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Vibrational Promotion of 

Electron Transfer 


Yuhui ~uang, '  Charles T. Rettner,' Daniel J. Auerbach,' 

Alec M. wodtkel 


By using laser methods to prepare specific quantum states of gas-phase nitric 
oxide molecules, we examined the role of vibrational motion in electron transfer 
to a molecule from a metal surface free from the complicating influence of 
solvation effects. The signature of the electron transfer process is a highly 
efficient multiquantum vibrational relaxation event, where the nitrogen oxide 
loses hundreds of kilojoules per mole of energy on a subpicosecond time scale. 
These results cannot be explained simply on the basis of Franck-Condon factors. 
The large-amplitude vibrational motion associated with molecules in high vibra- 
tional states strongly modulates the energetic driving force of the electron transfer 
reaction. These results show the importance of molecular vibration in promoting 
electron transfer reactions, a class of chemistry important to molecular electronics 
devices, solar energy conversion, and many biological processes. 

The prototypical process of electron transfer is dynamically equivalent to condensed phase 
one of the most fundamental elementary chem- electron transfer, but solvent effects appear in a 
ical reactions found in nature. The pioneering much simpler way. Specifically, the interaction 
work of Marcus (1) has exploded into a vigor- of the ion with the solvent is replaced by an 
ous field of chemical and biochemical research, interaction with its image charge in the metal, 
which has been recently reviewed (2). Electron which is much more easily modeled (15, 16). 
transfer rates are controlled by two central dy- Furthermore, this approach allows the applica- 
namics: "solvent polarization" and "intrarnolec- tion of gas-phase optical pumping to prepare 
ular vibrational motion." Under certain circum- single quantum states in very high vibrational 
stances, it is the reorganization of the polariz- states in order to amplify the possible effects of 
able solvent about the moving charge that con- vibration on electron transfer. We show that 
trols the rate of reaction (1). Under other high levels of vibrational excitation can pro- 
circumstances, the electron transfer rate can mote electron transfer from a metal surface to a 
only be understood by including effects of in- gas-phase molecule. This work builds on pre- 
tramolecular vibration either classically (3) or vious condensed phase studies that have re- 
quantum mechanically (4-6). Although hybrid vealed substantial enhancements of electron 
models that incorporate both effects have re- transfer rates with vibrational excitation (14) 
centlv been developed (7-111, our understand- 

& \ , 

ing of the dynamics of this important process is 
still far from complete. Furthermore, although 
studies of solvent influences on electron trans- 
fer have been quite successful (12, 13), the 
difficulties of performing state-resolved exper- 
iments in condensed phases have limited exper- 
iments on vibrational influences (14). 

We found a way to at once remove the 
complicating effects of the solvent and to con- 
trol the vibrational state of the reacting mole- 
cule by studying electron transfer dynamics 
between an incident gas molecule and a metal 
surface. This model system is in many ways 
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and provides a model system for the develop- 
ment of sophisticated charge transfer theories. 

~ l e c t r o i  transfer rates depend on molec- 
ular vibration because the shape of the mol- 
ecule changes upon charge transfer. Classi- 
cally, trajectories of vibrationally excited 
states can more easily traverse regions of 
configuration space similar to the stable an- 
ion. For the case of NO, we quantitatively 
calculated the form of the relevant molecular 
potentials (1 7) (Fig. 1A). 

The difference between the two potential 
functions (Fig. 1B) is the vertical electron bind- 
ing energy versus N-0 separation. Near their 
potential minima, there is little energy differ- 
ence between the neutral and anion curves, 
consistent with the low electron affinity associ- 
ated with NO. For vibrationally excited states, 
however, near the outer turning point of the 
vibration state v = 15 (bond length R,, - 1.6 
A), the vertical attachment energy to form NOp 
is >200 kJImol. At the inner turning point, 
electron attachment is endoergic by about the 
same amount. This simple analysis shows that 
the energetic constraints controlling the ability 
of NO to accept (or, concomitantly, the ability 
of NO- to donate) electrons depend strongly on 
internuclear separation. 

Previously, Newns derived potential param- 
eters for neutral and anionic curves that de- 
scribe the interaction of NO with Ag(l11) (16). 
These are shown in Fig. 2, adapted to the case 
of Au(ll1). The anionic curve is calculated by 
using a Coulombic interaction between the an- 
ion and the image charge of the metal. The 
neutral curve reflects the weak physical inter- 
actions of NO with the noble metals. The as-
ymptotic separation between the neutral and 

Fig. 1. (A) Ab initio calcu- 
lations of N O  and NO-, 
showing the energetic 
constraints on electron 
transfers. (B) The differ- 
ence between the two 
potential curves. The po- 
sitions of the inner and 
outer extrema of the N O  
(v = 15) vibrational wave 
function are shown with 
vertical arrows labeled 
(r, and r,). The position 
of the N O  potential min- 
imum is shown as re. 
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Fig. 2. Newn's electron- 
mediated interactions of 
NO with a metal (M). This 
figure is based on the 
analysis of (76). The x axis 
indicates the distance 
from the surface to the 0 
atom. (A) The NO mole- 
cule is held at its equilib- 
rium bond length. The as- 
ymptotic energy separa- 
tion is given by the differ- 
ence between the surface 
work function and the 
electron binding strength 
to the NO. This results in 
a substantial barrier to 
electron transfer for NO 
on Au. (B) Same as (A), 
but the NO bond lenmh RNO-M 

has been extended to j.6 
A, close to the outer classical turning point of NO (v = 15). The enhanced electron binding strength 
of NO now causes the barrier to electron transfer to disappear. 

Fig. 3. Measured vibration- 
al distribution of NO re- 
sulting from the scattering 
of (A) NO (v = 15) from 
Au(ll1) at Ei = 5 kjlmol 
and (B) NO (v = 12) from 
LiF at Ei = 38 kjlmol. 

AE,,, (kJImole) 
~ I . " N N ~ $ ~ ~ Z 

- 0 . ? ' 9 " 9 r . . . . 9  

Au(ll1) 

15 14 13 12 11 10 9 8 7 6 5 1 

Final Vibrational 

anionic potentials is given by the difference 
between the surface work function and the NO 
electron binding energy. Figure 2A shows the 
expected potentials when NO is held at its 
equilibrium bond length. A barrier to the curve 
crossing arises, which has been used to quanti- 
tatively explain the strong incidence energy 
dependence for vibrational excitation (16) ob- 
served in experiment (18). When NO is held at 
a bond length of 1.6 A (near the outer turning 
point of v = 15), the enhanced electron binding 
energy represented in Fig. 1 shifts the two 
potentials with respect to one another. Thus, for 
conditions where large-amplitude vibrational 
motion allows access to NO bond lengths on 
the order of 1.5 A, the barrier to charge transfer 
is eliminated (19). In light of this, we expect 
that the excitation of NO to such highly vibra- 
tionally excited states should massively en- 
hance the electron transfer probability at low 
incidence energies. We now present experi- 
ments capable of observing this behavior (20). 

2 1 1  

State 

Detection of the electron transfer product is 
complicated by the inability of NO- to escape 
the surface (Fig. 2). Despite this, the electron 
transfer process provides a striking signature in 
this experiment, in the form of a uniquely effi- 
cient mechanism for vibrational relaxation. NO 
scattered back from the surface in various spin- 
rotation-vibration states is state-specifically and 
resonantly ionized by a third pulsed dye laser 
operating at 270 to 350 nrn. An in-line micro- 
channel plabbased detector detects these ions. 

The measured vibrational distribution de- 
rived from our experiments when NO (v = 
15) is scattered from the Au(ll1) surface at 
an incidence energy of only 5 kJ/mol (21) is 
shown in Fig. 3A. Only a few percent or less 
of the observed scattering flux emerged in the 
initial vibrational state (22). Equally striking 
is the fact that the most probable scattered 
vibrational state results from a loss of seven 
to eight vibrational quanta representing -150 
Wmol of energy. 

Electron transfer has been a subject of 
much discussion concerning the interactions 
of vibrationally excited molecules with metal 
surfaces (16, 18, 23-27). Vibrational excita- 
tion of polyatomic molecules colliding with 
metal surfaces is thought to involve relax- 
ation of thermally excited electron-hole pairs 
by a mechanism involving electron transfer 
(16, 18, 26). Experiments (27) consistent 
with theoretical predictions (28) of the inci- 
dence energy dependence of survival proba- 
bility of vibrationally excited molecules in 
collisions with metals provide additional ev- 
idence that electron transfer is im~ortant in 
the scattering of polyatomics from metals. 

To see how electron transfer can cause this 
high degree of relaxation observed in this work, 
we need to appreciate two points. First, the 
product NO- species has a substantially differ- 
ent diatomic potential and will be formed in a 
range of different vibrational states. Second, by 
the-time the electron jumps back to the surfacd, 
the molecular anion will be at a different vibra- 
tional phase, which will favor different vibra- 
tional states for the neutral NO. These ideas 
were discussed in detail by Gadzuk and Hollo- 
way (24, 29, 30) in the context of the reverse 
process of excitation. The key point is that the 
transitions from the neutral to ionic surfaces 
and back can lead to very large changes in the 
NO vibrational state, resulting in a highly effi- 
cient mode of vibrational relaxation. Further- 
more, the experiments show that this can hap- 
pen at a very low incidence energy. 

These observations stand in contrast to vure- 
ly mechanical gas-surface vibrational relax- 
ation, which is hown to be very inefficient for 
the large vibrational spacings found in small 
molecules (31, 32). Studies of the vibrational 
relaxation of small molecules on insulating sur- 
faces have found that relaxation occurs on a 
millisecond time scale, indicating that vibration 
couples very weakly to phonons of the solid 
(33-35). To pursue this point M e r ,  we exam- 
ined the vibrational relaxation of NO (v = 12) 
at an insulating LiF surface. The vibrational 
distribution of the scattered molecules is shown 
in Fig. 3B and appears in stark contrast to the 
results from Au(l11) (36). We find that, for NO 
(v = 12), there is almost no vibrational relax- 
ation at any incidence energies we studied. 

In the electron-jump model of multiquantum 
vibrational relaxation, we would expect the vi- 
brational energy to be transferred to the elec- 
tronic energy of the substrate rather than to other 
motions of the NO. Our measurements of the 
rotational and translational distributions of the 
scattered NO are consistent with this picture. 
Rotational distributions of the scattered NO 
made with state-resolved resonance enhanced 
multiphoton ionization WMPI) reveal that the 
rotational excitation for molecules undergoing 
the efficient multiquantum vibrational relax- 
ation is about the same as that for vibrationally 
elastic scattered NO (v = 0) and that the rota- 
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Fig. 4. Angular distribu- 
t ion of product scattering 
channels resulting from 
incident N O  (v = 15) on 
Au(1 II ) .  Symbols repre-
sent the following: solid 
squares, Av = -4, Ei = 5 
kJ/mol; open circles, Av = 
-7, Ei = 29 kJ/rnol; cross- 1 6 0  0 
es, Av = -5, Ei = 29 
kJ/rnol; open squares, 1 7 0  10  
Av = -4, Ei =29 kJ/mol; 
and solid circles, Av = 1 8 0  0 
-2, Ei = 29 kjlrnol. Also 
shown are cos14 O (solid line) and cos O (dashed line). 

tional excitation does not depend strongly on the 
change in vibration state Av. Clearly, little of the 
energy available from the vibrational relaxation 
is appearing as rotational excitation of the scat- 
tered products. We also carried out time-of- 
flight (TOF) measurements of the scattered 
molecules (37) and found no evidence that the 
vibrational relaxation energy is appearing as a 
translation of the scattered NO. 

We estimate that the multiquantum vibra- 
tional energy transfer occurs on the subpicosec- 
ond time scale, based on measurements of the 
differential scattering cross section (Fig. 4) 
(38). The solid line passing through the data 
points represents cos14 O (O is the exit angle 
from the surface normal). The scattering an&- 
lar distributions provide powerful evidence that 
the various vibrational channels result from a 
specular ( k e c t  scattering) mechanism. Should 
the molecules spend any appreciable time ad- 
sorbed on the surface, we would expect the 
angular distribution to broaden to a cos O dis- 
tribution, as shown by the dashed line. With the 
through-space electron transfer distance consis- 
tent with the potential surfaces of Fig. 2, clas- 
sical trajectory calculations on realistic poten- 
tials give the best estimate ofthe time scale of 
a direct scattering InKhanism (39). Using the 
velocity of NO at an incidence energy Ei= 
0'05 eV' we find a scattering time of ps' 
The fact that such large amounts of vibration- 
a1 energy can be transferred from the NO -. 
molecule to the metal surface on such a short 
time scale is again strong evidence for an 
electron-mediated process. 

Another point of contrast between metal 
and insulator scattering experiments is in the 
vibrational dependence of the survival prob- 
ability. Direct measurements of the survival 
probability of NO (v = 12) scattering from 
LiF vary between 70 and 90% (?lo%), in-
creasing modestly with incidence energy, and 
are similar to values derived from NO in v = 
1 (32). In contrast, for NO (v) on Au(l1 I), the 
survival probability (at E, = 5 kJ1mol) drops 
from >95% for v = 2 (27) to less than a few 
percent for v = 12 and 15. 

A key aspect of the present work is the 
fact that the electron transfer probability (and 
concomitant vibrational relaxation) is en-
hanced by large-amplitude vibration and that 

the influence of vibration is much more sub- 
tle than simply enhancing Franck-Condon 
factors between reactant and product. As has 
been discussed in theoretical treatments of 
electron transfer, vibrational excursions can 
modulate the energetic barriers to electron 
transfer. To clarify this point, we compare 
our results to recent measurements of the 
incidence energy dependence of vibrational 
excitation and de-excitation of NO (v = 2) 
under conditions otherwise identical to our 
present study. For NO (v = 2), the Franck- 
Condon factor with NO- (v = 0) is 0.5, twice 
that for NO (v = 0). Despite this, experiments 
show that, for NO (v = 2) on Au(l l l ) ,  
electron transfer is unimportant at the low 
incidence energies reported here (27). In oth- 
er words, it is not the change in Franck- 
Condon factors that turns on the electron 
transfer for NO (v = 15), but rather the large 
change in electron transfer energetics accom- 
panying large-amplitude vibrational motion. 
We think that this behavior may be of general 
importance to electron transfer rates. 
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Dynamically Controlled Protein 
Tunneling Paths in -


Photosynthetic Reaction Centers 
llya A. Balabin and Jose N. Onuchic* 

Marcus theory has explained how thermal nuclear motions modulate the energy 
gap between donor and acceptor sites in protein electron transfer reactions. 
Thermal motions, however, may also modulate electron tunneling between 
these reactions. Here we identify a new mechanism of nuclear dynamics am- 
plification that plays a central role when interference among the dominant 
tunneling pathway tubes is destructive. In these cases, tunneling takes place in  
protein conformations far from equilibrium that minimize destructive inter- 
ference. As an example, we demonstrate how this dynamical amplification 
mechanism affects certain reaction rates in  the photosynthetic reaction center 
and therefore may be critical for biological function. 

Electron transfer (ET) reactions play a key role 
in living systems, particularly in bioenergetic 
pathways. Most of these reactions in biological 
systems involve large separations (5 to 20 A) 
and therefore have a very weak tunneling cou- 
pling between the donor (D) and the acceptor 
(A) sites. This coupling is called the electronic 
matrix element (T,,). In this weak coupling 
regime, the ET rates are the product of the 
square of T,,, as expected from perturbation 
theory and the probability of the donor and 
acceptor forming a resonant activated complex 
(Marcus theory) (1-5). About a decade ago, 
Beratan and Onuchic developed the Pathways 
method to estimate these T,,'s and to under- 
stand the tunneling mechanism in proteins. The 
Pathways method assumes that tunneling oc- 
curs via a dominant pathway tube (a family of 
sinlilar pathways, and that the decay through 
this tube can be quantified as a product of 
contributions from covalent bonds, hydro- 
gen bonds, and through-space jumps (6, 7). 
This approach has been widely used by the 
experimental community (2, 3. 8) . Howev-
er, the Pathways method has two major 
limitations: It does not include the possi- 
bility of interference among multiple paths. 
and the paths are determined with the "fro- 
zen" (crystallographic) protein structure, 
without accounting for protein motions. 

In this report, we go beyond the Pathways 
method. Our results show that for ET reactions 
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dominated by a single pathway tube (or a few 
tubes that interfere constructively), corrections 
due to protein dynamics are minor. The situa- 
tion reverses when the assumption of a single 
pathway tube breaks down, and ET involves 
multiule tubes with destructive interference. 
T,,'s are now sensitive to conformational de- 
tails and nuclear dvnamics. Calculations with a 
single frozen conformation provide an incor- 
rect answer: Tunneling is controlled by far- 
from-equilibrium protein conformations, 
where one or few tubes dominate, thereby 
minimizing destructive interference. 

To demonstrate this concept, the dynamical 
effects on T,, in a bacterial photosynthetic 
reaction center (BPRC) are explored. The 
BPRC is a large transmembrane protein-cofac- 
tor comulex that mediates electron and uroton 
transfer reactions that convert light into chem- 
ical energy (9-16). We investigate the ET re- 
actions from the pheophytin (B,,) to the prima- 
ry quinone (Q,) and from the latter to the 
secondary quinone (Q,), with a focus on the 
effects of local nuclear dynamics. Although 
dynarnical effects on T,, have been observed 
in previous calculation~(l7-19), no consistent 
theoretical approach has been developed yet. 
We provide a quantitative description of this 
new mechanism of dynamic control, which we 
name dynamical amplification. We also discuss 
another dynamical control mechanism. confor- 
mational gating, which was recently suggested 
from a high-resolution x-ray analysis of BPRC 
(9).  That analysis revealed that the transition 
from the dark structure (Q, in its neutral form) 
to the light structure (negatively charged Q,) 
consists mostly of flipping and moving of the 
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helpful with ab initio calculations. We all express 
special thanks t o  J. Brauman, who was a wonderful 
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Q, ring in its binding pocket (10). We show 
that both dynamical amplification and confor- 
mational gating are critical in providing effi- 
cient electron transfer between the quinones. 

For both the dark and the light BPRC 
structure, T,, calculations were performed 
with the Green's function technique (to quan- 
tify the electron tunneling propagation 
through the protein) with a standard extended 
Huckel electronic Hamiltonian in a bonding 
and antibonding orbital basis (5 , 20. 21). The 
calculations included B,,, Q,, QH. the iron 
ion, and the relevant protein environment 
(T~~LIOO, h,qet.W256 Trp"1252. 1 %Met.%(> 
H ~ ~ . M ?  H ~ ~ L  ~ i ~ L 2 3 0~ 1 ~ M 2 3 4and19 I Y O  	 . 
~i~W266.  , the superscript indicates the BPRC 
chain and the amino acid position in that 
chain). To compute the average square effec- 
tive coupling (TL,), the Green's functions 
were evaluated for several confom~ations 
("snapshots"), which were obtained by using 
molecular dynamics (MD). In addition, T,, , 
was computed fcr the crystallographic and 
the "average" conformations (nuclear coordi- 
nates averaged over the MD runs). 

The MD simulations were performed for 
both the dark and the light structures with the 
consistent valence force field (22) for the BPRC 
fragment and for all amino acids within 8 A 
from it. In this initial analysis. we are mainly 
interested in demonstrating how competition 
among different tubes leads to dynamical am- 
plification. and we therefore limited dynamics 
to small nuclear motions by imposing a set of 
restraints (23). All backbone atoms were fixed. 
and all other heaw atoms were ~u l l ed  to their 
positions in the crystallographic structure by 
harmonic restraining forces. By choosing the 
restraining force constant. we controlled the 
root mean square deviation (rmsd) of these 
heavy atoms. The nnsd between the crystallo- 
graphic and the average conformations \\as 
about 0.35 A, and the rmsd between any snap- 
shot and the average conformation was about 
0.25 A. The structures uere first equilibrated 
for 3 ps, followed by a 15-ps MD run ~vith a 
0.5-fs time step. A snapshot conformation a a s  
saved every 50 ps. leading to 3 set of 301 
snapshots for each MD run. 

To quantitatively describe the degree to 
which nuclear dynamics affect the effective 
coupling. we introduced the coherence pa- 
rameter C = (T,,)'I(T;,). Given that (Tf,,) 
= (TD,j2 + (?IT;,). where (?IT;,) is the 
mean square deviation, C falls in the range 
between zero and one. In the limit where the 
dynamic variations of the Green's function 
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