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Electron-Transfer Reactions in the “Abnormal”
Free-Energy Region

Sir:
For an outer-sphere electron-transfer reaction, the rate

constant can be written as

k = vtXK exp[-(AG*/RT)] (1)
where vel is the frequency factor for electron transfer within
an ion pair or association complex of the reactants and K is the
formation constant for the association complex. From their
classical treatments of AG*, Marcus1 and Hush2 have derived
eq 2, where AG is the free-energy change on electron transfer
within the association complex and   is the optical or vertical
vibrational barrier to electron transfer. Combining eq 1 and
2 gives eq 3:

k

ag*4(,+^24 1  
=      expl 4 RT\  

(2)

(3)

This has been tested repeatedly in different forms (e.g., see ref
3 and 4). Equation 3 successfully predicts an increase in k as

—AG increases and approaches  , but makes the remarkable
prediction that, for reactions in the “abnormal” or “inverted”
free-energy region where —AG >  4 5, k should decrease as AG
becomes even more favorable.

To date, studies of reactions in the abnormal free-energy
region have been based on excited-state quenching experi-
ments.6~8 The results show that there is at best a slight decrease
in k as AG becomes even more favorable in contrast to the
prediction made by eq 3. A second experimental approach to
the problem is the use of the flash photolysis technique, where
a reaction in the abnormal free energy can be induced by an
initial excited-state quenching step (eq 4, 5).9

Ru(bpy)j(CN)2* + R+—N>

Ru(bpy)2(CN)2+ + R°—

Ru(bpy)2(CN)2+ + R°—Nl
X

kh /
-  Ru(bpy)2(CN)2 + R+—Nl

X
(4)

X
(5)

We have measured both quenching (Zcq, eq 4)10 and back
electron-transfer {kb, eq 5)11 rate constants in acetonitrile (I
= 2.0 X 10~3-5.0 X 10-' M using [NEt4+](C104-))12 at room

temperature for a series of reactions involving the dicyano
complexes Ru(bpy)2(CN)2 (bpy is 2,2,-bipyridine) and Ru-
(phen)2(CN)2 (phen is 1,10-phenanthroline) and the pyri-
dinium type ions:

R

R = CH3(1), C2Hs (2)

R—N
X

R = CH3; X = 4-CN (4), 4-C(=0)OCH3 (5), H (14),
3-C(=0)NH2 (11), 4-C(=0)NH2 (8)
R = C2Hs; X = 4-C(=0)0CH3 (6), 4-C(=0)NH2 (7),

3-C(=0)NH2 (10), H (13)

<^N—(^N+ (9), BrCH2CH2CH2—N^) (12)

The numbers in parentheses identify the quenchers used to
obtain the data shown in Figure 1.

The reactions involve a series of structurally related reac-
tants, where AG varies widely but  , K, and veX are expected
to be nearly the same. The reactions are also attractive from
the interpretive point of view because they are free of electro-
static effects arising from charge-charge interactions (eq 4,
5).

Values for kq referred to as “quenching” in Figure 1 were
obtained by luminescence quenching10 and for kb by flash
photolysis. The data are shown in Figure 1 as a plot of RT In
&obsd (kq or kb) against  (7. The AG values were calculated
from redox potentials for the couples involved.13

Assuming that t>cxK and   are reasonably constant for the
series of quenching reactions, eq 3 in logarithmic form

RT\nk = RT In vcXK - Ml + (3a)
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 0, volts

Figure. 1 Plot of RT In Kabsd vs. AG for quenching and flash photolysis
reactions involving RuLjfCNE* ( , L = bpy;  , L = phen) and various
pyridinium ions. The numbering scheme is the same as that given in the
text. The curved line represents calculated values of RT In kobs¿ using eq
3a including corrections for diffusional effects, eq 6. The values vbXK =

8.2 X 1010 M-1 s-1,   = 9.7 kcal/mol, and ky, = 2.1 X   10 M_l s-1 were
used in the calculations.

(°) \ \ (b) ; /
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Figure 2. Potential energy diagrams for an electron-transfer reaction,
A+B" — A,B, where (a) AG = 0; (b) <5G < 0; -AG <  ; (c) AG < 0;
-AG >  .

correctly predicts the observed increase and flattening in RT
In kobsá as -AG increases in the normal free-energy region
where —AG <  . By taking into account diffusional effects (eq
6),14 the approach of k0bsd to the diffusion-controlled limit kd
(2.1 ±0.1 X 10'° M-> s->; RT In kD = 0.61 V)15 as -AG
approaches   is also predicted by eq 3a.

&obsd k D k
Of more interest here are the data for the back electron-

transfer reactions where —AG >  , since they fall in the ab-
normal free-energy region. From the data in Figure 1, it is
apparent that there is no evidence for the decrease in k pre-
dicted by eq 3. The predicted decrease is shown in the figure
by the solid line, which was calculated from eq 3a assuming
that petK = 8.2 X 1010 M-1 s-1 and   = 9.7 kcal/mol. In cal-
culating the line, diffusional effects were included using eq
6.

The failure of eq 2 to predict the lack of a free-energy de-
pendence in the abnormal free-energy region is because the
equation is based on a classical treatment for the vibrations
involved. Full quantum mechanical treatments have been given
for electron-transfer processes.20 From those treatments, in
the normal free-energy region, AG* and the temperature de-
pendence of k arise in a natural, easily interpretable way.
Thermal activation to higher vibrational levels is necessary
(Figure 2a,b), because there the distribution of possible nuclear
configurations in the vibrational states includes configurations

that are appropriate for the products in isoenergetic vibrational
levels. That is to say that vibrational overlap between wave
functions for reactants and products is greatly improved. In
the high-temperature limit, Duke21 and others206,f have shown
that the quantum mechanical treatment leads to eq 2.

In the so-called “abnormal free-energy region”, the reactant
vibrational manifold is within the product manifold (Figure
2c). Electron transfer between reactants to give products in-
volves a transition between different electronic states. In fact,
the criterion that —AG >   is simply a statement that the
electron-transfer process has changed from a thermal relax-
ation (Figure 2a,b) to the radiationless decay of an outer-
sphere charge-transfer excited state (Figure 2c). The classical
picture, which leads to eq 2, still predicts that electron transfer
occurs following thermal excitation to the intersection region
between classical potential energy surfaces. However, quantum
mechanically there is no a priori reason to expect that activa-
tion to the intersection region is necessary. Rather, the critical
issues become those in excited-state radiationless decay pro-
cesses, namely the electronic coupling matrix element, the
density of acceptor vibrational levels, and the magnitude of the
vibrational overlap integrals involved.22

For the outer-sphere charge-transfer decay processes that
have been investigated to date, the absence of a dependence
on AG shows that the classical treatment is incorrect. From
the quantum mechanical viewpoint, since AG* 0, transition
probabilities from equilibrium or near-equilibrium vibrational
levels of the reactants must be high, and extensive thermal
activation to higher vibrational levels is unnecessary.

The conclusions reached here are of obvious general im-
portance, since they pointed out, for example, that recent at-
tempts to use eq 2 in discussing slight rate constant decreases
with increasing —AG for outer-sphere excited-state processes7
or variations in electron-transfer quenching rate constants with
AG23 are misguided. In fact, there is no real theoretical or

experimental basis for expecting that eq 2 should apply to ei-
ther problem.

Acknowledgment. We thank the National Science Foun-
dation for support of this research through Grant No.
CHE77-03423 and for a graduate fellowship to W.J.D.

References and Notes

(1) Marcus, R. A. J. Chem. Phys. 1956, 24, 966; 1965, 43, 679; Marcus, R.
A.; Sutin, N. Inorg. Chem. 1975, 14, 213, and references therein,

(2) (a) Hush, N. S. Trans. Faraday Soc. 1961, 57, 557; (b) Hush, N. S. Prog.
Inorg. Chem. 1967, 8,391; Electrochim. Acta 1968, 13, 1005, Chem. Phys.
1973, 10, 361.

(3) Sutin, N. “Inorganic Biochemistry"; G. L. Eichborn, Ed.; Elsevier: New York,
1973; Vol. 2, p 611.

(4) Bock, C. R.; Connor, J. A.; Gutierrez, A. R.; Meyer, T. J.; Whitten, D. G.;
Sullivan, B. P.; Nagle, J. K, Chem. Phys. Lett. 1979, 61, 522; submitted for
publication.

(5) Marcus, R. A. J. Chem. Phys. 1965, 43, 2654; 1970, 52, 2803.
(6) Rehm, D.; Weller, A. Ber. Bunsenges. Phys. Chem. 1969, 73, 834; Isr. J.

Chem. 1970, 8, 259.
(7) Creutz, C.; Sutin, N. J. Am. Chem. Soc. 1977, 99, 241.
(8) Ballardini, R.; Varani, G.; indell i,  . T.; Scandola, F.; Balzani, V, J. Am.

Chem. Soc. 1978, 100, 7219.
(9) Meyer, T. J. Acc. Chem. Res. 1978, 11, 94; Meyer, T. J. Isr. J. Chem. 1977,

15, 200.
(10) kq values were obtained by luminescence quenching experiments. Plots

of l0/l vs. [Q] were linear, as predicted by the Stern-Volmer equation
where I and l0 are the luminescence intensities in the presence and ab-
sence of the quencher O. kq values were calculated from the slopes of the
plots using To = 1260 ns for Ru(phen)2(CN)2* and  0 = 253 ns for
Ru(bpy)2(CN)2", which were measured independently. For the reactions
cited, there was no spectral evidence either for ground- or excited-state
(exciplex) complex formation.

(11) Under the conditions used for the flash photolysis experiments, sufficient
quencher was present in the solutions, a few millimoles/liter, that the ex-
citation and quenching (eq 4) steps occur during the flash. Following the
flash, absorbance changes ( A) were observed as a function of time. As
expected from eq 4 and 5, second-order, equal concentration kinetic plots
of VAa vs. t were linear for at least 2-3 half-lives. kb was evaluated from
the slopes of the plots using known extinction coefficient changes.

(12) Ionic strength studies on the reaction between Ru(bpy)2(CN)2+ and
Et0NC6H4C(=O)OCH3 show the expected absence of a significant variation
of kb with I.



Communications to the Editor 3995

(13) Potentials for the excited-state couples Ru(bpy)2(CN)2+,°* and Ru-
(phen)2(CN)+/0* were estimated by subtracting the experimental emission
energies (1.86 and 1.88 V) plus 0.05 V from the ground-state (Ru(lll)/Ru(ll)
potentials (0.83 and 0.84 V). The factor of 0.05 V has been estimated to
be the difference between the emission energy and the free-energy content
of the thermally equilibrated excited state for Ru(bpy)32+*.4

(14) Noyes, R. M. Prog. React, Kinet. 1961, 1, 129; (b) Pilling, M. J. "Lasers in

Physical Chemistry and Biophysics”, J. Joussot-Dubien, Ed.; Elsevier:
Amsterdam, 1975; pp 486-487; (c) North, A. M. "The Collision Theory of
Chemical Reactions in Liquids"; Methuen: London, 1964; pp 8-9.

(15) kD was calculated using the Debye-Smoluchowski equation: kD = [4itM(Da
+ DB)(rA + rB)f]/1000, where f= 1.0 for a diffusional process involving
uncharged particles.16 The diffusion coefficients for Ru(bpy)2(CN)2+ 0 and
Ru(phen)2<CN)2+·0 were calculated from polarographic data in DMF17 and
corrected for the viscosity difference between CH3CN and DMF to give D
= 7.4 X 10~6 cm2/s. For the pyridinium ions and radicals, the Stokes-
Einstein equation D = kT/67n)rw was used.18 Values of r viere calculated
from van der Waals increments given in the literature.16® The radii for
Ru(bpy)2(CN)2 and Ru(phen)2(CN)2 were taken to be 6.0 and 6.2  , re-

spectively.
(16) (a) Debye, P. Trans. Electrochem. Soc. 1942, 82, 265, and references

therein; (b) Petrucci, S. "Ionic Interactions”, S. Petrucci, Ed.; Academic
Press: New York, 1971; Vol. 2, pp 101-110.

(17) Matsumura-lnoue, T.; Morimoto, T.; Nakayama, T. Nara Kyoiku Daigaku
Kiyo, Shizen Kagaku 1977, 26, 83.

(18) (a) Edward, J. T. J. Chem. Educ. 1970, 47, 261, and references therein;
(b) Alwattar, A. H.; Lumb, M. D.; Birks, J. B. “Organic Molecular Photo-
physics”, J. B. Birks, Ed.; Wiley: London, 1973; Vol. 1, Chapter 8.

(19) Given the energies involved (ref 13), AG for even the most highly favored
reactions are insufficient to repopulate the MLCT excited states so that
complications from the reactions

R°—N + R.un,(bpy)»(CNV R+—N + Ruibpy )/CN).7
X

do not exist.
(20) (a) Levich, V. G. Adv. Electrochem. Eng. 1966, 4, 249; (b) Dogonadze, R.

R. “Reactions of Molecules at Electrodes”, N, S. Hush, Ed.; Wiley: New
York, 1971; (c) Schmidt, P. P. J. Electroanal. Chem. 1977, 82, 29; (d)
Kestner, N. R.; Logan, J.; Jortner, J. J. Phys. Chem. 1974, 78, 2148; (e)
Christov, S. G. Ber. Bunsenges Phys. Chem. 1975, 79, 357; (f) Sondergaard,
N. C.; Ulstrup, J.; Jorner, J. Chem. Phys. 1976, 17, 417; (g) Fischer, S. F.;
Van Duyne, R. P. Chem. Phys, 1977, 26, 9; (h) Efrima, S.; Bixon, M. Chem.
Phys. 1976, 13, 447.

(21) Duke, C. B. “Proceedings of the Conference on Tunneling in Biological
Systems”, B. Chance, Ed., in press.

(22) Avouris, P.; Gelbart, W. M.; El-Sayed, M. A. Chem. Rev. 1977, 77, 793,
and references therein.

(23) Balzani, V.; Bolletta, F.; Moggi, L. Spectrosc. Lett. 1978, 11, 525; Balzani,
V.; Bolletta, F.; Scandola, F.; Ballardini, R. Pure. Appl. Chem. 1979, 51,
299; Teresa, M.; Scandola, F. J. Am. Chem. Soc. 1978, 100, 7733.

Jeffrey K. Nagle, Walter J. Dressick,
Thomas J. Meyer*

Department of Chemistry, The University of North Carolina
Chapel Hill, North Carolina 27514

Received November 14, 1978

Exciplex Formation from Transition-Metal Complexes.
Luminescent Nonpolar Exciplexes from Palladium(II)
Porphyrin Triplets and MN-Dimethylaniline
Sir:

Both photoredox reactions and exciplex emission have been
observed upon irradiation of various chromophores in the
presence of amines.1"8 While exciplex emission has been ob-
served for a variety of organic substrates, it has not been gen-
erally detected with transition-metal complexes,9·10 even

though the latter frequently undergo photoreaction with
amines and other substrates that give luminescent exciplexes
with aromatic hydrocarbons.11-15 One group of reactions that
might be anticipated to involve exciplex intermediates is the
photoreduction of metalloporphyrins. This reaction, which has
been observed for a variety of different metal complexes,14-17
generally involves the consecutive conversion of the porphyrin
to chlorin and isobacteriochlorin complexes (eq 1) under ir-
radiation in the presence of a variety of reducing agents. In
recent investigations we have examined photoreactions of the
platinum(II) and palladium porphyrins.18 These complexes

Ph

1, M = Pd; R = H
3, M = Pd; R= CH2N(-CH3)C6H5

Ph

2, M = Pd; R = H
4, M = Pd; R = CH2N(-CH3)C6H5

show very weak fluorescence and prominent phosphorescence
in fluid media at room temperature, and the long triplet life-
times, particularly for the palladium complexes,18-20 permit
the observation in several cases of relatively slow and ener-

getically uphill excited-state reactions.18 We felt that these
properties should make these complexes especially useful for
a study of metalloporphyrin excited-state interactions with
amines and other reductants. In the present paper we report
results that indicate the formation of luminescent exciplexes
between amines and palladium porphyrin triplets. Our results
indicate that the exciplex has little charge-transfer character
and strongly resembles the uncomplexed porphyrin triplet in
both lifetime and emission spectrum. The results observed here
with luminescent triplets are apparently related to those ob-
tained previously for nonemitting metalloporphyrin triplets
with electron acceptors.21·22

Palladium(II) porphyrin complexes were prepared as pre-
viously described.18·23 Our study has included several different
porphyrins (e.g., octaethylporphyrin, a,|3,7,5-mesotetra-
phenylporphine (TPP), and mesotetra(a,a,a,«-o-hexadecy-
lamidophenylporphine)), as well as a number of potential
donors (triethylamine, 7V,7V-dimethylaniline (DMA), and
SnCh-SLLO); however, the present report will deal only with
the system PdTPP-DMA, which shows typical behavior and
has been studied in greatest detail. Irradiation of degassed
solutions of PdTPP in the presence of 0.5-5 M DMA in a
number of solvents (e.g., benzene, pyridine, acetone, 2-pro-
panol, or isobutyronitrile) with light absorbed only by the
porphyrin leads to inefficient (  0.001 at 3.9 M DMA)
formation of reductive adducts 3 and 4. In addition to pho-
toadduct formation, we find that DMA produces changes in
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