solvent in both the cases of G@hd 4-CNGHs-

CH,CI. As seen in Figure 5D'p is, roughly speaking, an

increasing function of the standard free energies of transfer of
Cl~ from water to each solvent, that is, of the solvation standard
free energies of Clin each solvent as well. There is no reason
to expect a linear, or even a strictly monotonic, relationship
between the interaction energy in the ion/radical pair and the
standard free energies of Clit is true that the more negative
the latter, the more stable the separated fragments, but a better
solvation of Ct may also entail better solvation of the ion/
radical pair as a whol®'p is the result of the difference between
the solvation of the ion/radical pair and of the free fragments.
Inspection of Figure 5 suggests the following remarks.

With both CCl and 4-CNGH4CH.CI, there is a non-
negligible interaction between the fragments within the ion/
radical pair, even in the polar solvents and even in the solvents,
ethanol and formamide, that have the best ability to solvate
chloride ion. The interaction is by far the biggest in 1,2-
dichloroethane, which is both the least polar solvent and the
least able to solvate Cl Although the interaction is much less
in the polar solvents, its strength is not the same in all three
cases. The two protic solvents, ethanol and formamide, which
are the most able to solvate Clgive rise to similar interaction
energies. HoweveN,N-dimethylformamide, which has a lesser
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ability to solvate Ct, gives rise to a definitely stronger 29
interaction than the two others. ] Ep (V vs. SCE)

-1.95 3
Conclusions 1.9 —M

Our quest for a dependence of fragment interactions in ion/ -1.85
radical pairs upon solvent has thus received a positive answer. 1
The approximate correlation that is observed between the 183
interaction energies in the ion/radical pair and the solvation free 175 _W

energies of the leaving anion, Clfalls in line with the

anticipation that the interaction should be essentially the ion- '1'7—; logv (V/s)
induced dipole interaction. At a finer detail level, several features -1.65 e
are also worth noting. The interaction is maximal in 1,2- 19 21 23 25 27 29 3l

dichloroethane, which is both the least polar solvent and the Figure 6. Cyclic voltammetry of benzaldehyde (1.18 mM) in DMF
least able to solvate Cl The interaction is smaller in the polar ~ + 0.1 M n-BusBF,. Cathodic () and anodic @) peak potentials as a
solvents, albeit distinctly measurable. The two protic solvents, function of the scan rateAR, = 35 Q; Cq = 0.1 uF.

ethanol and formamide, which are the most able to solvate Cl

glv_e _rlse to S'm'lar_ Intera(_:tlon energles._ The In_teractlon 1S The raw values of the peak potentials were corrected for the ohmic
definitely stronger inN,N-dimethylformamide, which has a  grop that remained after in situ positive feedback compensation
lesser ability to solvate Clthan the two others. ~ according to the following procedure. After determination of the residual

Connecting these findings to the previous observations yncompensated resistaneR,, and of the double layer capacitance,
summed up in the Introduction leads to the unambiguous cC,2 the effect of the ohmic drop on the peak potential is simulated
conclusion that significant attractive interactions may exist, (Digisim) as a function of the scan rate for an irreversible electron-
depending on the nature of the ion and of the radical, within transfer reaction having the same values.andD as the experimental
ion/radical pairs in the liquid phase even in polar solvents.  system, with the same electrode surface area, the $anand the

The work has also shown that application of the modified sameAR.. We thus found that the ohmic drajEr = 1.25ARji, —
dissociative electron-transfer model to cyclic voltammetric data 0-096 (in V). This equation is close to the same for the two compounds
Opens a route to the determination of the interaction energiesin all solvents and may thus be used to correct the residual ohmic dl’Op
with a reasonable accuracy. appearing in the upper portion of the range of scan rates.

The standard rate constat, for the reduction of benzaldehyde

Experimental Section was obtained from experiments where a hanging mercury drop was
used as working electrode allowing scan rates up to 2500 V/s to be
used, which proved necessary to reach chemical reversibility in FA. In
all other solvents, chemical reversibility could be reached below 1000
V/s.28 Typical peak potential data are shown in Figure 6. The value of

distilled before use. The supporting electrolgBusBF, (Fluka, puriss) ks was derived frgm the simulation of the C,yC“(.: voltammqgrams with
was vacuum-dried before use. a transfer coefficient equal to 0.5 and a diffusion coefficient equal to

4-Cyanobenzyl chloride was prepared from the corresponding /-2 X 107% 7.9x 107, 5.9 x 107 and 1.9x 10°° cn? s™* in DCE,
bromide as follows. 4-Cyanobenzyl bromide (Aldrich, 99%) was DMF, EtOH, and FA, respectively. These values were obtained from
dissolved in an acetone/dichloromethane (50/50) mixture in the presencethe application of the Stoke<Einstein relationshi that is,D = KT/
of a 10-fold excess of tetraethylammonium chloride (Acros, 99%) and 677a (k, Boltzmann constanty, viscosity; a, radius= 3.4 A), after
then refluxed for 1 h. After evaporation and addition of ether, the checking that this approximation provides correct values on several
remaining salt precipitated, and the organic phase was filtered and examples using the peak currents of reversible and irreversible waves
evaporated. The resulting 4-cyanobenzyl chloride was recrystallized obtained with the compounds investigated in this work (and with
from a pentane/dichloromethane (60/40) mixture, leading to an 84% ferrocene) in the four solvents.
yield of pure compound. The structure was checked by elemental

analysis andH NMR. Supporting Information Available: Derivation of egs 1,

Cyclic Voltammetry. The working electrode weaa 3 mmdiameter 5 4 7' and 20. This material is available free of charge via the
glassy carbon electrode disk (Tokai), carefully polished and ultrasoni- Internet at http://pubs.acs.org

cally rinsed in absolute ethanol before use. The counter electrode was
a platinum wire, and the reference electrode, an aqueous SCE electrodeja0117985
The potentiostat, equipped with positive feedback compensation and

Chemicals. N,N-Dimethylformamide (Fluka,>99.5%, stored on
molecular sieves under an argon atmosphere), ethanol (Normapur,
99.8%), formamide (Acros; 99.5%), and carbon tetrachloride (Acros,
99.8%) were used as received. Dichloroethane (Merc%9%) was

current measurer was the same as previously desciibatiexperi- (26) (a) A detailed account of the cyclic voltammetry of benzaldehyde
ments have been carried out at 2C@ using a double-wall cell in ethanol is reported in ref 26b. (b) Andrieux, C. P.; Grzeszczuk, M.;
thermostated by circulation of water. Savant, J.-M.J. Am. Chem. Sod.991 113 8811.

(27) Murov, L.; Carmichael, I.; Hug, LHandbook of Photochemistry
(25) Garreau, D.; Saeat, J.-M.J. Electroanal. Chem1972 35, 309. 2nd Ed.; Dekker: New York, 1993; p 207.




