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ABSTRACT: Long-range electron transfer is a ubiquitous
process that plays an important role in electrochemistry,
biochemistry, organic electronics, and single molecule
electronics. Fundamentally, quantum mechanical processes,
at their core, manifest through both electron tunneling and the
associated transition between quantized nuclear vibronic states
(intramolecular vibrational relaxation) mediated by electron—
nuclear coupling. Here, we report on measurements of long-
range electron transfer at the interface between a single
ferrocene molecule and a gold substrate separated by a
hexadecanethiol quantum tunneling barrier. These redox
measurements exhibit quantized nuclear transitions mediated
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by electron—nuclear coupling at 4.7 K in vacuum. By detecting the electric force associated with redox events by atomic force
microscopy (AFM), with increasing AFM oscillation amplitude, the intensity of the observed cantilever resonance frequency
shift peak increases and then exhibits a series of discrete steps that are indicative of quantized nuclear transitions. The observed
peak shapes agree well with a single-electron tunneling model with quantized nuclear state transitions associated with the
conversion of the molecule between oxidized and reduced electronic states. This technique opens the door to simultaneously
investigating quantized electron and nuclear dynamics in a diverse range of systems.

KEYWORDS: electron transfer, Franck—Condon blockade, atomic force microscopy, single-electron tunneling,

electron—vibron coupling, single-molecule electronics

he quantum mechanical nature of electron tunneling in

electron transfer processes has been extensively explored
experimentally." Though electron—nuclear coupling has been
explored in state-of-the-art electron transport measure-
ments” " and a recent atomic force microscopy (AFM)-
based measurement,” the quantum mechanical nature of
nuclear vibronic state transition (nuclear quantization) driven
by a change in the charge state has remained difficult to probe
in electron transfer redox systems particularly at the single-
molecule level.°”'> Here we describe single-molecule low-
temperature AFM measurements of nuclear quantization in
heterogeneous electron transfer reactions between a ferrocene
redox group and a gold electrode. Our measurements reveal
quantized electron transfer energies corresponding to the
eigenstates of a low lying vibronic mode, in excellent
agreement with fully quantized (in terms of both electrons
and nuclei) electron transfer theory.””'® This technique
provides a new route toward exploring single-molecule
electronic and nuclear quantization phenomena in electron
transfer processes. In particular, we demonstrate experimen-
tally and theoretically how AFM methods can be used to
measure the molecule—metal electronic coupling strength,
vibronic energies, and electron—nuclear coupling strengths that
determine intramolecular reorganization energies.
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When expressing electron transfer (ET) quantum mechan-
ically, one first invokes the Franck—Condon approximation,
which enables one to separate the electronic coupling (IMI*)
and nuclear Franck—Condon factor in a transfer rate of the
form

2r
ko % IMP Iy, Iy YWS(E,, — E,) W
where y,, and y, are the nuclear wave function components of
the initial state and final state, respectively, belonging to
vibronic states with energies E, and E571 1 _pote,
indices m and n indicate nuclear vibronic states and 7 is
Planck’s constant. Typically, the Franck—Condon factor
I(¥ul)* is thermally averaged at room temperature across
many vibronic modes.””"* This allows the nuclear coordinates
to be treated classically via Gerischer—Hopfield theory in
terms of heterogeneous reactions at metal—molecule interfaces
(or analogously in terms of Marcus—Hush theory in
molecule—molecule reactions).””'***"* However, as we
show here, at low temperatures (4.7 K) nuclear vibronic
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Figure 1. Electron transfer measured by electric force detection by AFM. (a) Schematic of the AFM experimental setup, x and y coordinates lie in
the plane of the substrate, the voltage drop across the tunneling barrier (SAM layer) (a(x, y, z(t)) V) oscillates with the oscillating AFM tip
position, z(t) = Z + z4(t) = Z + d cos(27fot). a* and &~ indicate the maximum and minimum values of a(x, y, z(t)). The electron transfer system
probed consists of ferrocene-terminated alkanethiol molecules attached to a template-stripped gold surface. (b) Equivalent circuit diagram. (c)
Frequency shift Af measurement of a charging ring corresponding to a molecular level accessed at a fixed tip bias (Vy = 5.0 V). See body text for
more detail about the formation of the ring. Scale bar is 30 nm.
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Figure 2. Theoretical model of electron transfer. (a) Total energy nuclear potentials of the Fc (red) and Fc* (blue) redox states with minima at E,4
and E,, (initially in the Fc configuration). The reduced (red) and oxidized (blue) states are shifted V2¢ in nuclear coordinates by the electron—
phonon coupling parameter {. Transitions between reduced (y,,) and oxidized (y;) nuclear states are determined by their coupling y,ly;. (b)
(Left) Single-particle energy picture showing electrons in the metal distributed according to the Fermi—Dirac statistics, and the Franck—Condon
factor weighted transition energies for oxidized (blue) and reduced (red) configurations of the molecule. Nuclear transitions are separated by
discrete vibronic transitions in steps of i about the molecular single-particle energy €,,,] = E;oq — E,. Assuming full thermal relaxation, at 4.7 K
electron transfer from and to the molecule occurs via the reduced and oxidized ground state nuclear wave functions (n = 0 and m = 0, respectively).

(b) (Right) Associated forward (k;) and backward (k,) electron transfer rates as a function of the energy detuning, Ae¢.

transitions are largely constrained to a single vibronic mode
such that nuclear quantization becomes manifest in the
allowable transition selection of E,, = E, in eq 1. This enables
the experimental resolution of fully quantized single-molecule
ET events at a metal—molecule interface in which quantized
nuclear transitions enforce quantized ET energies as
summarized by eq 1 (rather than a classical continuum of
energies”'©).

Low temperatures present a considerable experimental
obstacle when observing heterogeneous ET reactions, due to
the consequential immobility of supporting electrolyte ions
that typically accompany such reactions.” At room temper-
ature, supporting electrolyte ions gate the single-particle
eigenstates of a reactant enabling one to observe outer-sphere
tunneling processes such as Coulomb blockade and rate
saturation in heterogeneous ET experiments.””'"*”*® To
overcome this difficulty, we have chosen to gate redox
molecules in vacuum with a DC-biased AFM tip (see Figure
1a).”’7** An AFM-based measurement enables one to measure
ET for a single molecule in the absence of a solvent. A large
contribution from the solvent to the total relaxation would

make it difficult to observe relatively smaller intramolecular
vibrational relaxation. Our redox system consists of ferrocene
(Fc) tethered to a hexadecanethiol (16-ferrocenylhexadecane-
thiol, Fc(CH,);¢S) self-assembled monolayer (SAM) on a
template-stripped gold (see Methods for details regarding
sample preparation).® Electron transfer between the substrate
and the molecule is detected by mechanical charge sensing in
vacuum using an oscillating AFM cantilever that is only
capacitively coupled to the molecule.”” The distance between
the AFM tip and molecule is chosen to be approximately 10
nm such that no electron tunneling occurs between the tip and
molecule, making this technique much less sensitive to the
detail of the tip structure in contrast to scanning tunneling
spectroscopy, which requires electron tunneling across two
tunneling barriers (tip—molecule and molecule—metal sub-
strate).

Based on the widely accepted capacitance model (Figure
1b),%*® a DC bias voltage, Vj, is applied between the AFM tip
and substrate such that the voltage is split into two regions,
one between the tip and molecule and another between the
molecule and metal substrate (see Figure 1a). This results in a
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Figure 3. Frequency shift versus bias voltage spectroscopy. (a) Frequency shift (Af) spectra, with increasing AFM oscillation amplitude, taken
above a Fc group. The energy detuning, Ae, becomes zero at Vi & 4.4 V around which a charging peak develops under small AFM tip oscillations.
With increasing oscillation amplitude, the signal increases, indicating electron—vibron coupling. At high oscillation amplitudes, a larger tunneling
energy window allows additional nuclear transitions, and discrete steps are observed. For data acquisition, the AFM tip was positioned at the center
of the charging ring shown in Figure 1c with the tip—sample distance, Z = 10 nm. (b) AFM frequency shift response (top) and its derivative with
respect to the bias voltage V; (bottom) acquired at oscillation amplitude of d = 0.35 nm (solid line) compared with theory (dashed line) using the
model parameters { = 1.6 and /i@ = 11.6 kT = 4.6 meV. The lever-arm and its first derivative were calibrated to be @ = 0.035 and A = —eVpda/dz
= 30.5 meV/nm at Vi = 4.4 V, and the tunneling rate was measured to be 109.5 kHz.

voltage drop (overvoltage) of aVy across the tunnel barrier
between the metal substrate and the Fc terminated molecule of
interest where @ is the voltage splitting ratio (lever-arm). In
this way, we control the energy difference (detuning) between
the substrate Fermi energy, €5, and the single-particle level of
the molecule, €., such as Ae = ep — eaVy — €, = Agy —
eaVy where Agy = e — €, is the energy level offset with Vi =
0 (Figure 2b).”” When an appropriate bias voltage, V3 = Ag,/
(ex) is applied, the substrate Fermi energy is brought into
resonance with a molecular single-particle eigenstate such that
Ae = 02%*72832 The lever-arm, @, can be modeled by two
capacitors connected in series (Figure 1b), one between the
molecule and tip (Cﬁp(x, 9, z)) and a second between the
molecule and substrate (Cy,) as a(x, y, z) = Cylx, y, 2)/
[Cﬁp(x, 9, 2) + Cyp) where (x, y) and z indicate the lateral and
vertical positions of the AFM tip with respect to the molecule,
respectively. The capacitance model describes the energy
detuning, which includes the voltage drop at the molecule in
terms of a. We assume that the small changes in the potential
drop inside the Fc part of the molecule do not alter its
electronic structure and that the Fc molecular levels are lifted
by aVy with respect to the substrate (Figure 1a). As the lever-
arm a can be experimentally determined in this AFM-based
technique®® (Supporting Information S3 for details), any
particular capacitance model (e.g., planar) is not required for
Cyp and Cyy,.

When the tip is oscillated vertically at a certain position (x, y,
z) near the molecule at a frequency of f, with an amplitude of
d about a mean tip—molecule distance, Z, such as z(t) =z + d

cos(2xfot), the energy detuning, Ae(x, y, z(t)), likewise
oscillates around its mean value, Ae(x, y, Z), through the
oscillating a(x, y, z(t)) as depicted in Figure 1a.””* In this
situation, the time-varying energy detuning, Ae(x, y, z(t)),
drives the alternating tunneling of an electron on (while Ae(x,
y, z(t)) > 0) and off (while Ae(x, y, z(t)) < 0) the Fc group,
causing the molecule to fluctuate between its oxidized (Fc")
and reduced configuration (Fc) in response to the tip
oscillation (Figure 2b and Supplementary Movie S1). Although
the number of charges fluctuates due to the stochastic nature
of tunneling, its average value follows the oscillating tip
motion, subjecting the cantilever tip to an oscillating
electrostatic force (Supplementary Movie S1).**

The average number of charges in the molecule is
determined by the tunneling rates on and off through a rate
equation'** (see Supporting Information S1 for details). The
in-phase component of the oscillating force with respect to the
cantilever tip position leads to a detectable shift in the
cantilever resonance frequency (Af).””*”** Scanning the tip
over the sample at constant height (i.e., varying (x, y) with a
fixed z) and with a fixed Vg produces rings of constant
discharging/charging energy detuning (Ae(x, y, Z) = Agy —
ea(x, y,Z)Vy = 0) in a Af image (Figure 1c and Supplementary
Figure S2) due to single-electron tunneling between a Fc
group and gold surface through the SAM tunneling barrier. To
explore fully quantized ET events, our AFM tip is placed at the
center of the charging ring shown in Figure 1c with the average
tip—sample separation of Z = 10 nm and Af is recorded as a
function of V. When the AFM tip oscillation amplitude is
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small (d = 0.1 nm), a sharp charging/discharging peak (Figure
3a) is observed in the Af response at Vi = V3 ~ 4.4 V, which is
needed to situate the Fermi energy of the substrate at the
resonance condition for the tip—sample distance chosen. This
low oscillation amplitude corresponds to a very small
amplitude of Ae(x, y, z(t)) (~3 meV), whereby electrons
are taken on/off the molecule directly at €. In this case, we
can directly determine the electron tunneling rate through the
SAM at the charging/discharging peak to be 0.752f, = 109.5
kHz from the ratio of the measured in-phase response (Af) to
the quadrature cantilever response (often described as a
dissipation signal in the AFM literature®”****—see Supporting
Information S1.3 for more details). Upon increasing the AFM
oscillation amplitude (d > 0.2 nm), which corresponds to
increasing the amplitude of Ae(x, y, z(t)), we observe marked
discrete steps appearing in the Af response as Vy are swept
between 4 and S V (Figure 3a). These discrete steps in Af, we
argue, are a signature of ET quantized by the quantized nuclear
degrees of freedom as expressed by eq 1.

To understand the origin of the discrete steps that appear as
d (and thus the amplitude of Ae(x, y, z(t))) is increased, we
need to consider quantized nuclear vibronic transition. As
shown in Figure 2a, at 4.7 K, the Fc group is initially in the
nuclear ground state (y,, with m = 0) in a nuclear potential
represented by a parabola (red line in Figure 2a) with its
energy, E 4 + fiw/2 where w is the vibronic frequency. After
removing an electron to form Fc', the equilibrium nuclear
coordinates shift by <2¢. Here we use a dimensionless
representation in terms of the electron—nuclear coupling
constant, {.*” Within Gersicher—Hopfield theory, the hetero-
geneous reorganization energy, A, of this mode can be
expressed as A = Cho.”**>P

Removal of an electron to form Fc* requires a transition into

one of the oxidized nuclear states y; at E__ + (n + %)flw, the

propensity of doing so is enforced by the Franck—Condon
factor I{y,.ly,")* as indicated by eq 1. A transition between the
ground states (from m = 0 to n = 0) corresponds to the
molecular single-particle energy, €., = E,; — E.4 Thus, a
transition from m = 0 (in the reduced ground state) to n > 0
(in the oxidized state) corresponds to a single-particle energy
of £,,, — nhw, with a weight of [(y,ly,")* as shown in red in
Figure 2b. Similarly, allowed single-particle energies from the
oxidized ground state n = 0 to reduced nuclear states at m > 0
are given by €, + mhw, with a propensity of I{y,"ly,.)* as
shown in blue in Figure 2b. Given the measured tunneling rate
of 109.5 kHz, we assume that a molecule fully relaxes thermally
(at 4.7 K) before attempting a subsequent ET event.

As the amplitude of Ae(x, y, z(t)) is increased, more single-
particle transition states (at &,, — nhA® and €, + mhw)
appear within the tunneling energy window set by the
maximum (ea*Vy) and minimum values (ea”Vy) of ea(x, ,
z(t)) Vg (left-hand side of Figure 2b). In the regime A > kT,
this leads to an increased forward ET rate (k;) in discrete steps
of hw when Ae > 0 and a similarly discretely increased
backward ET rate (k) when Ae < 0 as shown in Figure 2b and
Supplementary Movie S2 (see Supplementary Equations S12
and S$13 for detail)'*****—where kT is Boltzmann’s constant
multiplied by the system’s temperature. Quantized changes in
the ET rate at intervals of 7w are manifest as changes in the Af
response of the oscillating AFM, resulting in the discrete steps
observed in Figure 3a with increasing d (and correspondingly
increasing Ae amplitude). Upon incorporating this quantized

ET physics into our AFM model developed for quantum dot
tunneling,24’25’29_32’34’39 excellent theoretical agreement is
obtained with the discrete steps observations (Figure 3b)
(see Supporting Information S1 for details). Within our model,
the voltage separation between the discrete steps in the Af
response can be quantitatively explained as arising due to
quantized vibronic energies scaled by the mean value of «
(=@). By using the experimentally determined parameters of @
= 0.035 and A = —eVyda/dz = 30.5 meV/nm, we obtain an
electron—nuclear coupling { = 1.6 and a vibronic energy hw =
11.6kgT = 4.6 meV (see Supporting Information S3 for
details). This vibronic energy agrees well with reported
frequencies for the lowest-lying Fc vibrational mode, which
fall around 4.0 + 1.5 meV among inelastic neutron scattering,
Raman, and infrared measurements.*”*' Under the small
perturbation applied by AFM gating, only the lowest-lying
vibronic mode is excited. Accompanying transitions between
higher vibronic modes are only between nuclear ground states
under such small perturbations and therefore do not contribute
to the spectra reported here.

These observations underscore that both nuclear and
electron quantization are present in ET processes. At room
temperature, ET nuclear transitions can be well approximated
classically;é’7’16’20_25 nevertheless, nuclear transitions remain
fundamentally quantum mechanical (as illustrated by the low
temperature measurements in this work). The single-molecule
measurement of nuclear quantization via atomic force
microscopy opens up the possibility of new fundamental
nuclear dynamics insights into a wide range of ET problems
across the fields of photochemistry, biochemistry, electro-
chemistry, and even electron transport. This includes exploring
intriguing ET parallels to electron—nuclear coupled electron
transport phenomena such as Franck—Condon blockade®***
and the charge transport in organic photovoltaic cells** and
transistors.

Methods. Sample Preparation. The sample was prepared
by immersing a template-stripped gold substrate in a 1 mM
solution of ferrocene tethered to hexadecanethiol (16-
ferrocenylhexadecanethiol, Fc(CH,)sS) in ethanol for 48 h.
After the incubation, the sample is rinsed with ethanol and
blow-dried by nitrogen gas. See ref 32 for details on
preparation of the template-stripped gold substrate and the
self-assembled monolayer.

Detail of Low-Temperature Measurements. The measure-
ments were performed with a home-built cryogenic AFM
operated at 4.7 K.** A Pt-coated AFM cantilever (Nanosensors
PPP-NCLR), with a spring constant of 20 N/m, was used. At
4.7 K, its quality factor was approximately 25000 and its
resonance frequency was f, = 146 kHz. During operation, the
cantilever is oscillated at its resonance frequency, z(t) =z + d
cos(27f ot) where Z is the mean tip—sample distance, and the
oscillation amplitude, d, is held constant by an automatic gain
controller.”> Cantilever deflection is detected by a fiber optic
interferometer with a noise floor of 7 fm/Hz"?, operating with
an RF-modulated 1550 nm wavelength laser diode.*
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Details of the theory; overview images of the sample;
details of AFM energy calibration (PDF)

Movies of schematic representations of the electron
transfer process for small (AVI) and large tip oscillation
amplitude cases (AVI)
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