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Long-range electron transfer (ET) where the separation of the
donor (D) and acceptor (A) greatly exceeds their spatial extent is

a subject of considerable interest for studies of ET mechanisms in

biological systems and in nanoscale sciehéeA productive
dialogue between experimentalists and theoreticiard8-16 has
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ET reactions. Beyond the range of direct donacceptor electronic
overlap, electron transfer may occur through bridge-mediated

superexchange between donor and acceptor electronic states or
through an incoherent hopping process between localized electronic
states on the bridge. The relative contributions of these mechanisms
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“of the reduced [apyRI(NH3)s] species:®

!ocalized_ elec_tronic states. The ove_rall rate constant_ at any  For shorter bridgesn(< 3), the pulse radiolysis approach is not
intermediate distance can be a composite of both mechanisms. Thlspractical, because intramolecular electron transfer occurs faster than

communication describes a series of bridged defaaceptor

complexes in which the distance dependence of long-range electron
transfer rate constants shows a clear transition from asuperexchanggxCited state of the (bpyRu'(L)*
mechanism to a hopping mechanism. The complexes are of the

type [(bpy}RU'L—Pra,—apyRuU' (NH3)s]>" where the number of
proline residuesn) varies from 0 to 9. We have studied the ET

reactions from the picosecond to the millisecond time scales using constantsks
different spectroscopic techniques in order to observe the change

in electron-transfer mechanism over a distance range of®7

A.3’5’6

In prior studies, we and others have studied the distance
dependence of ET rate constants in metal ion deaaceptor
complexes separated by proline oligom&¥s? However, in many
of these studies the driving forces were not optimized with respect
to the reorganization energies (according to Marddash Theory)
in order to produce activationless, “maximum” ET rate constants
(kmay) at a given distance. In the present work, the radiolysis
experiments are near the activationless regime and corrkgted
values are obtained from all of the experimental rate constants.

precursor formatiofi.Instead, fom = 0—4, the rate constants for
intramolecular electron transfer were measured from the MLCT
donor to the apyRU(NHa3)s
acceptor (Scheme 2). Femtosecond transient absorption spectros-
copy of (bpy}Ru'(L)* excited-state decay was used to measure
the ET rate constark for then = 0 caset’ Forn = 1—4, the rate
were determined from comparison of excited-state
emission decay rates of the [(bpRU'L* —Pra,—apyRU' (NH3)s]>*
complexes Kps = k- + ki + k) with those of mononuclear
[(bpy)RU'(L)* —Pra,—OH]2" complexesKons= k- + ky). Steady-
state fluorescence spectra for [(bg®)'L* —Pro,—apyRU'-
(NH3)5]®", n = 1—4, were also determined, and the rate constants
ko estimated from the corrected emission intensities were found to
be in reasonable agreement with the time-resolved data foi3

and 4 (Table 1 footnote g). For the longer peptides; 5—9, the
excited-state lifetime is too shortk.(+ k., > k) to permit
measurement df,; by photolysis.

The results of all the experiments are shown in Table 1 and
plotted in Figure 1. Fon = 3 and 4 prolines, it was possible to
measure bothk; and k, using the radiolysis and photolysis
techniques, respectively. Because of the higher driving fdicis,
larger thark; in both instances. Direct comparison of gy values
obtained by both techniques is possible after correction of the
observed rate constanks and k, for driving force and distance-
dependent reorganization energies. The calculations and the result-

Electron pulse radiolysis was used to determine the rate constantqng Knaxvalues are described in Table 1 and its footnotes and plotted

(ky) for the reaction in Scheme 1 for [(bpRU'(L*)—Pra,—apyRu'-
(NH3)s)**, wheren = 3, 4, 5, and 8 prolines. Rate constantsrior

= 6, 7, and 9 were reported earlfeiThe intermediate ligand-
centered radical species [(bpRU'(L*)—Pra,—apyRu' (NHz)s]4"
were generated by the reaction of radiolytically producgd with

the peptide-bridged R(L)—Ru" complex. The kinetics of the ET
process were followed by transient absorption at 510 nm for the

T Rutgers.
* Brookhaven National Laboratory.
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in Figure 1.

For the shorter peptides,= 0—4, the distance dependence is
consistent with a superexchange electron-transfer mechanism
between the donor excited state (or ligand-centered radical) and
the metal ion acceptor. A fit to thk, nax values forn = 0-3
results in a rate attenuation constght= 1.4 A-%, wherek = ko
exp(—pd), consistent with nonconjugated dondiridge—acceptor
systems. For the longer peptides,= 5—9, the weak distance
dependence dfy naxat long distances(= 0.18 A1, or 0.46 per
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Table 1. ET Rates from Pulse Radiolysis (ki) and Photolysis (kz)
Experiments for the [(bpy)Ru"L—Pro,—apyRu"(NHz)s]>*
Complexes

n distance? (A) 1’ (eV)

1070k (s™) 107° Kimax °(s7) ke (s7) Kamax € (s71)

0 8.7 1.30 7.0< 10114 2.3 x 10t
1 10.3 1.44 2.0< 1010 1.4 x 10%
2 12.8 1.59 2.6< 108 4.9 x 10°
3 16.3 172 1% 21 0.8x 10°9 3.6 x 107
4 18.2 177 2.8 3.3 0.2x 109 1.3x 10/
5 21.1 1.83 0.20 0.32

6 24.4 1.88 0.11 0.21

7 25.9 1.90 0.064 0.13

8 28.5 1.93 0.039 0.087

9 32.0 1.96 0.020 0.050

aDistance from the edge of the 4-carboxyrdethyl-2,2-bipyridine donor
to the center of the pentammineruthenium acceptor unit, calculated according
to ref 14.°4 = Ain + Aouw, Wheredin = 0.085 eV (2 kcal moll), Aout =
7.91 (12 + 1/2a, — 1d) eV, &y = 4 A, a, = 3.5 A, andd = edge to
Ru(NHg)s distance (AY> ¢Maximum rate constants calculated by the
formula kmax = kopd€Xp(—AG*/RT), where AG*, = (1/4)(1 + AG°/A)?
from ref 2. The driving forcAG° = —1.53 e\?*for k; and—0.90 e\*7 for
k.. 4 Measured by femtosecond transient absorption laser flash photolysis
at Rutgers University Newark.Emission measurements by streak camera
or photodiode detection performed at the BNL Laser-Electron Accelerator
Facility (LEAF). ' Digitizer-based pulse radiolysis transient absorption
kinetics measurements performed at the BNL LEAF facifityransient
emission measurements performed at the Nanosecond Laser facility
(Coherent)-Rutgers New Brunswick® Rate constants determined from
steady-state emission are 500 000 and 100 000fer n = 3 and 4,
respectivelyh Pulse radiolysis transient absorption measurerd&ntsng
the BNL Chemistry Van de Graaff and methods described in refs 5 and 6.
i Data from ref 5.
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Figure 1. Plot of logkmay), ET corrected rate constants (see Table 1) for
radiolysis ki,max circles) and photolysiskf max Squares), versus the distance
from the edge of the 4-carboxy-#ethyl-2,2-bipyridine ligand to the Rli-
(NH3)s acceptor fom = 0—9 prolines. The inset is a plot of ldggs versus
the same distance parameter.

proline unit) is more consistent with an electron hopping mecha-
nism. In the hopping model, an electron from the (BRy'(L*)
donor transiently occupies localized sites on the peptide bridge as
it transfers to the apyRUNH3)s acceptor.

For then = 0 proline cased = 8.7 A), a “virtual hopping” rate
can be extrapolated from the long distance regime in Figure 1. This
extrapolation shows that the “virtual hopping” rate constant is
approximatel 1 x 1(° times smaller than the observed electron-

transfer rate operating through the superexchange mechanism. This
is a direct reflection of the energetic penalty for promoting an
electron onto the empty orbitals of the peptide bridge. The limiting
step for the hopping reaction is surmounting this energy gap.

Charge transfer studies in the more rigid DNA constructs were
also consistent with multiple mechanisms such as hole super-
exchange, hole hopping, and, more recently, electron hogping
The report on superexchange-to-hopping transition in conjugated
p-phenylenevinylene oligomers shows that conjugation of the bridge
with the donor alters the donebridge energetics, leading to an
abrupt change in rate constants with increasing distéhce.

In conclusion, the oligoprolines described here present an
example consistent with a smooth transition from a predominantly
electron superexchange to a predominantly electron hopping
mechanism as the peptide spacer distance increases from 8.7 to 32
A. Furthermore, it is a verification for the change in ET mechanism
with distance that has been repeatedly predicted in several theoreti-
cal papers over the past decddé:13
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