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Connections to the Electrodes Control the Transport Mechanism in

Single-Molecule Transistors

Zhixin Chen,* Steffen L. Woltering, Bart Limburg, Ming-Yee Tsang, Jonathan Baugh,
G. Andrew D. Briggs, Jan A. Mol, Harry L. Anderson,* and James. O. Thomas*

Abstract: When designing a molecular electronic device
for a specific function, it is necessary to control whether
the charge-transport mechanism is phase-coherent trans-
mission or particle-like hopping. Here we report a
systematic study of charge transport through single zinc-
porphyrin molecules embedded in graphene nanogaps
to form transistors, and show that the transport mecha-
nism depends on the chemistry of the molecule—
electrode interfaces. We show that van der Waals
interactions between molecular anchoring groups and
graphene yield transport characteristic of Coulomb
blockade with incoherent sequential hopping, whereas
covalent molecule—electrode amide bonds give inter-
mediately or strongly coupled single-molecule devices
that display coherent transmission. These findings dem-
onstrate the importance of interfacial engineering in
molecular electronic circuits. )
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Introduction

Electrons display wave—particle duality.! In most cases it is
helpful to consider the flow of electrons through a molecule
by thinking in terms of either a semi-classical particle model
or a coherent-wave model. In the particle model, the
molecule is considered as a redox center and an electron is
transported through the molecular junction by a sequence of
electron-transfer steps, e.g., from an occupied molecular
orbital (i.e., the HOMO) to one electrode, and then from
the other electrode to the oxidized molecule (Figure 1a).”!
Localization of charge on the molecule between tunnelling
events leads to on-site Coulomb energy and electron-vibra-
tional interactions. The resulting electron-transfer mecha-
nism is known as hopping or sequential tunnelling.” In the
wave model, non-interacting electrons scatter through a
molecular junction with energy-dependent transmission
probabilities that are influenced by the phase properties of
the frontier molecular orbitals (Figure 1b)."! Marcus theory
and Landauer-Biittiker frameworks have been used exten-
sively to model particle-like and wave-like transmission in
molecular junctions, respectively. Although formulated in-
dependently, these two approaches arise as limiting cases of
a unified quantum model that accounts for molecule—
electrode coupling, vibrational dynamics, and the measure-
ment temperature.!

Experimental control over the nature of electron trans-
port through a junction is needed both to study molecular
quantum transport on a fundamental level and to fabricate
devices with specific functions. For example, if single-
molecule devices are to be used as a test-bed for studying
phenomena such as electron-vibration coupling,”” electron
correlation,” or spin-dependent transport,”” then individual
contributions of quantum states to transport need to be
resolved, and weaker coupling is required. On the other
hand, proof-of-principle molecular electronic devices de-
signed for applications such as low-power computing often
seek to exploit quantum-interference effects, for which
coherent wave-like transmission is essential.”’}

The principal device parameters that define the electron-
transport mechanism (at a fixed temperature) are the
molecule-electrode coupling ('), and the level alignment, .
The former is largely determined by chemical bonding
between the molecule and the source and drain electrodes,
and thus can be controlled through molecular design and
interface engineering. The particle model is useful when
molecule—electrode coupling is weak (small T'), since off-
resonant transport is suppressed by electron—electron repul-

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0002-5345-6277
http://orcid.org/0000-0003-1950-2097
http://orcid.org/0000-0003-0411-2598
http://orcid.org/0000-0002-1801-8132
http://orcid.org/0000-0003-1959-1675
https://doi.org/10.1002/anie.202401323
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202401323&domain=pdf&date_stamp=2024-03-14

Weak coupling wp Parti
10%eV<I<103eV

(I' < Ec, OEy)
LUMO — = T L
Q@ Q
8E: S 8
(o)) ()]
£ £
HOMO Ievsd e = Hopping
Eracata=rs —=— X —=— Coulombblockade
HOMO-1 — = [=
Source Gate Drain

Research Articles

Angewandte

intemationaldition’y) Chemie

b Covalent coupling

e e S - A 4 o
Se o e Yoo Sl - © e S oo Yo Yo %e
y."’*»“'\(“\("\.’*&."'\.* 5 e Tar T T T
"o o e g e an® 20 "an “an “an *an'

Intermediate,
Strong coupling wp Wave-like up Tunnelling

103eV<T<10%V electron (1-step process)
(T ~ Ec+0E;)
LUMO 1 | Ir\/ |
g v B
SE; 8 8
£ I F
HOMO IeVdW Resonant tunnelling
W B 5
Ers 3 )< £ > Off-resonant tunnelling
HOMO-1 — = D [
I '///'
Source Gate Drain

Figure 1. Transport mechanisms. (a) Schematic representation of two-step sequential hopping (electron transfer) through a weakly coupled
molecular device, exhibiting the particle nature of an electron. (b) Schematic representation of one-step coherent tunnelling through broadened
molecular orbitals for electron transmission through intermediately or strongly coupled molecular devices, exhibiting the wave nature of the
electron. Solubilizing groups on porphyrins and pyrenes are omitted for clarity. I" represents electronic coupling, E. represents charging energy, 0,

represents level spacing, and E_+ OE, represents addition energy.

sion (Coulomb blockade) and on-resonance transport occurs
by sequential electron-transfer steps (Figure 1a). On the
other hand, the wave model is useful when strong hybrid-
ization between molecular and electrode states yields a large
I' and transport that is fast on the timescale of vibrational
dynamics, leading to elastic electron transmission on and off
resonance (Figure 1b). In intermediately coupled cases, the
distinction between these pictures breaks down, with off-
resonant transmission and charge localization due to
Coulomb blockade coexisting in the transport spectrum of
the same device.['"

Previously, we investigated charge transport through
molecular devices constructed by n-stacking a porphyrin
derivative onto electroburnt graphene source and drain
electrodes using polycyclic aromatic hydrocarbon anchoring
groups.?*™81 Other studies have explored covalently
bonding different molecular cores to nanometer-spaced
graphene electrodes using amide coupling.’*"?! Between
these coupling strategies a mix of sequential transport,?*13)
intermediate coupling,® and phase-coherent transmission'”
have been observed in small numbers of devices. In this
work, we present a systematic experimental study of the
effect of molecule—electrode chemistry on a larger set of
graphene-based single-molecule devices (~1200 devices) fab-
ricated with the same porphyrin core in a three-terminal
transistor geometry (Figure 2a—c). We demonstrate a corre-
lation between I' and the nature of the interfaces and show
the effect on the charge-transport mechanism, providing
insight into challenges and design strategies for fabricating
functional molecular devices.
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Results and Discussion

The device architecture, shown schematically in Figure 2a,
has been described in detail previously.'"! Graphene is used
as the source- and drain-electrode material, because its two-
dimensional nature gives it a weaker screening effect on the
gate electric field than that of 3D metallic electrodes.!'"*!!
The combination of graphene and a thin, high-x gate
dielectric (10 nm HfO,) means the molecular energy levels
can be modulated over a range of typically of >1eV. The
exact value is device dependent, and given by a,V,, where a,
is the coupling between gate voltage and molecular levels,
and V, is the gate voltage. For this architecture, a, is ~0.1-
0.5eV/V and V, is typically limited to ~+4-5V before
dielectric breakdown.” Therefore, in such a transistor
geometry, the level alignment can be shifted by the gate
potential, g,=e—ur—0,V, (e is the energy of a molecular
energy level and pg is the Fermi level of the electrodes),
modulating transport between on-resonance or off-reso-
nance (i.e., whether the molecular level is within the bias
window generated by applying a source—drain voltage V).
The graphene bowtie shape (Figure 2a) is fabricated by a
combination of electron-beam lithography and oxygen
plasma, and formed into a pair of nanometer-spaced
graphene source and drain electrodes (a graphene nanogap)
by feedback-controlled electroburning."¥! Current maps (I
as a function of source-drain voltage, V4, and Vg) were
measured for each device that was successfully electroburnt
to a resistance of 1 GQ prior to molecular connection. This
electroburning procedure gives gap widths, viz., the spacing
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Figure 2. Three-terminal device structure. (a) Schematic of the device architecture. A local gate electrode (yellow rectangular strip in the middle)
runs under a 10 nm thick layer of HfO, (transparent light blue); the rectangular areas (yellow) at either side are gold and contact the bowtie-shaped
graphene constriction (grey) that is electroburnt into nanometer-spaced source and drain electrodes, i.e., a graphene nanogap. Scheme displaying
n-stacking (b) and amide coupling (c) a zinc-porphyrin core across a graphene nanogap. THS =trihexylsilyl, the bis-3,5-(trihexylsilyl) phenyl groups

are for solubility.

between graphene source and drain electrodes, of 1.0-
2.5 nm.['¥)

Porphyrin derivatives are commonly chosen molecular
cores for single-molecule transport studies because of their
modular chemistry and large n-conjugated systems that give
small level spacings and small reorganization energies for
electron transfer.'! To generate single-molecule devices
with a m-stacking connection, the porphyrin precursor is
functionalized with polycyclic aromatic groups, e.g., pyrenes
(shown in Figures la and 2b), hexabenzocoronenes or
tetrabenzofluorenes, and then dropcast from solution onto
the graphene nanogaps. The synthesis of these compounds
and detailed descriptions of the n-stacking graphene—
porphyrin devices have been reported previously.!

For amide coupling, we synthesized two compounds, p-
ZnP and m-ZnP (both shown in Scheme S1-1), which have
either a para- or meta- arrangement of the amine anchoring
group and the porphyrin macrocycle around connecting
phenyl rings, by Sonogashira coupling a dibromo-zinc-
porphyrin precursor with 4-ethynylaniline and 3-ethynylani-
line, respectively. The mechanism of electroburning of
graphene in air involves oxidation,"” and the nanogap edges
are decorated with oxygen-containing functional groups.
Previous research has shown that it is possible to couple a
molecule across graphene-nanogap electrodes by immersing
the devices into a solution of amine-functionalized mole-
cules under amide-coupling conditions, suggesting that the
edge groups include carboxylic acids.”'? Chips containing
graphene nanogaps were immersed in dichloromethane:
triethylamine (1:1) solutions containing either m-ZnP or p-
ZnP and an amide coupling reagent (DIC, HATU or
EDIC) for 48 hours, then washed and dried, to generate
covalently coupled single-molecule devices (shown in Figur-
es 1b and 2c). More details of coupling and control experi-
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ments are given in Supporting Information (Figures S5 and
S6, respectively).

Current-voltage maps (I vs. V4 and V,) were taken
before and after the molecular connection for 555 amide-
coupled devices, and for 666 n-stacked devices. To make
initial comparisons between the large numbers of devices,
we plotted the zero-bias conductance (at V,=0 V) of each
device before and after the molecular connection (Figur-
es 3a and 3b). There is a wide spread of values, but a notable
difference between the two datasets is that graphene nano-
gaps subjected to amide-coupling showed significantly more
devices with a large increase in conductance after the
molecular connection, with a cluster of devices in the top-
left of Figure 3b. Overall, 5.6 +1.9 % of devices subjected to
amide coupling displayed a hundred-fold increase in con-
ductance after molecular connection, compared to 1.4+
1.0 % of n-stacking devices, which is a statistically significant
difference (p-value =3x10"7; see Supporting Information for
p-value calculation). The result for n-stacking is similar to
control experiments where the devices were immersed in a
solution of just p-ZnP, or just with the coupling reagent
(127 devices in total), as shown in Supporting Information.

Zero-bias conductance and [,—V, measurements at zero
gate voltage can elucidate trends but are of limited use for
molecular devices. For strongly coupled devices, close align-
ment between the graphene Fermi level and nearest orbital
is not necessary to observe a conductance increase, as
current can flow efficiently by off-resonant transmission
through lifetime-broadened molecular orbitals (i.e., that
have a FWHM of I'). If molecule-electrode coupling is
sufficiently weak, however, so that the transport mechanism
is first-order sequential tunnelling, then current only flows
when a molecular energy level is on resonance; otherwise it
is suppressed by a Coulomb blockade. Consequently, if
there is no transition within kg7 of the Fermi levels of the
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Figure 3. Device comparisons. Scatter plots of zero-bias conductance before and after molecular connection by (a) n-stacking!'® or (b) amide-
coupling anchoring chemistry. Each marker represents a single device, with the conductance before connection as the x-value, and conductance
after as the y-value. Devices identified as molecular devices from full stability-diagram measurements are highlighted in orange (n-stacking) or
green (amide coupling). The solid diagonal lines represent devices that do not change conductance after the coupling, and dashed lines are
labelled with the factor that conductance changes by after coupling. (c) Before and after I,+—V,q measurements of device A (indicated by the arrow
on panel a), which is a n-stacked device that displays weak-coupling and Coulomb blockade (CB). (d) Before and after I,—V,4 measurements of
amide-coupling devices (B-E) with fits to Equations (1-4) in the main text. Fitting parameters: B:I'=1.6 meV, £,=0.15 eV, a,=0.48,

C:T'=240 meV, £,=0.16 eV, 0,=0.48, D:I'=120 meV, £,=0.14 eV, a,=0.54, E:T" 250 meV, £,=0.31 eV, a,=0.56. Amide coupling device
measurements were done at room temperature. B-D are p-ZnP devices and E is a m-ZnP device.

graphene electrodes at V,=0V, then no change in zero-bias
conductance is expected, even if the nanogap is bridged by a
molecule. An example of this is shown in Figure 3c, where a
n-stacking molecular device (device A, the anchoring group
is shown in Figure 2b) shows little current increase until the
bias window is large enough to lift the Coulomb blockade at
V~250 mV.

Various methods have been used to define the ‘device
yield’ in studies of static single-molecule junctions. The
simplest method is to classify a device as ‘molecular’ if there
is an increase in current after a coupling procedure, through
comparison of I~V curves. If this over-simplified method
is applied to the devices studied in this work, all the devices
above the solid diagonal line (Gyger> Gierore) in Figure 3a
and 3b would be counted (these are not those highlighted in
Figure 3) giving yields of 49.3+3.4% (274/555) for amide
coupling, 51.2+32% (341/666) for n-stacking, but also
48.8+7.2% (62/127) for the control experiment. This result
is perhaps unsurprising, as the exponential dependence of
tunnelling current on barrier height and width means that

Angew. Chem. Int. Ed. 2024, 202401323 (4 of 9)

small fluctuations at the atomic level that may occur during
the coupling chemistry will lead to measurable changes in
tunnelling current,™™ with half of these random fluctuations
increasing device conductance. Therefore, to classify any
particular junction as a ‘molecular device’ and obtain a yield
we chose to compare each pair of 2D maps of tunnelling
current as a function of V and V, before and after
molecular connection." The points highlighted by green or
orange markers in Figures 3a and 3b are those identified as
molecular devices from making these comparisons. Devices
were classified using an unsupervised algorithm for data
selection (see details in Supporting Information Section 4),
based on whether transport features (viz., features in Gy~
V,, not necessarily at V,=0V) only appeared after molec-
ular deposition. This comparative approach is necessary
because residual carbon quantum dots can produce resonant
tunnelling regions prior to molecular deposition, as dis-
cussed previously.®! The before and after maps measured
at room temperature are given in the Supporting Informa-
tion (Figures S8-S12) for all amide-coupling devices, and for
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the n-stacking devices they are given in Ref. [11a]. The
conductances of our molecular devices are distributed over
several orders of magnitude. This distribution is the result of
different atomic-scale structures of electrodes and bonding
geometries from device to device, and is consistent with
high-quality STM-break-junction (BJ) results.”*!” The aver-
age value of the conductance is also close to the result of a
similar molecular core with thiol (thioacetate) anchors
measured on STM-BJ.”Y Overall, we estimate the device
yield as 5.8 % +1.9 % (32/555) for amide coupling and 3.9 %
+12% (26/666) for n-stacking, respectively, using this
method.

The orange markers that represent n-stacked devices in
Figure 3a are not shifted much from the junctions without
molecules. In contrast, the amide-coupled devices often
have an increase in zero-bias conductance at V,=0V by
more than two orders of magnitude, as indicated by the
cluster of green markers in the upper left of Figure 3b. Four
examples of IV, curves for amide-coupled p-ZnP devices
are given in Figure 3d (device B has slightly different
geometry to Figure 2a as reported in our recent research!).
Results from other devices are included in the Supporting
Information (Figures S13-S15). The large increases in zero-
bias conductance after amide coupling suggest that these
particular amide-coupled devices are not in the weak-
coupling regime. Off-resonant transmission then contributes
to the tunnelling current, reducing the importance of
energy-level alignment for zero-bias conductance. Stronger
coupling would also be consistent with the large device
currents measured (Figure 3d).
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To draw more robust conclusions about the tunnelling
mechanisms, we wire-bonded devices and measured again at
~77 K to reduce thermal noise. The conductance map and
zero-bias gate trace of device A (m-stacking) are shown in
Figures 4a and 4c, respectively. They display Coulomb-
blockade behavior characteristic of a weakly coupled
molecular device. There is high conductance when a
molecular energy level lies within the bias window between
the electrode potentials, where resonant sequential tunnel-
ling between many-body charge states of the molecule is
permitted, and conductance is suppressed in the off-
resonant, Coulomb-blocked regions. The zero-bias conduc-
tance peaks at V,=—1V and V,=-4V correspond to the
alignment of the first oxidation (uy.;,y) and second oxida-
tions (Uy.yn.1) of the molecule with the chemical potentials
of the electrodes. Outside these thermally broadened peaks,
the conductance is at the noise level of the measurement.
The diamond-shaped regions of conductance suppression
(Coulomb diamonds) can be assigned molecular charge
(redox) states N, N-1, and N-2, where N is the number of
electrons on the molecule in the neutral state. The edges of
Coulomb diamonds are sharp, indicating strong charge
localization and a molecular oxidation state that is well-
defined across the conductance map.

The conductance maps of the amide-coupling devices
(Figure 4b) are very different from those of n-stacking
devices. There is high conductance (~10~ G,) across most of
the V, range, and Coulomb diamonds are barely distinguish-
able, indicating an off-resonant transport mechanism
through molecular orbitals that are strongly hybridized with
the graphene, rather than sequential transport and associ-
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Figure 4. Differential conductance characteristics. (a) Differential conductance maps for (a) n-stacking device A and (b) amide-coupling devices B—
D. (c,d) Zero-bias conductance gate traces for the devices. Coulomb blockade is observed for device A and molecular charge states (N-2, N-1, N)
can be assigned. For devices B-D, an anti-resonance feature is observed which reduces the conductance to down to the noise level of the
measurements (horizontal dashed lines) over a gate range close to V,=0 V. The noise level is around 107¢*7% G, and depends on the specific
measurement set-up and current amplifier settings. The measurement temperature is 77 K (device A) or 80 K (devices B-D). A low-temperature
conductance gate trace of device E is shown in Figure S7 of the Supporting Information.
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ated charge localization. These observations confirm the
indications in Figure 3 that amide-coupled devices have
stronger molecule-electrode coupling. This trend contradicts
a theoretical study of these two anchoring strategies that
predicted only moderate differences in conductance and
higher conductance for devices using pyrene anchoring
groups rather than amide bonds.* If the calculations are
correct, then the discrepancy may be the result of only
partial overlap of planar anchoring groups with graphene, or
residual adsorbed contamination from either atmosphere or
fabrication processing that prevents a close anchor-gra-
phene n—n interaction.

It has been reported, and research has shown in a
junction with gold electrodes,* that hybridization of
molecular orbitals with the electrodes in the strong coupling
regime should broaden the orbital resonances to the extent
that conductance becomes almost independent of V,.
Instead, we observe an anti-resonance in the conductance
around V,~0 V where the current reduces to the noise level,
as well as some smaller G-V, fluctuations (shown in
Figure 4d). Our recent study,” along with theoretical
work,? showed that the conductance minima around V=
0V are a result of destructive quantum interference at the
graphene—-molecule interface, which is why the minima
appear for both precursor isomers. Suppressions in the local
density of states at the edge atoms of graphene reduce the
device transmission around the Fermi level, causing the anti-
resonance features. The smaller Gy~V, fluctuations are
harder to assign, but could result from further interference
effects,'” density-of-states fluctuations in graphene,* addi-
tional molecular orbitals contributing to transport, or vibra-
tional effects.

In order to correlate the observed behavior with the
level alignment and molecule—electrode coupling, we use the
following expression for first-order transport processes
through a single-level:*

YLYR — VRYL
Iq == =

UL YR HL R @
where y, and ¥, denote the rates of tunnelling to and from
the molecule respectively, at each electrode (I = L/R). The
rates are given by

y=10 [ fieke) e @

W:n/n—MMHaw, 3)

where I'; is the molecule-electrode coupling, and f;(¢) is the
Fermi-Dirac distribution at electrode /. Statistical prefactors
that result from spin degeneracy can be included in the
equations of the rates, which is necessary in the weakly
coupled limit.” The molecular density of states k are given
by:
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where I'/h is the lifetime of the electronic state. B(f) is the
phononic correlation function, a time-dependent Franck-
Condon factor that describes the vibrational dynamics that
accompanies electron tunnelling. For k and k the factor o is
+1 or —1, respectively.

Following previous work,>7 the phonon-correlation
function B(f) is generated from DFT-calculated electron—
phonon coupling constants. For n-stacking devices, ¢, is
calculated as the product of gate voltage of the nearest
Coulomb peak and the gate coupling a, (which is in turn
calculated from the slopes of the Coulomb diamonds).*!
The couplings, I' (=T +T'g) are then fitting parameters to /-
V traces on these resonances.” For the amide-coupling
devices there is no clear Coulomb peak, so ¢ and the
molecule—electrode couplings are fitting parameters.

The fits to equation 1 for devices B-E are shown on the
respective I-V curves in Figure 3d, and the remaining
devices are in Supplementary Figures S13-S15. In Figure 5,
we plot the (g, I') pairs for both sets of devices. The
electronic couplings of n-stacking molecular devices are in
the range 107°-102 eV, whereas for amide-coupling devices
the values are higher, mainly between 10 and 10°eV.
Differences in the magnitude in electronic coupling there-
fore correlate with the different transport mechanisms
observed experimentally in Figure 4. It is common to classify
the transport regime (strong/intermediate/weak) through
the ratio I'/0E;, where JE| represents the energy spacings of
the molecule. If we take JF; to be the energy differences
between charge states (addition energies, E,q), We can read
them directly from a stability diagram® (E,q(N—1)
~400 meV for device A) or approximate them from
solution-phase cyclic voltammetry (1.7 eV between the first
oxidation and reduction wave, and 0.2-0.5eV for subse-
quent spacings for molecule in device A).""® Our calculated

10° 3 E
1 b o"% ~
3 O
] © kT
1072 3 ©§ B
~ ] o)
SO o %
Ny E &
(6}
10_6 ] T T T

0 01 02 03 04
leol (V)

Figure 5. Transport parameters. Scatter plots of level alignment and
electronic coupling for amide-coupling (green markers, black outline
for p-ZnP, green outline for m-ZnP) and n-stacking (orange markers)
devices. The red band represents the thermal-energy, kT with upper
and lower limits corresponding to 298 K and 77 K, respectively.
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ratios of I'/0E; are broadly in line with definitions of weak
coupling (I'/0E; <0.1) for m-stacking, and intermediate
coupling (0.1 <T/0E; <1) for amide coupling. If, alterna-
tively, we take JE| to be the orbital spacings in an isolated
molecule (calculated by DFT), then similar ratios are found.
For comparison with cyclic voltammetry or, especially DFT
calculations, some device-dependent renormalization of the
values is expected.

As we have observed above, the charge-transport
mechanism also depends on the vibrational effects associ-
ated with electron transport. In Figure 6 we plot the effects
of both the vibrational correlation and the finite lifetimes of
electronic states involved in transport in the time and energy
domains.”” For device A (mn-stacking, I'=0.6 meV), the
relative timescales of vibrational dynamics and the finite
lifetime are similar, leading to inelastic processes contribu-
ting to the energy-dependence of k and k. For device C
(amide coupling, I'~240 meV), however, the short excited-
state lifetime dominates the dynamics. In this limit,
B(t)e " ~ ¢/ (seen in Figure 6b); the energy depend-
ence has the form of a Lorentzian broadened by I'; and the

a
1.0 k k
154
0.8
0.6 1
~1041
0a e—l"tlh %

. o rvh =
0.2- B(t)e 5
0.0+

device A 04
1 T
0.0 0.2 0.4 E 00 O
t (ps)
b
1.04 \\ — Tt
R ()
N
D — B(t)e—l"t/i’l
0.5 1
device C
0.0 1
T T T T
0 5 10 15
t (fs)

Figure 6. Time- and energy-dependence. Calculated phonon-correlation
functions and lifetime-broadening of (a) device A and (b) device C,
using the parameters from the fits to equations 1-3 and DFT-calculated
electron—phonon couplings. The vibrational dynamics for weakly-
coupled device A (I = 0.6 meV) result in a structured energy depend-
ence of the molecular densities of states, k and k. For device C (

I' = 240 meV), dynamics are dominated by lifetime-broadening and k
and k are Lorentzian functions broadened by I, equivalent to the
energy dependence of transmission for the single-level model. The
electron—phonon correlation functions are calculated at 77 K.
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equations above reduce to the non-interacting Landauer
description (commonly known as the single-level model).F’

For strongly coupled devices, there have been numerous
experimental and theoretical studies that have demonstrated
quantum-interference effects in molecular conductance
measurements, confirming that transport is, at least partly,
phase-coherent.” For devices that display Coulomb block-
ade, transport is not a priori incoherent, as electronic
interferometric measurements have shown that transport
through Coulomb peaks can be phase-coherent.” As shown
in Figure 6a, however, when the timescales (%/I') for
electron tunnelling are picosecond to nanoseconds (for I'=
107% to 107°eV), inelastic vibrational processes are permit-
ted, and these are associated with charge localization and
concomitant with decoherence.!''>*” Therefore, with increas-
ingly weak coupling, transport will become sequential and
incoherent.”™ Overall, the role of vibrational dynamics in
charge transport is relatively understudied in the intermedi-
ate coupling regime, as it lies outside where either Marcus
theory/Frank—-Condon physics or Landauer theory would be
valid. In these cases, the details of the transport mechanism,
and questions regarding the role of quantum coherence in
transport, are open and will depend on the interplay
between the tunnelling rates and molecular vibrations.
Using interfacial chemistry to control the transport regime
provides a strategy for addressing these questions.

Conclusion

In this work, we present a systematic study of how different
molecule—electrode connections affect charge-transport
properties of graphene-based zinc-porphyrin devices. For
covalent molecule-electrode links, couplings vary over
several orders of magnitude, but often exceed 10 meV,
resulting in phase-coherent transmission. For n-stacking,
couplings are in the peV-meV range, and transport is
characterized by Coulomb blockade and sequential tunnel-
ling that is likely to be incoherent. The results demonstrate
how changing the chemistry of the connection to the
electrodes can be used to access different regimes of
electron transport through a molecular device, which is a
prerequisite for designing functional devices that harness
interference effects or studying the influence of individual
quantum vibrational or spin states on conduction. Further-
more, we have highlighted challenges in the field, such as
the need for both a robust definition of device yield, and
device-to-device variability. The methods we present here
give dynamic information on single-molecule devices and
shed new light on the fundamentals of transport mecha-
nisms.

Supporting Information
Supporting Information is available from the Wiley Online

Library or from the author. The authors have cited addi-
tional references within the Supporting Information.
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‘wave-like’ by changing the chemical
structure of the molecule-electrode in-
terface.
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