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Abstract

We report on the contrast formation in the local
contact potential difference (LCPD) measured
by Kelvin probe force microscopy (KPFM)
on single charge-transfer complexes (CTCs)
on a NaCl bilayer on Cu(111). At different
tip heights, we found quantitatively different
LCPD contrasts that characterize different
properties of the molecule. In the small dis-
tance regime, the tip penetrates the electron
density of the molecule, and the contrast is
related to the size and topography of the elec-
tron shell of the molecule. For larger distances,
the LCPD contrast corresponds to the elec-
trostatic field above the molecule. However,
in the medium-distance regime, i.e., for tip
heights similar to the size of the molecule, the
non-spherical distribution of 7- and o-electrons
often conceals the effect of the partial charges
within the molecule. Only for large distances
does the LCPD map converge towards the sim-
ple field of a dipole for a polar molecule.
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Main text
Measuring and understanding the detailed
charge distribution in individual charge-

transfer complexes (CTCs) are of particular in-
terest because of their application in molecular
electronics ' and organic photovoltaics.® Using
different scanning probe methods, the proper-
ties of individual molecules can be mapped
with submolecular resolution: with scanning
tunneling microscopy (STM), the molecular
frontier orbitals can be probed®? and for a po-
lar molecule the spatial separation of the lowest
unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO)
has been shown.® Using noncontact atomic
force microscopy (NC-AFM),? the atoms and
bonds within a molecule can be imaged!® and
the adsorption geometry can be obtained.!!!2
Finally, by Kelvin probe force microscopy
(KPFM),!? one measures the local contact po-
tential difference (LCPD), which yields infor-
mation about the distribution of charges. With
KPFM, charge sensitivity has been demon-
strated on single atoms,'* defects, 18 sur-
faces, '® 22 and also on molecules.?* 2> However,



the underlying contrast mechanism of KPFM
at the atomic scale and the interpretation of
atomically resolved LCPD maps are still under
debate and are also tackled by recent theoreti-
cal studies.?6:27

Here we investigate individual covalently
linked donor—acceptor (polar) and acceptor—
donor—acceptor (bipolar) CTCs.?%2 Thereby,
the molecules under investigation were designed
specifically as compactly fused donor—acceptor
and donor—acceptor—-donor entities. We make
use of STM and AFM to determine and switch
the molecular adsorption geometry and inves-
tigate its effect on the LCPD. Furthermore, we
compare our measurements with calculations of
the electrostatic field above the molecule. As a
function of tip height, we find different molecu-
lar properties that determine the LCPD maps.
Our results demonstrate that the information
obtained by KPFM goes even beyond the deter-
mination of partial charges within the molecule.

The experiments were performed with a com-
bined STM/AFM based on a qPlus tuning fork
design® operated in the frequency-modulation
mode®' (oscillation amplitude = 0.5A) un-
der ultrahigh-vacuum and low temperature
(I' = 5K) conditions. The bias voltage was
applied to the sample. As substrate, two-
monolayer thick (100)-oriented NaCl islands
on Cu(111) [NaCl(2ML)/Cu(111)] were grown
to electronically decouple the molecules from
metal states. We investigated different CTCs
with varying types [pyrazine (PYZ) or thia-
diazole (TDZ)] and numbers (one or two) of
acceptor components and a common tetrathi-
afulvalene (TTF) donor. The CTC molecules
were thermally evaporated onto the cold sam-
ple. As tip, we used a focused-ion-beam-cut
Ptlr wire, which was repeatedly indented into
the Cu substrate. To functionalize such a Cu-
coated tip, a CO molecule was picked up by
vertical manipulation.

In Fig. 1(a), the structure of the bipolar
CTC TTF-PYZ; is shown. TTF-PYZ, on
NaCl(2ML)/Cu(111) has two different confor-
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Figure 1: TTF-PYZ, AFM (a) Model of
TTF-PYZy with the donor part in red and the
acceptor part in blue. (b) Side-view on the re-
laxed boat geometry of TTF-PYZ, in the "up’
conformation with the dihedral angle of ¢ = 12°
indicated. Color code: H: white, C: gray, N:
blue, S: yellow. (c,d) Constant-height AFM
images of TTF-PYZs in the ’"down’ (¢) and "up’

(d) conformation with a CO tip. Scale bars:
10A.

with different adsorption sites (see Fig. S7).
The chemical structure of the two states can be
identified by constant-height AFM imaging of
the molecule with a CO tip [see Fig. 1(c,d)]. 1032
In the 'down’ state, the TTF part in the center
is closer to the substrate than the molecule’s
ends, which therefore appear more pronounced
and brighter than the central part in Fig. 1(c).
In contrast, for the 'up’ state [Fig. 1(d)], the
TTF part with its clearly visible four S atoms
is sticking out. The Af contrast difference be-
tween the outer and the center part is a conse-
quence of the non-planar adsorption geometry
and the high sensitivity of the short-range re-
pulsive forces (Pauli repulsion) to changes of
the tip-—molecule distance.!!12

To corroborate our interpretation of the
molecular geometry, we performed density func-
tional theory (DFT) calculations of the free
TTF-PYZy molecule with the highly optimized
plane—wave code CPMD. We used the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation
functional, ab initio norm-conserving pseu-
dopotentials and added semiempirical van der
Waals (vdW) corrections.?® In the optimized
geometry, we find indeed a boat-type geometry
with a dihedral angle of § = 12° [see Fig. 1(b)].
This is very close to # = 13.5° for bare TTF
measured by gas electron diffraction.?* The
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Figure 2: TTF-PYZ, KPFM (a,b)/(c,d) LCPD (V*) maps of TTF-PYZ, in the ’down’/"up’
conformation at different heights z with a CO tip and the corresponding AFM maps at compensated
LCPD (Af*). The heights are given with respect to an STM set point of (I = 2pA, V =0.2V)

over the substrate. Scale bars: 10 A.

calculated energy profile for the bending into a
planar geometry is very shallow (AE &~ 4mV).
This high flexibility®® allows an easy transition
between the 'up’ and the ’down’ boat state.

To gain insights into the charge state and
charge distribution of the CTC and the ef-
fect of conformation on the aforementioned,
we acquired maps of the LCPD above the
molecule implemented by force-bias spec-
troscopy Af(V). 1422436 From the individ-
ual parabolic Af(V') spectra, the peak voltage
and the peak frequency shift (V* Af*) are ex-
tracted. This voltage V* corresponds to the
LCPD divided by the elementary charge. Maps
of V* called LCPD maps in the following, are
obtained by recording A f(V') spectra point by
point in constant-height mode on a lateral grid
with a typical acquisition time of 15 h.

In Fig. 2, LCPD maps of TTF-PYZ, and the
corresponding maps of the LCPD-compensated
frequency shift A f* are depicted. A CO tip has
been used to explore also the small-distance
regime. At moderate distance, the LCPD im-
ages recorded with a CO tip [Fig. 2(a,c)| resem-
ble those obtained with a Cu tip (see Fig. S1).
In this regime we observe for both conforma-
tions ('up’ and 'down’) a similar LCPD con-
trast. Interestingly, the LCPD is increased at
the positively charged donor as well as at the
negatively charged acceptor sites as compared

to the bare substrate. To the left and right
of the molecule, the LCPD is decreased. This
contrast contradicts the simple interpretation
of LCPD maps (neglecting higher-order mul-
tipoles) of a positive/negative charge giving
rise to a decreased /increased local work func-
tion and thus a decreased/increased LCPD.
These findings are not specific to this particular
molecule, but are also observed for TTF-TDZ,
(see Fig. S6).

With the CO tip, we can access the small-
distance regime where Pauli repulsion sets in,
and here the LCPD changes abruptly and sig-
nificantly [Fig. 2(b,d)]. At positions of repul-
sive interaction, the LCPD is decreased by
several 100mV. This LCPD decrease has the
same high spatial localization as the repulsive
Af* signal and sets in at the same imaging
height, suggesting a correlation between A f*
and the LCPD channel. This can be clearly
seen by comparing Af* and LCPD contrast
for both conformations, for example, consid-
ering the four bright Af* spots and the four
dark LCPD spots in Fig. 2(d). The LCPD
decrease at small distances can be explained
by a local penetration of the tip in areas of
significant electron density, which leaves the
molecule’s atomic cores partially unshielded.
Consistently, the immersion of the tip into the
extended m-orbitals leads to the repulsive Pauli
interaction.
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Figure 3: TTF-PYZ, theory (a) Calculated
z-component of the electrostatic field (£,) of
the flat TTF-PYZ, at 8.6 A away from the

molecular plane [dashed line in (b)]. (b) E,
in the z-z plane through the molecule’s cen-
ter [dashed line in (a)]. Blue/red arrows indi-
cate acceptor/donor positions. (c) Calculated
E, by assuming a set of non-interacting (spheri-
cal symmetric) neutral atoms in the TTF-PYZ,
arrangement, at 2.5A away from the molec-
ular plane [dashed line in (d)]. (d) E, in
the z-z plane at the dashed line in (c). (e)
DFT-calculated partial charges of TTF-PYZ,
by real-space integration. (f) Calculated E,
generated by the partial point charges of TTF-
PYZ, at 8.6 A away from the molecular plane
[dashed line in (g)]. (g) E, in the z-z plane
at the dashed line in (f). In (a,b,d,f,g) the
molecule structure is overlaid (color code: H:
Whge, C: gray, N: blue, S: yellow). Scale bars:
10

To understand the apparently conflicting con-
trast of the measured and expected LCPD,
we calculated the electrostatic field and partial
atomic charges of the free, planar TTF-PYZ,
molecule. The use of the planar instead of the
boat geometry for these calculations is justi-
fied at larger distances because of the small
differences of the LCPD and the Af* chan-
nel for both conformations at moderate height.

The insulating NaCl layer provides an elec-
tronic decoupling and prevents hybridization
and partial charge transfer with metal states.
Since the molecule is neutral, we do not ex-
pect strong modifications of the surface dipoles
as on metals. This allows us to compare the
measurements on NaCl with calculations of the
free molecule. The measured V* contrast at
the atomic scale qualitatively reflects the z-
component of the electrostatic field (F,) created
by the sample.!82* A quantitative comparison
is challenging due to the different work func-
tions of the mesoscopic tip and sample surfaces
and the resulting averaging effects.!* Fig. 3(a)
shows E, in the z-y plane 8.6A above the
molecule.?” In comparison with Fig. 2(a,c), the
measured LCPD contrast is well reproduced by
E, showing only slight deviations that can be
attributed to the nonplanar geometry.

In the following, we will describe which as-
pect of the molecular charge distribution will
contribute in which way to the molecular E-
field. In first order, the charge distribution of
the molecule can be described by a set of single
non-interacting neutral atoms with spherical
symmetric charge distributions. The F.-field
from this charge distribution is displayed in
Fig. 3(c,d). We observe a short-ranged field
that points away from the molecule in regions
of significant electron density and is zero in
the far field. For small distances this effect is
predominant and resembles the total electron
density that is also probed by the Af* sig-
nal. However, it cannot be decisive for medium
and larger distances. A second major com-
ponent is the E-field produced by the partial
atomic charges resulting from polarization of
bonds. This field has considerable multipole
moments and can have large contributions in
the medium- and large-distance regimes. In
Fig. 3(e), the partial atomic charges of the
bipolar TTF-PYZs; molecule are illustrated.
As expected, the N heteroatoms of PYZ act
as electron acceptors with a net electron ex-
cess of 0.07e, whereas electrons are depleted
at the TTF donor. The corresponding F-field
generated by these point charges is shown in
Fig. 3(f,g). Note that E, beyond the small-
distance regime [Fig. 3(f)] resembles a field



of two opposing dipoles (— 4+ +—) in consen-
sus with the expected behavior of the bipolar
molecule. Apparently, the sum of the fields
generated by the spherical symmetric electron
distribution and partial atomic charges does
not result in the calculated (and measured)
molecular F-field. The missing crucial factor,
not considered so far, is the complex three-
dimensional distribution of the electron density.
In the case of the bipolar TTF-PYZ, molecule,
this effect even leads to an inversion of the E,
contrast above donor and acceptor positions
[compare Fig. 3(a,b) with Fig. 3(f,g)]. The
resulting F-field, which is in agreement with
the experiment, is reminiscent of two opposing
dipoles in the orientation (+——+) although the
dipoles in the molecule are oriented (— + +—).
This finding demonstrates that the LCPD im-
age of a molecule cannot be broken down into
an assembly of partial point charges located at
the atom positions, but that the complex elec-
tron distribution in space has to be considered.
Note that this effect of the electron distribution
can be elegantly accounted for when measuring
the charge transfer. However, this is possible
only for stable molecular conformations with
different charge distributions by looking at the
difference of their LCPD maps.?*

To investigate the far-distance regime, we
also examined the polar TTF-TDZ molecule,
depicted in Fig. 4(a), which has a nonvanishing
lateral dipole moment (p = 4.2D). For TTF-
TDZ, the measured LCPD shown in Fig. 4(c)
is also in very good qualitative agreement with
E, [cf. Fig. 4(d)]. Although the E-field at
medium distance is again more complex than
its lowest-order multipole moment, it contains
large contributions from the molecular dipole.
In the far field, the calculated E-field converges
to a simple dipole field [see Fig. 4(e)] in agree-
ment with the expected behavior of a donor-
acceptor molecule. Note that at these large
distances the LCPD signal from the molecule
is below our experimental limit of detection.

In summary, we investigated the bipolar
CTCs TTF-PYZs and TTF-TDZ, and the po-
lar CTC TTF-TDZ on NaCl(2ML)/Cu(111)

acceptor donor

1006264

TTF-TDZ

()

experiment [

(d)

Figure 4: Polar TTF-TDZ (a) Model
of TTF-TDZ. Color code: H:white, C:gray,
N:blue, S:yellow. (b) Constant-height AFM
image of TTF-TDZ with a CO tip. Similarly
to TTF-TDZy and TTF-PYZs also TTF-TDZ
has boat-like geometry. (c) LCPD (V*) map
of TTF-TDZ using a Cu tip. (d,e) Calculated
z-component of the electrostatic field (E,) at
different heights z with a molecule model over-
laid. In (e) the far field of the molecular dipole
is visible. Scale bars: 10 A.

using STM, AFM and KPFM. Both bipolar
molecules show two conformational states 'up’
and ’down’, that were identified by AFM with
CO-functionalized tips and corroborated by
DFT. In KPFM, three main distance regimes
were identified that exhibit quantitatively dif-
ferent contrast and are related to different
aspects of the charge distribution within the
molecule: At distances much larger than the
molecule dimensions, the LCPD contrast re-
sembles the electrostatic far-field with predom-
inant contributions of the molecular electric
monopole (net charge) and dipole. At dis-
tances similar to the molecule dimensions,
the LCPD contrast corresponds to the elec-
trostatic field with predominant contributions
from higher-order multipoles caused by partial
atomic charges and the complex 3D electron
distribution. At very small distances, which
can be explored with a CO-terminated tip,
the tip penetrates the electron density of the
molecule. As a result, the molecule’s nuclei are
left partially unshielded, and the LCPD shows
a strong decrease of several 100 mV at positions
of high total electron density, in agreement with
the occurrence of repulsive Pauli interaction.
Only in this small distance regime do the tip
and the adsorption geometry of the molecule



play an important role for the LCPD measured.
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KPFM distance dependence

In Fig. S1, LCPD and the corresponding A f*maps of TTF-PYZ, in the ’"down’ conformation
are shown for different heights z recorded with a Cu and CO tip. In the intermediate distance
regime that can be accessed by Cu and CO tips [Fig. S1(a-d)], the LCPD contrast is in good
agreement with the electrostatic field [see Fig. S3(d-f)] at a given height generated by the
total charge distribution within the molecule. Qualitatively, the KPFM contrast obtained
with a Cu and a CO tip is very similar. Note, however, that the imaging heights of a Cu and
a CO tip are different at a certain STM set point. In the close distance regime [Fig. S1(e,f)],
where Pauli repulsion is observed in the A f*channel and which was only accessible with a

CO-functionalized tip, the LCPD is drastically decreased by several 100mV at positions of
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repulsive interaction. This effect results from a local penetration of the tip probe into the
molecule electron density. At this distance, the positive atomic cores are not completely com-
pensated by the negative charge of the electron density. Hence, the LCPD drops in regions
where the electron density is largest, i.e., in the close-distance regime the LCPD signal is
dominated by the total electron density. In Fig. S2(a-c) individual A f(V') spectra, extracted
from the measurements depicted in Fig. S1(b-f), are shown. The position (i) corresponds to
the left C-C bond, position (i) is above the left ring of TTF and the position (iii) at the
bare NaCl substrate. Note that for all measurement heights and positions we did neither
observe significant deviations from the parabolic Af(V') dependence nor correlations to the

tunneling current [shown in Fig. S2(d-f)].

Electrostatic field

In Fig. S3, the height dependence of the z-component of the electrostatic field (£,) of TTF-
PYZ, is shown. In the regime up to about 5 A, E, is subject to qualitative contrast changes.
Further away the contrast persists qualitatively, but changes in its strength. Note that this
E, contrast is reminiscent of two opposing dipoles in the order (+ —) and (— +). But in this
CTC molecule, the sequence is exactly opposite: acceptor (—) to the left, donor (++) in the
center and acceptor (—) to the right, which is also corroborated by the calculated partial
charges of the donor and acceptor components (see Fig. 3). This again demonstrates that
E, and hence the LCPD cannot be translated directly into the partial charge at a certain
position.

It should be noted that the simplified model used shows very good agreement with the ex-
periments, although it neglects all influences of the tip and sample. However, quantitatively
there might be influences of both tip and sample. For example tip dipoles or the electro-

static field of the ionic substrate® might induce small atom displacements in the molecule or



Figure S1: KPFM TTF-PYZ,. (a)/(b-f) LCPD (V*) maps of TTF-PYZ, in the ’"down’
conformation at different heights z with a Cu/CO tip and the corresponding AFM maps at
compensated LCPD (Af*). In measurements (b-f) the same CO tip was used. The heights
are given with respect to an STM set point of (I = 2pA, V = 0.2V) over the substrate.
In (e) Af*~ Afuin at the center of the carbon rings and the distance between the oxygen
atom of the CO tip and the molecular plane can be estimated to be d ~ 3.9 A.? Individual
Af(V) spectra at the three positions (i) — (#4i) are shown in Fig. S2a-c. Scale bars: 10 A,
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Figure S2: Individual Af(V) and I(V) spectra.
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(a-c) Individual Af(V) spectra at

different heights z = 1.1 — 2.5 A extracted from the KPFM measurements and the positions
(1) — (4i7) indicated in Fig. S1b-f. For all measurement heights and positions there were
no significant deviations from the parabolic Af(V') dependence observed. (d-f) Tunneling
current recorded simultaneously with the Af signal shown in (a-c), respectively.



polarize the molecule.

Figure S3: Electrostatic field of TTF-PYZ,. (a-f) Calculated z-component of the
electrostatic field (£,) at different (equidistant) heights z with the molecule model overlaid.
Scale bars: 10 A,

Figure S4: Electrostatic field of bent TTF-PYZ,. (a/d) LCPD map of TTF-PYZ, in
the "up’/’down’ conformation. (b/e) E,-field in the z-y plane for the TTF-PYZ; molecule
in the 'up’/’down’ conformation (z = 7A). (c/f) Molecule model in the "up’/’down’ con-
formation and the image planes of (b) and (e) indicated by the dashed lines. Scale bars:

10A.

In Fig. S4(b,e) the electrostatic field of the molecule in the bent geometry is shown. In
comparison with the measurements of the 'up’ and ’down’ conformation [Fig. S4(a,d)] even
subtle features like the brighter center of the up’ conformation and the darker ends of the

"down’ conformation are visible. Qualitatively, however, both "up’ and ’down’ agree with the

5



calculated E-field in the planar geometry (as shown in the manuscript).

We also examined the intramolecular charge-transfer transition (ICT) of the charge-
transfer complexes, where an electron is excited from the HOMO localized on the TTF to
the LUMO localized on the acceptor (see also Section Spectroscopic Characterization). In
Fig. S5, the calculated FE, of TTF-PYZ, in this excited state is shown. Strikingly, the E-field
in the excited state looks qualitatively very different compared to the E-field in the ground
state (c.f. Fig. S3). After the ICT, the E-field from about z ~ 4 A on clearly resembles a
field that can be described by two opposing dipoles in the sequence (— + +—), as expected
after donation of one electron from the center to the molecule’s ends. In this case, the large
partial charges (on the order of le) are the predominating effect for the E-field contrast.
Note that the E-field strength in the medium distance regime is approximately by a factor
of 5 larger for the molecule after the ICT than the the molecule in the ground state [compare
Fig. S3(d-f) with Fig. S5(d-f)]. We were not able to measure the molecule in the ICT state by

scanning probe microscopy, because of the short lifetime (in the range of ps) of the excitation.

(c) z2=4.6A B

(d) z=6.4A § 7z =10A

(f)

S=PRG mV/A |

Figure S5: Electrostatic field of TTF-PYZ, after the intramolecular charge trans-
fer transition (ICT). (a-f) Calculated z-component of the electrostatic field (£,) at
different (equidistant) heights z of TTF-PYZ, after the transition of one electron from the
HOMO to the LUMO (ICT) with the molecule model overlaid. The simplification has been
made that the geometry of the charge-transfer state is the same as in the ground state. Note
that the scales are slightly different compared to Fig. S3. Scale bars: 10 A.



Bipolar TTF-TDZ,

In addition to the polar TTF-TDZ and bipolar TTF-PYZ, molecule, we also examined
the bipolar TTF-TDZ; molecule. Fig. S6(a,b) show STM topographies of TTF-TDZ, on
NaCl(2ML)/Cu(111). Analogously to TTF-PYZ,, also TTF-TDZ, has two different con-
formational states, 'up’ and ’down’, with different adsorption sites as shown in the AFM
images with a CO tip in Fig. S6(c,d). By applying voltage pulses of >0.8V or <—2.1V, the
molecule could be switched between the two states. Because the 'up’ and ’down’ conforma-
tions have different adsorption sites (see Fig. S7), each switching is accompanied by a lateral
displacement of the molecule. The STM-induced conformation change and lateral manipu-
lation are effects of inelastic tunneling electrons that can excite molecular vibrations.*

In Fig. S6(e,f), LCPD maps of TTF-TDZ; in the "up’ and "down’ conformations are depicted.
Both conformations show very similar LCPD contrast. Interestingly, the LCPD is increased
above the entire molecule compared to the bare substrate, and the LCPD is increased above
the positively charged donor part (center) compared to the negatively charged acceptor parts

(ends). Again, this does not agree with the simple picture that the LCPD directly reflects

the positive and negative partial charges of the molecule.



Figure S6: TTF-TDZ, on NaCl(2ML)/Cu(111). (a,b) Constant-current STM topogra-
phies (I = 2pA, V = 0.2V) of TTF-TDZ; in the ’down’ (a) and 'up’ (b) conformations
recorded with a Cu tip. A voltage pulse of 0.8V (at the position indicated by the black
circle) was applied to switch between the conformations. A change in conformation is ac-
companied by a change in adsorption site from the TTF double bond on Cl top ('down’) to
a Cl bridge site ("up’). The inset in (b) shows the TTF-TDZ, structure with the donor part
in red and the acceptor parts in blue. (c,d) Constant-height AFM images of TTF-TDZ; in
the 'down’ (c) and the 'up’ (d) conformation, obtained with a CO tip. (e,f) LCPD (V*)
map of rl}“&TF—TDZ2 in the ’"down’ (e) and the "up’ (f) conformation using a Cu tip. Scale
bars: 10 A.



Adsorption geometry and site

Both TTF-TDZ; and TTF-PYZ, adsorb in a boat geometry on NaCl(2ML)/Cu(111) with
Cy, symmetry. In Fig. S7(a), the calculated® energy profile of the free (i.e. without substrate)
TTF-PYZ, molecule as a function of the dihedral angle 6 is plotted. For the free molecule, we
find an optimal angle of 6 = 12° with a rather small energy barrier for the flapping between
the 'up’ and ’down’ conformations of 4 mV. On the surface TTF-TDZ; *"down’ ('up’) adsorbs
in the polar NaCl direction with the TTF double bond on Cl top (Cl bridge) as illustrated in
Fig. S7(b,c). TTF-PYZ, "down’ ('up’) adsorbs in the polar (apolar) NaCl direction with the
TTF double bond on Cl top (Cl bridge) as illustrated in Fig. S7(d,e). The adsorption sites
were deduced from variable constant-height AFM images [see Fig. S7(f,g)].¢ Interestingly,
both molecules in the ’"down’ conformation are adsorbed with their sulfur atoms of TTF on
top of Na sites. This can be explained by the attractive interaction between the Na't ions
and the lone pair of the sulfur atoms.” Note that for TTF-PYZ, the molecule conformations
could not be switched because they are restricted to different substrate directions. However,
the molecules could be manipulated laterally with similar voltage pulses as TTF-TDZs but
without changing the adsorption site or the conformation. This is indicative of the common
TTF part being decisive for the molecule hopping on NaCl, probably through excitation of

the TTF flapping mode by inelastic tunneling electrons.
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Figure S7: Adsorption geometry. (a) Calculated energy profile for the dihedral bending
at the four sulfur atoms of TTF-PYZ,. The ground-state energy of the molecule is set to
zero. The dihedral angle 6 between the atoms marked by black cross-hairs was fixed in
the calculations. (b/c) Model of the experimental adsorption site for TTF-TDZ; in the
"down’/’up’ conformations. (d/e) Model of the experimental adsorption site for TTF-PYZ,
in the ’down’/’up’ conformation. Color code: H: white, C: gray, N: blue, Na*: purple, S:
yellow, Cl7: green. (f,g) Adjusted constant-height image of TTF-PYZ, in the ’down’ (f)
and "up’ (g) conformation with a CO tip (using two imaging heights, z; and z,,). Note that
for each imaging height, another contrast in Af was chosen. The crossings of the dashed
lines mark Cl atoms. Scale bars: 10 A.
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Synthesis of the Charge-transfer complexes
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Scheme S1: (a) Molecule structures of TTF-TDZ, TTF-TDZ,, TTF-PYZ and TTF-
PYZ,. (b) Synthetic route to obtain molecules in (a).

Unless stated otherwise, all reagents were purchased from commercial sources and used
without additional purification, 6-(1,3-dithiol-2-ylidene)[1,3]dithiolo[4,5- f][2,1,3]benzothiadiazole
(TTF-TDZ),® 5,6-diamino-1,3-benzodithiole-2-thione (1),% % [1,3]dithiolo[4,5- f]-2,1,3-benzothiadiazole-
6-thione (2),'® [1,3]dithiolo[4,5- f]-2,1,3-benzothiadiazole-6-one (3)® and [1,3]dithiolo[4,5-g]quinoxaline-

2-thione (5)!* were prepared according to literature procedures.

6-([1,3]Dithiolo[4,5- f][2,1,3]benzothiadiazol-6-ylidene)[1,3]dithiolo[4,5- f][2,1,3]benzothiadiazole
(TTF-TDZ,):

Triethyl phosphite (4 mL) was added to a solution of 3 (102 mg, 0.45 mmol) in toluene (2mL)

11



under Ar. The mixture was refluxed for 3h. After cooling to room temperature, the red
solid was collected by filtration and washed with MeOH to afford TTF-TDZs,.
Yield: 82mg (87%); m.p. >350 °C; IR (KBr): v = 3437, 2918, 1635, 1427, 1242, 1076,
839, 812, 800, 779, 635 cm~!; 'H and *NMR are unavailable because of its poor solubility;
HRMS (ESI): m/z caled for C,,H,N,Sq: 419.8755; found: 419.8755; elemental analysis calcd
(%) for C,,H,N,Sq: C 39.98, H 0.96, N 13.32; found: C 39.86, H 1.11, N 12.82.

[1,3]Dithiolo[4,5-g]quinoxaline-2-one (5):

Hg(OAc)s (236 mg, 1 mmol) was added to a solution of 4 (1.6 g, 5mmol) in dichloromethane
(20mL). The mixture was stirred at room temperature for 30 min. The light-yellow solid
was filtered off while the filtrate was evaporated under reduced pressure to afford 5 as a
white solid. Yield: 160mg (73%); m.p. 262-263 °C; IR (KBr): v = 3436, 3065, 1739, 1664,
1456, 1358, 1297, 1179, 1021, 931, 900, 868 cm~*; 'H NMR (300 MHz, DMSO-ds): ¢ =
8.97 (s), 8.64 (s) ppm; ¥C NMR (75.5 MHz, DMSO-dg): 6 = 190.1, 146.2, 140.6, 135.2,
123.6 ppm. HRMS (ESI): m/z caled for CgH,N,S,: 220.9838; found: 220.9838; elemental
analysis caled (%) for CoH,N,0S,: C49.07, H 1.83, N 12,72; found: C 49.29, H 2.03, N 12.31.

2-(1,3-Dithiol-2-ylidene)[1,3]dithiolo[4,5-g]quinoxaline (TTF-PYZ):

Triethyl phosphite (8 mL) was added to a solution of 5 (440 mg, 2 mmol) and vinylene trithio-
carbonate (537 mg, 4 mmol) in toluene (20 mL) under Ar. The mixture was refluxed for 3 h.
After cooling to room temperature, followed by removal of toluene, the residue was puri-
fied by chromatography on silica gel initially eluting with hexane to remove excess triethyl
phosphate, and then with a mixture of dichloromethane/THF = 1:1 to afford TTF-PYZ
as a red solid. Yield: 240mg (39%); m.p.: 253-254 °C; IR (KBr): v = 3435, 3037, 1630,
1451, 1419, 1349, 1331, 1269, 1167, 1092, 1022, 963, 925, 881, 793, 779, 670 cm~!; 'H NMR
300 MHz, DMSO-dg): § = 8.81 (s), 8.21 (s), 6.82 (s); '*C NMR (75.5 MHz, DMSO-dg) & =
145.4, 141.2, 141.0, 120.8, 119.9, 118.3, 103.2 ppm; HRMS (ESI): m/z calcd for C,HgN,S,:

12



305.9414; found: 305.9408.

2-([1,3]Dithiolo[4,5-g]quinoxalin-2-ylidene)[1,3]|dithiolo[4,5-g]quinoxaline (TTF-PYZ,):

Triethyl phosphite (8 mL) was added to a solution of 5 (220 mg, 0.5 mmol) in toluene (4 mL)
under Ar. The mixture was refluxed for 3h. After cooling to room temperature, the red solid
was collected by filtration and washed with MeOH to afford TTF-PYZ,. Yield: 150 mg
(74%); m.p. >350 °C; IR (KBr): v = 3434, 3045, 1634, 1453, 1420, 1349, 1171, 1092, 1030,
978, 924, 881, 780, 683 cm~!; 'H NMR and 3C NMR are unavailable because of its poor
solubility; HRMS (ESI): m/z caled for C;gHgN,S,: 408.9705; found: 408.9699; elemental
analysis caled (%) for C;gHgN,S,: C52.92, H 1.97, N 13.71; found: C 52.81, H 1.89, N 13.27.

Spectroscopic characterization
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Figure S8: Absorption and emission spectra of TTF-TDZ (\.x = 460 nm , solid line) and
TTF-PYZ (Aex = 450 nm , dotted line) in THF solution at room temperature. The vertical
arrows mark the peaks of the absorption bands (A.ps) corresponding to the intramolecular
charge-transfer transition (ICT) of TTF-TDZ and TTF-PYZ, respectively.
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Figure S9: Cyclic voltammograms of TTF-TDZ (dotted line) and TTF-PYZ (solid line),
recorded in DCM with "BuyNPFg (0.1 mol dm™3) as the supporting electrolyte.

The optical absorption spectra of TTF-TDZ and TTF-PYZ are shown in Fig. S8, and
correspondingly Tab. S1 lists some selected data. Both compounds exhibit an analogous ab-
sorption profile that can be characterized by intense absorption bands at wavelengths below
350nm. These high-energy absorptions can be assigned to 77* transitions, which are mainly
localized on the donor and acceptor moieties. The broad and intense absorption band in the
visible spectral region (above 400 nm) is typical for fused D-m-A molecules and essentially
corresponds to an intramolecular charge-transfer transition (ICT), i.e., a one-electron exci-
tation from the HOMO localized on the TTF unit to the LUMO localized on the acceptor

moiety. Both compounds exhibit a weak fluorescence in the red part of the spectral region.

The electrochemical properties of TTF-TDZ and TTF-PYZ were investigated by cyclic
voltammetry (Fig. S9 and Tab. S1). Both compounds show two oxidation waves, thus they
can be oxidized to the radical (TTF**-TDZ/PYZ) cation and dication (TTF**-TDZ/PYZ)
states sequentially and reversibly. In addition, both compounds exhibit one reversible re-

duction wave corresponding to the reduction of the acceptor moiety (TTF-TDZ~/PYZ™).
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Table S1: Optical and electrochemical data, HOMO and LUMO energy levels of TTF-TDZ
and TTF-PYZ.

Aabs (nM) Aem (nm)  Egope(eV)®  E(V)IT HOMO(eV)™ LUMO (eV)™
(€max (10* M~ tem™1))
TTF-TDZ 495 (0.99) 625 2.21 -1.84 -4.98 -3.02
TTF-PYZ 457(0.83) 635 2.25 -2.02 -4.92 -2.9

Importantly, for both compounds, the electrochemical HOMO-LUMO gap matches fairly
well with the optical HOMO-LUMO gap (taken from the crossing-point of the absorption

and emission spectra).

Methods

Air- and/or water-sensitive reactions were conducted under Ar in dry, freshly distilled sol-
vents. Elemental analyses were performed on an EA 1110 Elemental Analyzer CHN Carlo
Erba Instruments. 'H NMR spectra were recorded on a Bruker Avance 300 (300 MHz) spec-
trometer. Chemical shifts are reported in parts per million (ppm) and are referenced to the
residual solvent peak (DMSO-ds, 'H = 2.50 ppm, 3C = 39.52 ppm ). The resonance labeled
as (s) represents a single peak. FT-IR spectra were recorded on a Perkin Elmer One FT-IR
spectrometer. High-resolution mass spectra were recorded with ESI (electrospray ioniza-
tion) on a Thermo Scientific LTQ Orbitrap XL in the positive mode. The melting point
was measured with Biichi B-540 microscope apparatus. Optical absorption spectra were
recorded on a Perkin Elmer Lambda 900 UV /Vis/NIR spectrometer. Emission spectra were
recorded on a Perkin Elmer LS 50B. Cyclic voltammetry was performed in a three-electrode
cell equipped with a Pt-disk working electrode and a glassy carbon counter-electrode; an
Ag/AgCl containing 2M LiCl (in ethanol) was used as reference electrode. The electro-
chemical experiments were carried out at room temperature under argon in dichloromethane
(DCM) with BuyN(PFg) (0.1 M) as a supporting electrolyte. The voltammograms were

recorded on a PGSTAT 101 potentiostat.
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