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Abstract: An attractive manner of fighting back-electron transfer to the ground state in photoinduced electron
transfer reactions is to use a system in which the donor and/or the acceptor in the ion-pair undergoes a rapid
fragmentation. Intuitively, it seems that an ideal situation in this respect, leading to a unity quantum yield,
should be met when fragmentation and electron transfer are concerted. Accordingly, a quantum yield below
1 would be the signature of a nonconcerted two-step mechanism. It is shown, from first principles, that a
purely dissociative photoinduced electron transfer is not necessarily endowed with a unity quantum yield. The
reason is that the system partitions between fragmentation and back-electron transfer in the funnel offered by
the upper first-order potential energy surface combining the ground state and fragments zero-order surfaces.
A semiclassical model is presented, relating the quantum yield to the electronic matrix coupling elément,
Only in the case of a completely nonadiabatic ground-state electron tradsfed} should the quantum yield

reach unity. Upon increasing, the quantum yield rapidly decreases to a distinctly smaller value which can

be as low as 0.5.

An attractive way of fighting energy-wasting back-electron Scheme 1
transfer in photoinduced electron-transfer reactions is to use a
system where either the acceptor or the donor in the resulting
ion-pair, or both, undergo a fast cleavage reactiofhe
occurrence of a concerted electron-transfer/bond-breaking reac-
tion (henceforth called dissociative electron transfer) rather than . . -
a stepwise reaction (as illustrated in Scheme 1 for a reductive D* +RX —= D™+ R + X (concerted)
cleavage reaction) thus intuitively appears as an extreme and
ideal situation where the complete quenching fragmentation ~The same formalism applies to the reduction of a +n charged
quantum yield, @, should be unity‘:Z From a diagnosis substrate (w%th X0+ replacing X) and to the oxidation of a -n charged
standpoint, the observation of a quantum yield smaller than unity ~ Substrate (with X* replacing X)
would thus rule out the occurrence of a dissociative electron-
transfer mechanisihSo far no example of unity quantum yields where the two mechanisms have been observed with the same
involving an acceptor or a donor containing a frangible bond cleaving acceptor molecule, thus demonstrating without ambigu-
has been reported. On the basis of the aforementioned intuition, ity the reality of the concerted pathway. It has indeed been found
the intermediacy of a discrete ion radical was thus inferred in that the passage from the concerted to the stepwise mechanism
these system$:23 In contrast, the occurrence of thermal, may be triggered by an increase of the driving force of the
electrochemical, or homogeneous dissociative electron transfergeaction, as expected on theoretical grouh@ibe increase in
is well documented-® The transition between the concerted driving force was achieved by changing the electrode potential
and stepwise mechanisms upon changing the molecular structur@nd the standard potential of the donor in electrocheffié&f
within the same family of compounds has been observed in aand homogeneous examplgsrespectively.
number of case3® Several examples have also been reported

D+ hv —— D*

D* 4t RX— D"T+ RX'~— R’ + X  (stepwise)
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Figure 1. Section of the zero-order-() and first-order {) potential
energy surfaces along the reaction coordinate in cases where stretchin _ D v —
of thgycleaving bondgis the dominant factor of nuclei reorganization. ’ Re=0.R%) fo =(D™RX™)
intrinsic barrier are indeed 80% for bond cleavage and 20% for

There are a few, but remarkable, examples where, for the solvent reorganizatiofi.After overcoming a small activation
same cleaving acceptor, the photochemical reaction was deemedbarrier, the system approaches the region where the ground state
based on a quantum vyield smaller than unity, to follow a and fragments zero-order surfaces cross each other, that is, the
stepwise mechanism, whereas the electrochemical reaction wasegion where the transition state of the thermal electron transfer
reported to follow a concerted mechanism. One concerns thebetween the donor ground state and the cleaving acceptor is
reaction of benzyl and 4-cyanobenzyl bromides with the excited located. The system would proceed exclusively to the frag-
state of the diphenylmethyl radi@alor of pinacolg® and the mented products only if the electronic matrix coupling element
other, the reductive cleavage of the 4-cyanobenzylmethylphenyl at the intersectiort, is nil, that is, if the ground-state electron
sulfonium cation by the excited singlets of a series of aromatic transfer is purely nonadiabatic. If this is not the case, the system
compoundg¢ For all of these compounds, the electrochemical will partition between back-electron transfer and fragmentation
reductive cleavage appears to follow a concerted mecha&iism. through the funnel offered by the upper first-order surface
The later example is particularly interesting because great careleading to a value of the quantum yield smaller than unity.
was taken, by appropriate choice of the donors, to avoid the A semiclassical treatmefitof the model depicted in Figure
occurrence of electron transfer between the donor cation radicall, based on the Morse curve theory of thermal dissociative
and the 4-cyanobenzyl radical, followed by regeneration of the electron transfet!* allows the prediction of the quantum yield
starting sulfonium cation by coupling of the resulting 4-cy- as a function of the electronic matrix coupling eleméhtThe
anobenzyl cation with methylphenyl sulfide, thus wasting the various states to be considered in the region where the zero-
photochemical energy. Avoiding this type of side-reaction is order potential energy curves cross each other are shown in the
crucial in studies aiming at relating the quantum yield and the insert of Figure 1. Their fate is depicted by the kinetic Scheme
dissociative character of the electron-transfer/bond-breaking 2.2 P4, on the upper first-order curve is formed from the
process. transition state of the photoinduced reactiett, at a rate ko,

How can these photochemical and electrochemical data be= 1/V (I: light intensity, V: volume of the solution). The
reconciled? With the benzylic molecules under discussion, probability, P, that the system remains on the upper first-order
electron transfer may involve the* or the o* orbital, giving curve, thus yielding R reversibly, is a rapidly increasing
rise to a stepwise and concerted mechanism, respectively. Thisunction of the electronic coupling matrix elemeHit(see eq 3
is a typical case where the mechanism is a function of the below). The probability that the system crosses the intersection
driving force of the reaction as evoked earlier. Since the while remaining on the zero-order curve, thus yielding P
photochemical reactions are strongly downhill, whereas the reversibly, is (1— P). Likewise, the reversible interconversion
electrochemical reaction is slightly uphill, the mechanism may of R!and R occurs with a probability (3 P) in both directions.
change from stepwise in the first case to concerted in the second.These probabilities may be converted into rate constants by
However, regardless of the validity of this interpretation, we multiplication by ver, the effective frequency at which the
wish to address here a more fundamental question, naneely: system crosses the intersection region (for an expressiag,of

it true, from first principles, that a purely dissociaé photo- see Supporting Information). On the reactant curvagRixes

induced electron transfer is necessarily endowed with a unity to the ground-state caged reactant system, \Wth a rate

quantum yield? constank_,, while R may be regenerated fromcRvith a rate
constantk;.

Results and Discussion

+
Figure 1 shows the potential energy diagram of the three states K/ker = expCFAG/RT) = Kaolvet
involved for simplified systems in which the stretching of the (AGi is the activation free energy for the ground-state dis-
cleaving bond is the dominant factor of the nuclei reorganization ——
taking place upon electron transfer. In many cases this condition 5 ggg_(i{,hﬁgiélgel}?%zézi?; Véjgél_”(]ghﬁﬁghzy’ ﬁ?%@iﬁgﬁﬁﬁ K’Ccté
is approximately achieved. Typical relative contributions to the 1968 13, 1005. (d) Newton, M. D.; Sutin, NAnnu. Re. Phys. Chenil984
35, 437. (e) Brunschwig, B. S.; Logan, J.; Newton, M. D.; SutinJNAm.
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reduction of iodobenzerfé.(b) Pause, L.; Robert, M.; Saaet, J.-M.J. J.-M. J. Am. Chem. S0d.992 114, 10595. (c) Andrieux, C. P.; Saast,
Am. Chem. Sod999 121, 7158. J.-M.; Tardy, C.; Sawent, J.-M.J. Am. Chem. S0d.998 120, 4167.
(9) Severin, M. G.; Farnia, E.; Vianello, E.; Arglo, M. C.J. Electroanal. (12) Similar to the formalism used for thermal outersphere electron
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Figure 2. (a) R and P zero-order potential energy surfaces. (b) Projection of the steepest descent patis-oiY filane. (c) Oscillatory descent
from | to =.

sociative electron transfekq is the corresponding rate con- P=1-— exp[_ﬂ3/2H2/h,,eﬁ(RTD)1/2] (3)
stant). The two reactants may then diffuse apart from the cage,

yielding D and RX with a rate constak{,, while conversely, (D is the dissociation energy of the cleaving bond).

D and RX may diffuse one toward the other, giving rise g R Besides bond cleavage, solvent reorganization may play an

with a rate constariy. On the product curve,'Pelaxes to the  jmportant role in the dynamics of dissociative electron trans-

ground-state caged reactant systegwith a rate constarit-, fer411 We thus examine now whether the preceding results
while P may be regenerated fromcRvith a rate constarky,. summarized by eqs-3 are still valid when the potential energy

N profiles (Figure 1) are replaced by potential energy surfaces

k/k_p = exp(-FAGL/RT) = K_ofVess involving two coordinates which represent solvent reorganization

+ . o and bond stretching, respectively. We may use in this connection
(AG_ is the activation free energy for the recombination of the the same expressions of the potential energy surface that have
three fragments within the cage, akidi:is the corresponding  peen used previously in the modeling of thermal dissociative
rate constant). The three fragments may then diffuse apart fromgjectron transfet;! thus leading to the potential energy surfaces,
the cage yielding B, R, and X~ with a rate constarksp The Ur(X,Y), Ur<(X,Y), Up(X,Y) for the three states, R (B RX),
reverse process, where the three fragments would meet backyx (D* + RX), P (O* + R* + X-) given in egs 4, 5, and 6,
within the same solvent cage, is negligible under usual respectively.
concentration conditions. This impossibility of back-electron

transfer from separated products is the key characteristic of Ur = 1, + DY? 4)
dissociative electron transfer as opposed to stepwise reactions.

Having excluded cage electron transfer betweerail D™, Ug = ng + ,‘LO)(2 + DY? (5)
the possibility of coupling of these two species in the solvent

cage should be taken into account (rate constagk: Resolution Up= U2 + 1,1 — X3 + D(1 - Y?) (6)

of the corresponding rate equations, under the steady-state
approximation, leads to eq 1 relating the quantum yield to the whereX is a fictitious charge, varying from 0 to 1, serving as

probability P (see Supporting Information). index for solvent reorganization andis defined by eq 7.
o, = 1 - 1) Y=1—exp(py) (7)
2P —
(1 +P)(1+mﬁ) y is the elongation of the R- X bond from its equilibrium
P G position. 8 = v(272u/D)¥2 (v stretching frequency of the

In all practical cases, the ground-state electron transfer is a veryR_X bo.nd,/_l: reduced méiSS)LO is the Marcus—Hush_ solvent
uphill reaction, thus making its influence on the value of the '€0rganization energy, Ug. the energy of the excited state,
quantum yield negligible. This simplification has been taken D, and Up the standard energy of the ground-state reaction.
into account in the derivation of eq 1. The tekmye{(ksp + Keo) Past the transition state of the p_hotomduced reaction, _
reflects the possibility that back-electron transfer could take the system goes down on the repulsive product surface, P, until

place within the caged fragments cluster. In a number of cases,P crosses the intersection with the reactant surface R. These
the activation barrier for this reaction is too high for it to WO surfaces are sketched in Figure 2a. Their intersection is a

compete with the diffusion of the fragments out of the cage. Parabola (the central line in Figure 2c) whose projection in the
The quantum yields then takes its maximal value, being simply X — Y plane (straight line in Figure 2b) is defined by eq 8.
given by eq 2 which reflects the funnel partitioning between

products and back-electron transfer. Up =44(2X — 1)+ D(2Y - 1) (8)
o = 1 @) The minimum on the intersection parabola is the saddle point
® 1+P corresponding to the transition state of the dark reaction, noted

ii ; (13) (a) Marcus, R. AJ. Chem. Physl956 24, 4966. (b) Hush, N. S.
The probability P, in eqs 1 and 2, may be related to the —, ool ¥ olt ) oee™>6 055 (1) Marcus, R. A. Irépecial Topics in

electronic coupling matrix element through eq 3 by application ElectrochemistryRock, P. A., Ed.; Elsevier: New York, 1977; pp 61
of the Landaw-Zener modéP (see Supporting Information) 179.
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= in parts b and ¢ of Figure 2. The first-order potential energy Scheme 2 wherePJ! andq are generated and finally relax

surfaces involve an upper surface associating the portions ofirreversibly to R and R: respectively. Re-crossing of the dark

the R and P zero-order potential energy surfaces situated aboveeaction activation barrier fromgand R: and vice versa may

the intersection parabola and a lower surface associating theonly occur for the lowest point of the | t& path, that is, at the

portions of the R and P zero-order potential energy surfacesdark reaction transition state. Resolution of the ensuing set of

situated below the intersection parabola. kinetic equations (see Supporting Information) leads to the
The projection on theX — Y plane of the steepest descent conclusion that the expression of the quantum yield (eg3)1

path followed by the system during the photoinduced reaction remains the same.

is shown in Figure 2b. Past the saddle point corresponding to

the transition state of the photoinduced reactioh,the system Conclusions

follows the steepest descent path on the P surface en route to

o W h I hat th ield for photoin-
the caged product stat¥,= 1, Y = 1, (eq 9) until it reaches e may thus conclude that the quantum yield for photoin

duced dissociative electron transfers may well be less than unity.

1-—X 1 1-Y 1 Even in the case where associative electron transfer between

0 oV [ = 0 otlo 9) the caged fragments is not able to compete with their separation,

1 U — Up 1, U — Up the quantum yield may reach a value as low as 0.5 according
2 Ao+ D 2 Ao+ D to the magnitude of the electronic coupling matrix eleniént.

These qualitative conclusions as well as eqs 1 and 2 relating
the intersection between the P and R surfaces in a point notedthe quantum yield to the probability that the system remains
| in Figure 2b. The fraction of the system that remains on the on the upper first-order curve do not hinge upon the particular
first-order potential energy surface, then starts an oscillatory model used for the potential energy surface. The accuracy of
descent from point | to the minimur, as represented the relationship connecting this probability to the electronic
schematically in Figure 2c. Along this path, part of the system coupling matrix element does depend on the model and of the
continuously goes to the lower first-order potential energy approximations embodied in the semi-classical Lantdzener
surface, thus partitioning between two paths, one leading to thetheory. Application of these equations to the analysis of
caged product, £ and the other to the caged ground-state experimental systems will show the necessity to refine the
reactants, R The projection on th&X — Y plane of the steepest model. The magnitude of the electronic coupling matrix element
descent paths froms to P- and R: (egs 10 and 11, respectively) is not an easily accessible parameter. We hope that the model

are shown in Figure 2b. presented here will allow its estimation, even though ap-
) ) ) proximate, and thus contribute to a better understanding of
1-X 1_ 1-Y | (10) dissociative electron transfer based on the interpretation of
1 Ul Ao 1 u? P combined photochemical and thermal (electrochemical, homo-
> 1 +AO+ D > 1+/10+ D geneous) experiments.
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Supporting Information Available: Demonstration of eq
Along the | to= path, the incoming flux represented ky 1 for both one- and two-coordinate reorganization. Demonstra-
tion of eq 3 (PDF). This material is available free of charge via

thus partitions between a series of state$, and R' of
the Internet at http://pubs.acs.org.

increasing stabilityj(= 0 for = andj = n for I). The fraction,
fi, of ko consumed to generaté®’ and R’ is proportional to JA9928226

exp(—FAG;J/RT), whereAGj is the free energy corresponding -

to pointj on the | to= descent § f;=1). At each point of the 101(31 g)lioéiyfé;ilh\g%?5810\5\/;11?4pjrgg%eeavf:wshﬁeg\: VzeﬁOBQZQScSJqu
| to = path, the system follows the set of reactions depicted in requireH to be as low as 0.004 eV.




