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S1 Tunneling current

The tunneling electron current per unit areaI along thez-
direction across an energy barrier placed between two (STM-
tip and substrate) electrodes under biasV (µt − µs = eV > 0)
having infinite transverse (x,y) extension can be expressed
as1,2

Itunnel= K

[

eV
∫ µs

−EF

T (Ez;V)d Ez−

∫ µt

µs

EzT (Ez;V)d Ez

]

.

(S1)
Once the barrier potential is known [eqn (1)], the transmission
coefficientT can be obtained exactly by numerically solv-
ing the Schr̈odinger equation.3. The numerical factor entering
eqn (5) can be easily obtained by using the value of the pref-
actor

K = 4πemh−3 = 1.618×108 pA nm−2eV−2, (S2)

wherem and−e stand for electron mass and charge, respec-
tively.

Although we have used eqn (S1) for all numerical results
presented in the main text, we mention that results obtained
by assuming a highly lateral constriction2,4 (one-channel Lan-
dauer formula)

Itunnel ∝
∫ µt

µs

T (Ez;V)d Ez (S3)

are qualitatively similar and do not alter the conclusions of this
work.

S2 Effects relevant for a realistic rarrier

Fig. S1 and Fig. S2 demonstrate that attempts to make the tun-
neling barrier more realistic do not improve the agreement be-
tween theory and experiment:Vt continues to increase roughly
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linear with 1/d, andG exhibits an overall exponential decay
with increasingd. To show that the potential profile has no
substantial impact onVt , we present in Fig. S1a results for two
extreme situations. The linear potential drop of eqn (2) is one
extreme idealization. The other extreme idealization would be
a flat potential [z-independentVb in eqn (1)]. Fig. S1b and
Fig. S1c show that considering rather broad distributions of
nanogap sizes and work functions rather than sharpd andΦ’s
do not improve the agreement with experiment.

S3 Ghost transmission

Adding a small contributionτ [given in the legend of Fig. S3)
to the transmission by tunneling (T → T + τ in the RHS of
eqn (S1] — which could mimics an extra contribution due to
pseudo-diffusion or hopping has an effect similar to the ghost
current. This is visible by comparing Fig. S3 shown below
with Fig. 3 of the main text.

S4 The activation energy: an important issue
for charge hopping

To make clear that fact that the large activation energies ex-
tracted from the experimental data7,8 represent an important
issue for assigning the charge transport in longer molecules as
entirelydue to hopping, we briefly expose the main difficulty,
closely following ref. 7.

Within Marcus’ electron transfer theory, the activation en-
ergyEa that determines the Arrhenius temperature (T) depen-
dence of the conductance

G ∝ exp(−Ea/kBT) , (S4)

wherekB is Boltzmann’s constant, can be expressed in terms
of the thermodynamic driving force∆F and the reorganization
energyλ 7

Ea =
(λ +∆F)2

4λ
≃

λ
4
. (S5)
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The above approximation is justified by the smallness of the
driving force∆F(≪ λ ); typical values are a few tens of meV
for ∆F and a few tenths of eV forλ . ∆F is basically given by
the variation in hopping site energies related to the potential
drop across the junction. For CP-AFM junctions, the above
reorganization energy entering eqn (S5) comprises the contri-
butions of intramolecular reorganization (λi) and of environ-
mental reorganization (λo)

λ = λo+λi ≈ 2λi . (S6)

λo embodies polarization effects of∼ 100 molecules that form
a CP-AFM junction. As done above, a common procedure is
to assume

λo ≈ λi (S7)

and to estimate the intramolecular reorganizationλi by
means of DFT calculations7. For the longer molecular
species that exhibit thermally activated conduction, calcu-
lations at DFT/M062X/6-61G** level yielded valuesλi =
0.30−0.10 eV for the ONI series (cf. Table S4 of ref. 7) and
λi = 0.41− 0.17 eV for the OPI series (cf. Table S6 of ref.
7). When using the B3LYP functional instead of M062X,
values smaller by a factor of at least 2 were found (cf. Ta-
bles S5 and S7 of ref. 7). Even if the larger M062X-based
λi-values are used, by comparing the activation energies de-
duced from eqn (S5) and (S6) with the experimental values
(Ea ≈ 0.54−0.62 eV for ONI’s7 andEa ≈ 0.28 eV for OPI’s9)
one has to conclude that the mismatch amounts to a factor of
at least 2−3.

Although this is already quite important in view of the expo-
nential dependence of eqn (S4) one should still note that the
aboveλi should represent drastic overestimations: they em-
body the contributions ofall intramolecular vibrations, while
one should merely consider the contributions of very low fre-
quency modes, which are the only ones can be thermally acti-
vated10.
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6 I. Bâldea,Nanoscale, 2013,5, 9222–9230.
7 S. H. Choi, C. Risko, M. C. R. Delgado, B. Kim, J.-L. Bredas andC. D.

Frisbie,J. Amer Chem. Soc., 2010,132, 4358 – 4368.
8 T. Hines, I. Diez-Perez, J. Hihath, H. Liu, Z.-S. Wang, J. Zhao, G. Zhou,
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Fig. S1Transition voltageVt as a function of the inverse nanogap
sized for STM-tip of tungsten (ΦW = 4.55 eV) and substrates of Pt
(ΦPt = 5.65 eV) and Au (ΦAu = 5.2 eV). Neither (a) ignoring image
charges nor the potential profile, neither a uniform distribution of (b)
d nor (c) of Pt-substrate work functionW having finite widths
denoted byδ . . . and indicated in the legend qualitatively affects the
approximate linear increaseVt ∝ 1/d .
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Fig. S2Ohmic conductanceG as a function of the nanogap sized
for STM-tip of tungsten (ΦW = 4.55 eV) and substrates of Pt
(ΦPt = 5.65 eV) and Au (ΦAu = 5.2 eV). Neither a uniform
distribution of (a)d nor (b) of Pt-substrate work functionW having
finite widths denoted byδ . . . and indicated in the legend
qualitatively affects the almost exponential decay.
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Fig. S3(a) Transition voltageVt and (b) Ohmic conductanceG as a
function of the nanogap sized for STM-tip of tungsten
(ΦW = 4.55 eV) and substrates of Pt at positive biases
(ΦPt = 5.65 eV) in the presence of a ghost channel of dimensionless
resistivityρ = 10ν . ν-values are given in the legend. Image charge
effects are included using the exact classical interaction2,4,5, which
is cutoff close to electrodes using the procedure described
elsewhere6.
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