
 (24) assumes that the reactant donor molecule is in its vibrational
 ground state, but that the acceptor may be produced in higher
 vibrational states as well. For a single vibrational mode of energy hv,
 where v is the frequency, the schematic picture of Fig. 3 results,
 where the donor surface intersects the ground and higher vibrational
 surfaces of the acceptor. This is especially important for highly
 exothermic reactions and makes the inverted region less pro-
 nounced. Incorporating this vibrational reorganization energy, Av,
 into Eq. 8 yields Eq. 9. In it we recognize the electronic coupling
 term of the golden rllle and

 00

 k = (s/A2ASkBT)l/2lV22 E (e-sSWlw!) x
 W=0

 exp {-[(As + AG° + whv)214AsksT]} (9)

 S= Avlhv

 the properly weighted summation over the activation free energies
 leading into all the product vibrational levels. This weighted sum
 may be called the effective Franck-Condon factor. If this theory is
 adequate, we should be able to predict ET rates for any system as
 function of four parameters, AG°, As, Av, and V. The free energy
 change of the reaction can usually be estimated with the desired
 accuracy from electrochemical redox potentials of the donor and
 acceptor. If photochemical ET is involved, excitation energies will
 also be required. Marcus (22) derived an expression for the solvent
 reorganization energy and related to it the high frequency (sOp) and
 static (es) dielectric constant of the solvent and donor and acceptor
 radii (rD and rA) and separation (RDA). In its simplest form As is
 given by Eq. 10

 As = e [ (2rD) + (2rA) - (RDA) ] ({S + {op ) ( 1 O )

 where e is the charge of an electron. The vibrational reorganization
 energy is more difficult to estimate and requires the knowledge of
 the most important vibrational modes coupled to ET. Finally, the
 coupling matrix element V is in principle obtainable from molecular
 orbital (MO) theory and calculations for simple systems have proved
 quite acceptable (28, 29); rapid progress in this area can be expected
 in the near future.

 Equation 9 constitutes essentially the outcome of theoretical
 efforts up to the end of the 1970s. More recently, there have been
 substantial theoretical developments (30) particularly concerned
 with the effects of solvent dynamics (31). Although these are at the
 frontier of ET research, we will not cover them in this article,
 because they are of minor importance to the understanding of the
 experiments to be discussed below.

 From this discussion it should be clear that two types of experi-
 ments are needed to test the theory. The first should address the
 problem of the effective Franck-Condon factors and the second the
 electronic coupling.

 Experiments on ET Rates as Function of Free
 Energy and Reorgsnization Energy

 Perhaps the most dramatic prediction of Marcus theory is the
 existence of an inverted region. Experiments on intermolecular
 systems seemed to be at variance with Marcus' prediction (32). As
 expected, the rate would rise with increasing driving force, but then
 would level offand fail to show a clear inverted region. There were a
 few isolated examples that seemed to show a fall off at high
 exocrgicity (33), but the cases were few. The first real evidence for
 an inverted region came from the work of Miller and co-workers
 (34) on intermolecular ET in rigid glasses. But since the analysis of
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 the data is based on random distance distributions between donor
 and acceptors, it was desirable to have a series of experiments that
 were easier to interpret. Those were provided in our laboratories by
 intramolecular ET processes in a series that was designed to test the
 dependence of the rate on free energy changes (8, 9).

 The experiment involved the synthesis of a series of compounds
 with the general structure 1 in which a steroid spacer (androstane)
 carries a 4-biphenylyl group at position 16 and different electron
 acceptors at position 3. These compounds were then subjected in
 liquid solution to a pulsed electron beam from a linear accelerator
 producing a pulse of solvated electrons, which are captured by the
 substrate.

 A\

 Electron capture is not very selective and the initial ion distribution
 is almost statistical, far away from the equilibrium. The rate of
 attaining equilibrium was then monitored by absorption spectrosco-
 py. Variation of the substrate concentration allowed the separation
 of intermolecular from intramolecular reaction rates. The experi-
 ment has the advantage that the ions are free ions and that reactions
 can be run in several solvents, including hydrocarbons.

 Figure 4A shows the structures and the intramolecular rates
 obtained for a series of eight compounds as measured in methylte-
 trahydrofuran (MTHF) and plotted versus the free energy of the ET
 reaction. As indicated, all of the reactions involve ET from the
 biphenylyl group to the acceptor at position 3. As is evident from
 the plot, the rates go through a maximum and show a pronounced
 inverted region. The solid line is a best fit through the data with Eq.
 9 with its adjustable parameters shown in Fig. 4A, and by assuming
 a single vibrational mode close to the aromatic skeleton vibrational
 frequencies. This result was the first relatively unambiguous confir-
 mation of the Marcus inverted region for a simple reaction in liquid
 solution.

 An equally striking confirmation of Marcus theory comes from
 the solvent dependence of the rates in the same series. A close
 examination of Eq. 9 shows that the maximum rate occurs when the
 free energy change of the reaction equals the sum of the solvent and
 vibrational reorganization energies. In MTHF for the series under
 discussion this value is 1.2 eV, with the major part due to the solvent
 reorganization energy As. If a less polar solvent than MTHF is used,
 the maximum rate should occur at a less negative free energy of the
 reaction. This prediction is born out strikingly by the results
 obtained for dibutyl ether and isooctane solvents (Fig. 4, B and C).
 Inspection shows that switching to less polar solvents causes the
 rates of the less exoergic reactions to increase drastically, while at the
 same time retarding the rates of the reactions with large driving
 forces. Figure 4C also shows two points that are much faster than
 predicted. This deviation can be explained by invoking the forma-
 tion of product in an electronic excited state, which reduces the free
 energy of the actual ET step by the excitation energy.

 This highly nonlinear solvent effect has some practical implica-
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