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Abstract

Electron donor-acceptor molecules are of outstanding interest in molecular electron-

ics and organic solar cells for their intramolecular charge transfer controlled via electri-

cal or optical excitation. The preservation of their electronic character in the ground

state upon adsorption on a surface is cardinal for their implementation in such single-

molecule devices. Here, we investigate by atomic force microscopy and scanning tunnel-

ing microscopy a prototypical system consisting of a π-conjugated tetrathiafulvalene-
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fused dipyridophenazine molecule adsorbed on thin NaCl films on Cu(111). Depending

on the adsorption site, the molecule is either found in a nearly undisturbed, free state

or in a bound state. In the latter case the molecule adopts a specific adsorption site

leading to the formation of a chelate complex with a single Na+ alkali cation pulled out

from the insulating film. Although expected to be electronically decoupled, the charge

distribution of the complex is drastically modified leading to the loss of the intrinsic

donor-acceptor character. The chelate complex formation is reversible with respect to

lateral manipulations enabling tunable donor-acceptor molecular switches activated by

on-surface coordination.

Keywords: atomic force microscopy, scanning tunneling microscopy, fused donor-

acceptor molecules, local contact potential difference, single-molecule, force spectroscopy,

coordination.

Electron Donor-Acceptor (DA) molecules are highly regarded in nanoscience for their

properties at the base of a emerging class of single molecule based electronic devices.1–5

DA molecules with spatially separated electron donating and accepting moieties allow a

controlled internal charge transfer.6 The spatial separation of the highest occupied molec-

ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) allows excited

electron-hole pairs to be split upon photon absorption, thus making DA molecules useful for

the conversion of light into electrical current leading to applications in organic solar cells.7

Furthermore, electrons can be tuned to resonantly tunnel in and out of the molecule by

applying suitable bias voltages. Since there is a preferential direction for electron tunnel-

ing through the molecule, DA molecules can also rectify the current and act as molecular

diodes.8,9 The spatial separation of the electronic orbitals as well as the charge distribution

in the ground state determine the properties of DA molecules upon excitation. The question

whether these particular properties of DA molecules are still preserved upon adsorption on

a surface is cardinal for their integration in molecular electronics.
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At the molecular level, subtle molecule-surface interactions may induce several stable

adsorption configurations which depend on the alignment of the molecular structure with

respect to the underlying substrate. Using high spatial resolution of non-contact atomic

force microscopy (AFM) and scanning tunneling microscopy (STM), the interplay between

structural and electronic properties of molecules as well as the visualization of on-surface

chemical processes can be elucidated down to the atomic scale.10–17 Recently, the small fused

DA molecule, TTF-PYZ2, was reported to adopt two conformational states on thin NaCl

films on Cu(111).10 By mapping the local contact potential difference (LCPD), the charge

distribution of single molecules10,18 was found to be similar to the gas phase, thus demon-

strating electronic decoupling from the metallic substrate.11,19–21 Pioneering studies with

individual atoms have further demonstrated the capability of charging on NaCl films.22–24

The charge state was shown to be related with the adsorption position on the NaCl lattice

which also induced the structural relaxation of the underlying atomic lattice.24,25 In contrast,

site-dependent charge states were not reported for molecules on thin insulating films since

the molecules are usually weakly adsorbed through van der Waals interactions. However,

the intrinsic DA character of the molecules implies the coexistence of electron excess and

depletion regions at the intramolecular level. Such particular charge distribution may locally

interact with the alternating charges of the NaCl film like in the charged adatom case if those

regions are sufficiently localized.

Here, we report the investigation of the charge states of a prototypical DA molecule,

the tetrathiafulvalene-fused dipyridophenazine (TTF-dppz) (Fig. 1a),1 with respect to its

adsorption site on a NaCl thin film. Using combined STM and high-resolution AFM mea-

surements, we show that in the favored configuration oriented along the apolar axis of NaCl

([001]) the intramolecular charge distribution changes compared to the other adsorption con-

figurations. This electronic peculiarity results from the local formation of a chelate complex

between the dipyridophenazine (dppz) end of the molecule and a single Na+ cation pulled

out from the NaCl film. As a result of the chelate complex formation, the intramolecular

3
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charge distribution is dramatically altered, as revealed by force spectroscopy and density

functional theory calculations, which leads to the loss of the intrinsic DA character defined

by the spatial distribution of the HOMO localized on a donor and the LUMO on an ac-

ceptor in the ground state.10 Through lateral molecule-manipulations with the tip, complex

formation can be suppressed by varying the adsorption position, which leads to the intrinsic

DA character of the molecule. These results underline the fundamental role of atomic-scale

coordination to control the electronic properties of donor-acceptor molecules at surfaces.

RESULTS AND DISCUSSION

To determine the adsorption geometries of the deposited molecules, we conducted high-

resolution AFM measurements at 5K with functionalized CO tips of the TTF-dppz as well

as of the NaCl thin film.26 The constant height AFM images reveal two main molecule

appearances (Figs. 1b and c) which we name bound and free molecules, respectively. Sta-

tistically, we observed a ratio of approximately 2:1 between bound and free molecules upon

adsorption at low temperature (Fig. S1). For the bound configuration, the two pyridyl rings

are slightly bent downwards as shown by the darker contrast in this area. Between the TTF

and the adjacent phenyl ring, the more positive contrast in the frequency shift (Fig. 1b)shows

that the molecule is at this position slightly closer to the tip than above the pyridyl units.

At the onset of the TTF unit, a bright stripe and two bright spots corresponding to stronger

repulsive forces are visible which coincide with the sulfur atom position of the TTF (Fig. 1b).

The TTF-dppz molecule image suggests a downwards bending of the dppz unit towards the

surface with a maximum height at the edge of the TTF unit resulting in a bridge-shape

geometry. Comparing the bound (Fig. 1b) to the free configuration (Fig. 1c), two main

differences are observed. First, the contrast along the molecular axis shows a rather flat

profile compared to the bridge-shape of the bound configuration. Moreover, the two last
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sulfur atoms of the TTF are slightly tilted for the free molecule. Figures 1d and e show

simulated AFM images using the probe-particle model described in ref.27. In this model a

probe-particle, which represents a CO molecule, is connected to a tip with a spring and is

used to determine the interaction between tip and sample in AFM measurements, assuming

a specific molecular adsorption geometry calculated by Density Functional Theory (DFT)

beforehand. The simulation of the bound configuration (Fig. 1d) reproduces well the bridge-

shape of the AFM image (Fig. 1b) as well as the characteristic bright contrast at the TTF

moiety. However, the deformation of the phenyl ring and the adjacent part of the TTF is

not visible. In the simulated AFM image the molecule stays in its relaxed adsorption geom-

etry and does not have any flexibility which, presumably, plays a role in the contrast of the

AFM experiments. The free configuration simulation (Fig. 1e) resembles the AFM features

of Fig. 1c such as the relative flat geometry of the molecule and the slight bending of the

dppz unit. The distortion of TTF sulfur atoms is however less pronounced compared to the

AFM image.

Figure 2 shows the relaxed molecule geometries with respect to their adsorption sites ob-

tained by DFT calculations and in agreement with the determined adsorption geometries

by AFM (Fig. S2).26 The bound molecule is always adsorbed along the apolar axis of NaCl

(Fig. 2a) whereas three nearly energetically equivalent configurations of the free molecule

are found less frequently (free1, free2, free3). These diverse adsorption configurations also

explain the slight discrepancy between calculated and experimental AFM images (Figs. 1c

and e). The bound molecule (Fig. 2b) has however a characteristic geometry with a height

maximum at the TTF onset with a height difference of ≈ 27 pm to the dppz unit pointing

towards the surface (Figs. 1b and Fig. 5c). Interestingly, the side-view of Fig. 2b shows a

Na+ cation pulled out from the NaCl substrate located below the two nitrogen atoms of the

dppz unit. Note, that the Na+ cation is part of the NaCl layer and relatively far away from

the tip, so that it cannot be directly detected in the AFM measurements without disturb-

ing the molecule. This adsorption peculiarity also accounts for a significant decrease of the
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molecule adsorption energy of ≈ 200meV with respect to all free configurations (Fig. 2d).

This energetically most favorable configuration is indeed the most frequently observed in

the experiments (approximately 70% of the observed molecules, Fig. S1). In the case of the

free configurations (Fig. 2a), the molecule is always slightly rotated compared to the bound

configuration. As a result, the adsorption geometry is flatter (Fig. 2c) than the bridge-shape

geometry (Fig. 2b) and no pulled out Na+ cation is observed. Further rotated adsorption

configurations (free2 and free3, Fig. 2a) aligned along the polar Cl axis are also found and

show similar geometries as the free1 one. All orientations misaligned with respect to the

apolar NaCl axis, differ from the bound molecule by the absence of a Na+ below the two

nitrogens of the dppz unit and are equivalent in terms of geometries and adsorption energies

(Fig. 2d) as the free1 configuration. The sulfur atoms are preferentially located close to Na+

cations. In the case of free1, one of the sulfur atoms is above a Cl− which leads to a higher

adsorption height at this position. This observation also holds for the two sulfur atoms closer

to the center in the bound configuration. There, the bright stripe occurs because the sulfur

atoms stick out. For free2, no tilt or sticking out of the sulfur atoms is observed (Fig. S2e)

since the sulfur atoms are symmetrically aligned with the Na+ cations underneath. Free3

shows again a slight tilt because of one sulfur atom lying above a Cl−. As a conclusion we

see also a contribution of the sulfur atoms to the geometrical adaptations of the molecules

with respect to the adsorption site.

To study the impact of those configurations on the intrinsic DA character of the TTF-

dppz, we performed scanning tunneling spectroscopy (STS) combined with STM (Fig. 3)

and resolved the corresponding spatial contributions of HOMO and LUMO of the adsorbed

molecule.28 The bound molecule shows resonant tunneling at −2.3V (Fig. 3a) where the spa-

tial distribution of the HOMO dominates the STM image (Fig. 3c). The HOMO is clearly

located at the donor TTF and only a small tail is observed at the acceptor site. Moreover,

the measured HOMO image matches reasonably the density distribution of the HOMO of

the gas phase molecule calculated by DFT (Fig. S3c). The LUMO resonance of the bound

7
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those of the gas-phase molecules than for the bound ones. In addition, at negative bias the

observed energetic shifts of the resonances indicate a different influence on the HOMO levels

between bound and free adsorption sites. Since the HOMO is strongly localized on the TTF

moiety, in a first approximation, the different adsorption geometries of the TTF unit are

expected to be the dominant contribution for this feature.

The electronic properties are determined by the charge distribution in the molecule. Using

force spectroscopy, i.e. measuring ∆f(V ) which is proportional to the vertical force gradient,

to resolve the local contact potential difference (LCPD) between molecule and tip, the in-

tramolecular charge distribution is accessible in real-space as previously demonstrated with

donor-acceptor molecules as well as other species.10,18,29,30 The LCPD contrast is known

to vary with the tip-sample distance, particularly at close tip-sample distance, where the

CO bending can produce complex contrasts.10 In our measurements, we used copper tips

to characterize the LCPD contrasts which prevent probing at close-distance regimes com-

pared to CO-terminated tips. In that case, i.e. at medium distance regime, compared to the

molecule dimensions, the LCPD contrast represents the partial charge distribution of the DA

molecules. Figure 4 shows the LCPD maps at constant tip height of the bound and free DA

molecule, respectively. The LCPD corresponds to the voltage V ∗ at the maximum frequency

shift (∆f ∗) of the parabola fitted to the quadratic dependence of the frequency shift ∆f on

the bias voltage V .10 The ∆f ∗(x, y) maps reveal striking differences between the bound and

free configurations (Fig. 4a,b). For bound molecules (Fig. 4a) ∆f ∗ exhibits a minimum at

the edge of the TTF donor whereas, for free molecules, the ∆f ∗ drop extends over the whole

molecule with an absolute minimum at the dppz location. This trend is also visible in the

∆f ∗(x) profiles (Fig. 4c) extracted along the longitudinal axis of each molecule. Interest-

ingly, the LCPD map of the bound molecule shows one region with a less negative LCPD

compared to the surrounding NaCl layer which is attributed to local negative charges within

the molecule (Fig. 4d). These negative charges are located between the phenazine subunit of

the acceptor and the edge of the TTF donor. The most negative ∆f ∗ is detected at the same

9
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with phenanthroline-based ligands.37 For this rare case of a monodentate linkage, the Na-N

coordination distances are in the range of 2.66 Å to 2.73 Å, and the uncoordinated Na...N

distances are larger than 3.19 Å. For the chelating NˆN coordination, the Na-N bond lengths

range from 2.44 Å to 2.46 Å, and the chelating N-Na-N bond angle amounts to 67.7◦. Not

unexpected, the above-mentioned bond distances are larger than those for a corresponding

OˆO chelation mode of sodium ions, which typically shows values around 2.32 Å.39 From

the DFT simulations (Fig.2), we extract the bond length between the Na and the pyridyl N

atoms of ∼ 2.63 Å. Therefore, our measurements suggest the formation of a complex between

Na+ and N which is in the range of the referred Na-N coordination distance. The smaller

bond length resulting from the bidentate complexation mode is likely not reached in our

system since the Na+ pulled out from the ionic film is still bound to the lattice.

As a result, the Na+ alkali metal ion attracted by the lone pairs of the dppz N atoms forms

a chelate complex which induces the intramolecular redistribution of charges. A reduction

of negative charge at the acceptor side is indeed observed in the LCPD measurements of

such complex (Fig. 4d,f) which suggests a partial charge transfer from the N atoms to

the Na+ altering the acceptor charge state. This interpretation is further confirmed in the

STS measurements of the LUMO resonances shifting from the calculated LUMO distribution

(Fig. S3d) to lower energies (Fig. 3a) as shown after complex formation.32 In contrast, the free

molecules do not bind to a Na+ cation and show a charge distribution (Fig. 4e) as predicted

for DA molecules with a positive charge located at the donor region and a negative charge

at the acceptor site. The simulated electrostatic potential of the free TTF-dppz (Fig. S3a)

qualitatively agrees with the measured LCPD (Fig. 4e). For the bound type however, the

variation of the electrostatic potential experimentally observed for the chelation is not as

significant in the DFT calculations. Note that the charge around the Na+ cation cannot

be investigated directly in LCPD measurements since it is located close to the substrate

and hence too far away from the tip to detect a LCPD difference at the position between
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molecule and substrate.

In order to demonstrate that only the adsorption sites affect the charge distribution and

exclude the influence of possible defects of the NaCl thin layer, we conducted single-molecule

manipulation experiments through inelastic electron tunneling (Fig. 5).40 We displaced a

bound molecule to neighboring adsorption sites to induce the variation of electronic proper-

ties as described above. The investigation of the initial adsorption site confirmed that no

defects are present below the bound molecule. Since the displaced molecule shows the typical

STM topography of the free molecules, thus we further illustrate the interplay between the

adsorption site and its molecular charge state. Switching in the opposite direction meaning

from free to bound was also possible. These observations demonstrate that chelate complex

formation of the Na+-TTF-dppz can be controllably reversed by atomic manipulation.

CONCLUSIONS

We have demonstrated that interactions of a single DA molecule with the NaCl atomic lat-

tice on Cu(111) result in the formation of a chelate complex with a single Na+ cation. This

chemical process depends on the positioning of the molecule with respect to the underlying

substrate as characterized by combined high-resolution AFM measurements and DFT cal-

culations. As a consequence of the Na+-molecule bond formation, the local alteration of the

acceptor charge state results in the loss of the intrinsic DA molecule properties in the ground

state. These findings highlight the interplay between the DA character of the molecule and

the alternating charges of the insulating thin film at the atomic scale. Since the charge

distribution in DA molecules in the ground state is strongly relevant to the properties in the

excited state, our results are of great relevance for applications in optical energy conversion

and molecular electronics where the functionality of specifically designed molecules must be

maintained on surfaces. Interestingly, the complex formation can be triggered reversibly by
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voltage ramps thus enabling the design of a switchable donor-acceptor molecular compound

controlled by coordination on an ionic thin film.

METHODS

STM/AFM experiments. The STM and AFM measurements were performed with an

Omicron GmbH low temperature system equipped with a tuning fork in the Qplus config-

uration41 (k ≈ 1800N/m, fres = 25 kHz) and operated with Nanonis controllers RC5. For

all measurements the sample was kept at 5K. The amplitude of the tuning fork oscillation

was set to a value between 50 - 100 pm. Scanning tunneling spectroscopy (STS) data was

acquired with the lock-in technique. The bias modulation amplitude was 10mV at a fre-

quency of 520Hz. The bias voltage is given by the potential of the sample referred to the

tip. The STM/AFM tip consists of a tungsten wire that is gently indented into the clean

Cu(111) surface several times to obtain a Cu tip. All STM images were recorded with a

Cu tip, unless a different termination is explicitly stated. CO tip terminations were done

by picking up single CO molecules adsorbed on the NaCl film. For the LCPD mapping, a

measurement grid was layed over the molecule. At each point of the grid a bias sweep was

performed and the frequency shift was detected. Between the bias sweeps the position was

adjusted by atom tracking.42

Sample preparation. The Cu(111) surface was prepared in ultra high vacuum by sput-

tering and annealing cycles. Two to three monolayers of sodium chloride (NaCl, pur-

chased from Sigma-Aldrich GmbH) were then deposited on the surface at room temper-

ature. Tetrathiafulvalene-fused dipyridophenazine (TTF-dppz) molecules were thermally

evaporated onto the cold substrate (Tsample < 10K) to obtain single-molecules.

DFT Calculations Calculations were performed using the projector augumented plane-

wave43 method and the PBE functional44 as implemented in the VASP 5.3 code.45 Plane-

wave cutoffs were set to 400eV for wave-functions and 644eV for potential. The rectangular
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simulation box of x,y,z dimensions 28.2x22.56x20.00 Å corresponds to a 4x5 super-cell con-

taining a NaCl (100) slab composed of 2 layers. Only the Γ point was used for k-space

sampling. Convergence criterion was set to 10−6 eV/step for electronic and 10−5 eV/step for

ionic relaxation.

Synthesis of 2-(1,3-dithiol-2-ylidene)-[1,3]benzodithiole-5,6-diamine (compound

2): Under N2 protection, 6-(1,3-dithiol-2-ylidene)-[1,3]dithiolo[4,5-f]-2,1,3-benzothiadiazole
46

(156 mg, 0.5 mmol) was dissolved in dry THF (10 mL). Then Lithium aluminum hydride

(1.25 mL, 1M in THF, 1.25 mmol) was added dropwise to the reaction mixture over a period

of 30 min at 0◦C. The reaction mixture was then stirred for 30 min under nitrogen. After-

wards it was slowly quenched by saturated aqueous NH4Cl (1 mL) at 0◦C. The resulting

precipitate was collected and washed by water and Et2O to give analytically pure product as

a light yellow solid. Yield: 131 mg (91%); 1H NMR (300 MHz, DMSO-d6) δ = 6.72 (s, 2H),

6.54 (s, 2H), 4.68 (s, 4H); 13C NMR (75.5 MHz, THF-d8): δ = 134.8, 121.6, 119.8, 111.5,

107.6, 107.5 ppm; HRMS (ESI): m/z calcd for C10H8N2S4: 283.9565; found 283.9556.

Synthesis of 2-(1,3-dithiol-2-ylidene)-[1,3]dithiolo[4,5-i]dipyrido[3,2-a:2,3-c]phenazine

(TTF-dppz): A solution of compound 2 (57 mg, 0.2 mmol) and 1,10-phenanthroline-5,6-

dione (41 mg, 0.2 mmol) in ethanol (40 mL) was refluxed for 3 h under N2. After filtration,

the precipitate was washed by CH2Cl2 and purified by recrystallization in toluene to give

analytically pure TTF-dppz as a deep blue powder (50 mg, 55%). 1H NMR (300 MHz,

DMSO-d6) δ = 9.48 (d, J = 8.1, 2H), 9.21 (d, J = 4.4 Hz, 2H), 8.40 (s, 2H), 7.92 (dd, J =

8.1, 4.4 Hz, 2H), 6.82 (s, 2H); 13C NMR is not available due to its limited solubility. HRMS

(ESI): m/z calcd for C22H10N4S4: 457.9861; found 457.9866. Further details on the synthesis

of TTF-dppz can be found in the Supplementary Information.
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