trapping of the photoexcited electron on a
localized Si dangling bond in the band gap
(17). However, these data are consistent
with simple models of carrier escape by
tunneling, as proposed by Vial et al. for PS
(9). Our observation of similar lifetimes in
isolated nanocrystals and in aggregates re-
veals that tunneling to larger crystallites
‘does not control the dynamics. Surface
silanol groups and adsorbed water may af-
fect the dynamics, because, the lumines-
cence of both nanocrystals (12) and PS
(19) is strong at acid pH and quenched at
neutral and basic pH.
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Real-Time Observation of the Vibration of a
Single Adsorbed Molecule

Fumiya Watanabe, Gary M. McClelland,* Harry Heinzelmannf

The newly developed femtosecond field emission camera was used to observe the time
dependence of field emission through a single copper phthalocyanine molecule adsorbed
on a tungsten tip. In many of the individual 212-picosecond-long recordings, the field
emission was found to oscillate with a frequency between 5 x 10'° and 20 x 10'° hertz.
The oscillations, which were not observed from a bare tip, are believed to arise from the
vibration of a single molecule with respect to the surface. Numerical simulations confirmed

the statistical significance of the data.

For the investigation of the atomic and
molecular motions that govern chemical
and physical processes, the ideal measure-
ment would observe continuously a single
molecule or collision on the time scale of
atomic motion. Such a measurement
would, however, require both the sensitiv-
ity to observe a single molecule without
strongly perturbing its motion and a time
resolution on the time scale of a molecular
vibration, between 10~ and 10~ 5. Al-
though single atoms and molecules may
now be routinely imaged, the fast laser
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techniques used for probing molecular dy-
namics (1) are, generally, too insensitive
for the observation of individual molecules.
Repeated pumping techniques may be used,
however (2). Because optical transitions
strongly perturb a molecule by changing its
electronic state, laser methods cannot give
continuous measurements on a single mol-
ecule. These problems can be overcome by
the femtosecond field emission camera
(FFEC) (3, 4), an instrument we have
developed to continuously record the mo-
tion of individual atoms and molecules with
a temporal resolution as fast as 1074 s.
Here, we report the continuous observation
of the dynamics of a single molecule, with
the recording of the vibrational motion of
single copper phthalocyanine (CuPc) mol-

SCIENCE ¢ VOL. 262 ¢ 19 NOVEMBER 1993

ecules adsorbed on a tungsten tip.

In a strong electric field, the width of the
potential barrier that normally traps elec-
trons in a metal can be reduced sufficiently
to allow field emission (FE), the quantum
mechanical tunneling of electrons into vac-
uum (Fig. 1). In the FFEC, FE is induced by
the application of =—1000 V to a metal
tip, which concentrates the electric field
(F) at the tip surface to =1 V A~! (3). If
the tip is very sharp, the FE can be confined
to a subnanometer high-field region at the
apex and may be as large as 107> A (5) or
10' e~ s~!'. Thus, many electrons will be
emitted during the vibrational period of
heavier atoms and molecules that may be
present on the surface. The intensity of the
FE depends strongly on the position of any
adsorbates, which change the barrier height
and contribute localized electronic states.
Thus, a molecular vibrational motion on
the tip will cause an FE oscillation, which
we resolve by focusing the emitted electrons
into a beam that is electrostatically swept
across an efficient detector (Fig. 2). The
spatial variation of the detected electron
intensity records the temporal variation of
the FE. Because the metal tip is an ideal
point source for focusing and the time-of-
flight spread of the electrons in the strong tip
field is very small, a resolution of 107# s
is achievable (3). Unlike laser techniques,
the FFEC is limited to observing dynamics
on sharp tips.

For our initial study of single-molecule
dynamics, we chose the vibration of a large
rigid molecule, CuPc (Fig. 3A), expecting
that its large mass and vibrational ampli-
tude would give a slow vibration with re-
spect to the surface. The components of the
electric polarizability of CuPc parallel (o)
and perpendicular (o ;) to the molecular
plane are =100 and =45 A3 (6), respec-
tively. In a strong field (F), the polarization
potential for the molecule’s pivoting down
by an angle 6 (Fig. 3B) from perpendicular
toward parallel to the surface is '/zFZ(ot" -
al)sinzﬂ, which at F = 1 V A~! favors, by
2 eV, the perpendicular over the parallel
orientation. For this pivoting motion, the
moment of inertia (I;) is =5600 atomic
mass units-AZ, giving a vibrational frequen-
cy of 15 X 10'° Hz. If this vibration were
excited to an energy of kT (where T is the
temperature and k is the Boltzmann con-
stant), at T = 1000 K the end of the
molecule would move 7 A, large enough to
give a sizable change in the FE. The field-
free adsorption potential of the molecule
would ordinarily favor 0 near /2, which
counteracts the polarizability potential and
thereby reduces the frequency. These esti-
mates show that of the many vibrational
modes, at least one should be resolvable
within our present 1- to 2-ps resolution.
Other adsorption geometries might have



vibrational frequencies equally as low.

Adsorption of a single CuPc molecule
can enhance the FE by 100-fold or more
(7). The mechanism probably involves tun-
neling into the adsorbed molecule and then
out into a field enhanced by the “sharp”
molecular shape (8, 9). Bistable (10 ms)
variations of the FE that are a result of the
flopping of individual CuPc molecules be-
tween local potential minima have been
observed previously (7). CuPc is a very
stable molecule, thermally decomposing
only above 1100 K (10).

Neon sputtering and thermal annealing
are used to sharpen a tungsten tip oriented
along the (111) axis to an apex =2 nm
across (5). To image the tip by FE micros-
copy, we turned off the electrostatic lens
and held the tip at =—500 V to project an
unfocused, low FE current of 10~!! A onto
the screen (3). The CuPc was then subli-
mated slowly onto a tip cooled to 80 K, so
that at =100-s intervals a molecule arrived
near the apex, which caused an abrupt
change in the FE. The first few molecules

reduced the FE, probably by chemisorbing

or decomposing on the surface to form an

_E Field off

«— Field on

Electronic potential

\J

Distance from surface (A)

Fig. 1. Potential energy diagram for electrons
near a tungsten surface. In a large field, the
barrier width is reduced, allowing the tunneling
process called field emission. The motion of an
adsorbed atom or molecule alters the barrier
region, which changes the emission.

overlayer that increases the FE barrier
height or width (8). There was eventually
an abrupt increase (a factor =50) in the
local emission, which indicates that the FE
is controlled by a single molecule on the
tip. Presumably, a molecule is physisorbed
to the overlayer. Deposition was at this
point stopped. In the time-resolved exper-
iments, the deflecting field was ramped to
sweep the beam while we increased the FE
to 107> A by pulsing the tip to approxi-
mately —1000 V for =2 ns. During the
sweep, the molecule may be excited by the
changing field at the tip (8, 9) or by
FE-induced heating. After each sweep, the
low-current FE image was observed to
check that the molecule was still emitting.
However, within 20 sweeps after the origi-
nal increase in brightness, the FE image
intensity decreased, presumably because
during the sweep the molecule decomposed
or diffused off the end of the tip. Deposition
was then restarted until another bright spot
appeared and more sweeps were performed.
To maximize the chance of observing single
molecule dynamics, for each increase in
brightness we analyzed only the three pro-
ceeding sweeps. A total of 270 sweeps were
analyzed.

Even if the FE always occurs through a
.molecule bound to the surface by a low-
frequency vibrational mode, the vibration
will often not be sufficiently excited to be
observed above the shot noise. Also, be-
cause the vibrational frequency of such a
large molecule is likely to change between
sweeps as the molecule changes its surface
position, averaging over many traces will
obscure the vibration. Thus, we searched
for periodic behavior in entire individual
traces and portions of traces as described
below. Although the periodicity can often
be seen directly in a plot of S,(t), the time
dependence of the FE, and is quite clear in
the autocorrelation function C/(t) (11),
each trace was Fourier-transformed (12)
and normalized to generate a plot of the
power spectrum, M,(v), versus frequency
between 5 X 10'° and 20 X 10'° Hz. These

Fig. 2. The femtosecond field e T T T T o= === —— -
emission camera is shown here | Electronics |
not to scale; the tip-lens distance [ v |
is 0.7 cm. Field emission is tem- : Krytron MCP Frame | :
porally resolved by sweeping the | | pulser pulser grabber |
electron beam across the screen. | |
MCP, microchannel plate; Sync., e d = | _____|_ —
synchronizing pulse.
Cooling Video
heatin
motioﬁ Sl
Phosphor
- screen
Tk 50 cm
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spectra were used to test the statistical
significance of the data, which were ob-
tained on six separate days over a period of
6 months.

Six traces recorded a sharp step change
in the FE. Because only a 212-ps section of
each 2-ns-long FE pulse was recorded, many
more such changes undoubtedly went un-
observed. Abrupt changes in the FE proba-
bly correspond to large changes in the
position of a CuPc molecule, which should
often result in vibrational excitation. To
search for such excitation, we looked for a
peak in the normalized power spectrum
M,(v), computed from the measured FE
between the initial abrupt change and the
end of the trace. Of the six traces, three
clearly showed sharp spectral peaks in
M, (v), each at a different frequency (6.5 X
10%°, 8.1 x 10, and 12.2 x 10'°© Hz).
The example shown in Fig. 4A shows a
modulation at 6.5 X 10'° Hz, with a peak-
to-peak sinusoidal variation equivalent to
48% of the average intensity. In all traces,
the intensity was decreased at early and late
times, when the e~ beam was partially
occluded by the deflecting plates.

Even in the absence of sudden changes
in molecular position, the vibrational ener-
gy of the CuPc molecule can be increased
gradually by the FE process itself. The
Nottingham effect (13) heats the electrons
in the tip, which can then transfer energy
to the molecular vibrations, or tunneling
electrons can directly excite a CuPc vibra-
tion (14). Figure 4B shows a trace that does
not contain an abrupt change but shows a -
distinct peak in M,(v). The peak-to-peak
sinusoidal variation at 9.3 X 10'°© Hz is 46%
of the average FE. In 6 of the 267 full
traces, a peak in the normalized power
spectrum appeared that was =8.7 times the

Tip apex

Fig. 3. (A) The CuPc molecule. (B) Schematic
of a CuPc molecule (viewed edgewise) ad-
sorbed on the end of a tungsten tip, showing a
possible observed vibrational motion. The per-
pendicular orientation is energetically favored
by high electric fields.
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frequency-averaged power. These peaks oc-
curred at frequencies (of 10'° Hz) of 5.1,
7.0, 8.4, 9.3, 17.7, and 18.6.

Because a low-frequency molecular vi-
bration is likely to be strongly coupled to
other slow motions, the large-amplitude
vibration may occur continuously for only
several vibrational periods at a time.
Hence, we computed the frequency power
spectra for 123-ps-long sections of the traces
that were situated at the beginning, middle,
and end of each trace. Of the 801 sections
analyzed at the beginning, middle, and end
of each trace (3 X 267 total), 5 showed
peaks with intensities =8.5 times the aver-
age power, at frequencies (of 10° Hz) of
5.1, 11.2, 13.0, 18.6, and 20.0. The two
traces that had sections peaking at 5.1 X
10 and 18.6 X 10'© Hz also showed
prominent peaks, as noted above, in the
full-length traces. The example in Fig. 4C
shows a sinusoidal signal variation (at 5.1
x 101° Hz) of 66% of the average intensity,
which is a factor of 2.0 variation.

To establish that the spectra contain-
ing large peaks were not simply ones in
which the random noise happened to peak
at a particular frequency, we extensively
modeled the statistical properties of the
noise. For each set of model parameters,
M, (v) was computed for each of =10,000
simulated noise traces. In addition to hav-
ing the correct overall shape (usually a bell
curve), each trace included the shot noise,
the exponential gain statistics of the mi-
crochannel plate detector, and the mea-
sured optical slit function. To model the
possibility that an adsorbate moving ran-
domly on the tip might by chance mimic a
periodic motion over the limited duration
of the trace, we included a random flip-
flop signal, which varied between two

Fig. 4. Three individual

>

Field emission

discrete values with Poisson statistics. The
results of the simulation were expressed as
the probability distribution of the maxi-
mum peak height in the M,(v). Largely
because the values for M;(v) (experimen-
tal as well as simulated) are normalized by
the average frequency spectra, this distri-
bution is quite insensitive to the model’s
parameters. The results of the simulation
were affected only slightly, for example, by
omission of the exponential gain statistics,
by a change of the bell curve to a con-
stant, or by omission of the flip-flop com-
ponent. Obtaining a factor of 2 change in
the relevant probability required an unre-
alistic change in the model.

From the simulations, without a periodic
oscillation only 1 of every 500 full traces is
expected to show a peak >8.70 in M,(v),
whereas experimentally 6 out of 267 traces
(Fig. 4B) showed such peaks. Similarly, for
the 123-ps-long sections of the traces, only
about 1 in 4000 noise traces is expected to
peak at >8.5, whereas 5 such traces (Fig.
4C) were observed experimentally out of
801. For example, the probability that a
particular section should have an oscillation
with the amplitude seen at the end of Fig.
4C is 2 X 107°. Finally, the probability of
any three of six noise spectra being as peaked
as the three we observed after an abrupt FE
change is 0.03. As a control, 100 traces were
analyzed from a clean tungsten tip with no
adsorbates. No large peaks were observed,
and the statistics agreed with the predictions
of our model noise calculations. Our simu-
lations thus confirm that the observed fre-
quency peaks are caused by periodic motion
on the tungsten tip, not by random noise or
by random motion.

It is possible, however, that we observed
not the vibration of single CuPc molecules
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but rather the vibration of molecular frag-
ments or clumps of molecules. The fact that
the FE showed a sudden factor of 50 in-
crease during a very slow deposition is
strong evidence that almost all of the de-
tected FE was from a single molecule. The
13 observed vibrational frequencies are
rather evenly distributed within the exper-
imentally accessible 5 X 10'° to 20 x 10'©
Hz range. This distribution could arise from
the occupation of different molecular bind-
ing sites or orientations, the varying posi-
tion of surrounding molecules or fragments,
or varying local field strengths at different
parts of the tip. The vibrational frequency
is expected to change between sweeps as
the molecule occupies new local potential
minima in the changing electric field. It
seems unlikely that the observed oscilla-
tions arose from a changing of the effective
FE potential by repeated electronic charg-
ing and discharging of a nanometer-size
particle on the tip, as so few electrons
would be needed for charging that the
process would not be periodic but irregular,
dominated by the statistics of individual e~
events.

The ability to observe single atomic and
molecular events in real time opens up
entirely new possibilities in molecular dy-
namics. It allows observation of spontane-
ous processes that cannot be optically syn-
chronized and observed in pump-probe ex-
periments. As shown elsewhere, experi-
ments can be performed on tips that have
been atomically imaged by field ion micros-
copy (3). With the use of astigmatic e~
focusing, the FE can be simultaneously
dispersed both spatially and temporally to
obtain a moving picture (3). Observing
real-time dynamics will contribute to the
ability to precisely control individual atoms
and to use them in electronic and mechan-
ical devices (15).
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Effective Coupling in Biological Electron Transfer:
Exponential or Complex Distance Dependence?

Jeffrey W. Evenson and Martin Karplus*

Calculations for a simple model electron transfer system and tuna cytochrome ¢ demon-
strate a dichotomy in the distance dependence of the effective coupling. In one regime, the
effective coupling varies exponentially with distance and depends primarily on the average
properties of the bridging material; in the other regime, the effective coupling has a complex
distance dependence and is more sensitive to the details of the bridging material. Exper-
iments and theory indicate that both regimes may occur in biological systems, providing
a perspective on a recent controversy over the nature of the distance dependence.

Electron transfer is fundamental to a wide
range of important biological processes, in-
cluding respiration and photosynthesis (1).
Recent experimental advances, such as
structural data for relevant proteins (2),
provide a basis for meaningful theoretical
approaches to the transfer rate. From anal-
ysis of biological electron transfer systems
and model proteins, a controversy has aris-
en concerning the dependence of the elec-
tronic coupling on the distance between
the donor and the acceptor (3). It has been
suggested both that there is a universal
exponential dependence on the distance
(4) and that the distance dependence is a
complex function of the intervening mate-
rial (5). These suggestions are not mutually
exclusive. Depending on the energy differ-
ence between the bridge orbitals and the
donor-acceptor orbitals, the electronic cou-
pling can vary exponentially with distance
or have a more complex behavior. The
present treatment is based on the inverse
matrix technique (6) for calculating the
electronic coupling that includes all paths
between the donor and acceptor. We apply
the approach first to a one-dimensional
(ID) (single-pathway) model and then to a
calculation including all possible pathways
between the heme and arbitrarily located
acceptors in tuna cytochrome ¢ (7).

Departments of Chemistry and Physics, Harvard Uni-
versity, Cambridge, MA 02138.
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The rate k for the long-distance, non-
adiabatic electron transfer reactions occur-
ring in proteins is usually assumed to be
given by (8)

2
k= 7 [Hpal*(E.C.) (1)

where 7 is Planck’s constant divided by 21r.
Electronic degrees of freedom determine
the effective coupling (Hp,), and nuclear
degrees of freedom determine the Franck-
Condon factor (F.C.). The effective cou-
pling is explicitly dependent on the tunnel-
ing energy E (6), as is clear from the
definition for Hp, in the one-electron ap-
proximation (9), which is given by

HDA = - 2 BDiGz](E)B)A (2)

y

Here, G(E) = (Hpugee — E)~! is the
Green’s function (10) for the bridge Hamil-
tonian H, ... The indices i and j run over
all orbitals involved in the transfer process,
and Bp, (B;) represents the coupling of the
ith orbital to the donor (acceptor). Widely
used pathway models approximate Eq. 2 by
calculating the Green’s function to lowest
order in perturbation theory (10). In the
single-pathway model, only the term that
makes the most significant contribution to
the sum is retained. The inverse matrix
technique is an alternative to the approxi-
mate pathway method (6). It exploits the
ease of matrix inversion to compute the

SCIENCE ¢ VOL. 262

19 NOVEMBER 1993

Green’s function exactly, including all
terms in the sum. Although the pathway
method may provide qualitative insight,
more accurate methods, such as full matrix
diagonalization or the more powerful in-
verse matrix technique (6, 11), are often
required to attain quantitative accuracy.

The behavior of the effective coupling
Hp, is labeled “exponential” if it depends
exponentially on the donor-acceptor dis-
tance, and “complex” if its distance depen-
dence is not exponential and is sensitive to
the material intervening between donor
and acceptor. The correlation coefficient
p(r, logHp,) between the donor-acceptor
distance r and logHp, characterizes the
behavior (12). If the effective coupling is an
exponentially decaying function of dis-
tance, p = — L. If p is significantly different
from —1 (greater than —0.5, say), we label
the system as “complex.”

An analytically solvable model, which
has served as the starting point for many
investigations since McConnell’s original
analysis (13), illustrates the classification
scheme. The model consists of a donor
orbital and an acceptor orbital with tunnel-
ing energy E connected to opposite ends of
a linear chain of identical bridging ligands
(Fig. 1A). We assume one orbital of energy
E, per ligand and include only nearest-
neighbor coupling with hopping matrix el-
ement B. The behavior of the effective
coupling is determined by the dimension-
less parameter o (6)

E,-E ,
= (€)
A
@—— E[—***— & E
B
o
-2 2

Fig. 1. (A) The McConnell model (73). Circles
represent donor and acceptor orbitals, squares
correspond to bridging orbitals, and lines rep-
resent coupling between orbitals with hopping
matrix element B. The donor and acceptor
terminate the chain and have energy E. The
bridging orbitals have energy E_. (B) Correla-
tion coefficient p as a function of the dimension-
less parameter a for the model 1D system. For
a particular «, p is the correlation coefficient for
the set{(2, A,), (3, A,). . . .. (50, Ag)}, where A,
is the logarithm of the effective coupling for a
bridge with n links. The effective coupling was
computed analytically with a formula derived in

6).
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