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Abstract: Langmuir–Blodgett monolayers of a donor–acceptor diad TTF-s(trinitrofluorene) (8) with an extremely
low HOMO–LUMO gap (0.3 eV) have
been used to create molecular junction
devices that show rectification behavior. By virtue of structural similarities
and position of molecular orbitals, 8 is
the closest well-studied analogue of the
model Aviram–Ratner unimolecular

rectifier (TTF-s-TCNQ). Compressing
the monolayer results in aligning the
molecules, and is followed by a drastic
increase in the rectification ratio. The
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direction of rectification depends on
the electrodes used and is different in
n-Si/8/Ti and Au/8/C16H33S-Hg junctions. The molecular nature of such behavior was corroborated by control experiments with fatty acids and by reversing the rectification direction with
changing the molecular orientation
(Au/D-s-A versus Au/A-s-D).
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Shortly after the 1973 discovery of metallic conductivity in
the purely organic donor–acceptor (D–A) complex of tetrathiafulvalene
(TTF)
and
tetracyanoquinodimethane
(TCNQ),[1] Aviram and Ratner proposed the concept of a
molecular rectifier.[2] They postulated that a covalent donorbridge-acceptor (D-s-A) molecule, such as TTF-s-TCNQ
(1; in which s is a saturated aliphatic linker), when placed
between two electrodes can act as a rectifier that preferably
passes the current in one direction. At the appropriate volt-
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age, the electron and hole injection from the Fermi levels of
the electrodes into the molecular LUMO and HOMO levels
results in charge-separated species TTFC + -s-TCNQC , which
annihilate by inelastic electron tunneling through the slinker, allowing current (electron) flow in the acceptor–
donor direction. Under this mechanism, the reverse electron
flow would require a much higher voltage to fit the larger
gap between the low-energy local HOMO orbital of the acceptor moiety and the higher energy local LUMO orbital of
the donor moiety.
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Since then, numerous experimental strategies to achieve
rectification in donor–acceptor molecules have been attempted.[3–5] Various molecular structures, electrodes, and
junction assembly approaches have been tested, although
the precise mechanism for the rectification in molecular
junctions is still a subject of controversy. A great many studies have been devoted to molecular junctions with D-p-A
compounds (such as 2–4, p is a conjugated bridge).[6–12] The

most studied among these, zwitterionic molecule 2 (and its
derivatives), has been explored since 1990,[6–8] and by now
the origin of the rectification in these molecules has been established, although a different rectification mechanism was
proposed.[7a] Rectification behavior has also been observed
in p-electron molecular systems lacking the formal D–A
design,[13–17] but asymmetrically coupled to the electrodes.[18]
At the same time, very few D-s-A molecules with a nonconjugated bridge (e.g., 5 and 6) have been studied as molecular rectifiers.[19] Moreover, all molecular electronic de-

vices studied experimentally to date were constructed by
using relatively weak donor and acceptor fragments, resulting in a rather high (@ 0.5 eV) HOMO–LUMO gap. Recent
high-level density functional theory (DFT) calculations of a
D–A molecule between two gold electrodes failed to show
rectification for the weak donor and acceptor moieties studied (aminophenyl and nitrophenyl, respectively), and the authors argue that molecules with a much smaller HOMO–
LUMO gap are necessary to generate rectification.[20] However, there are no reported investigations of rectification behavior in molecules with very strong p-electron donor (like
TTF) and p-electron acceptor (like TCNQ) moieties, presumably due to synthetic unavailability of such compounds.
There are two reports on studying molecular rectification in
TCNQ derivatives possessing weak electron-donor fragments;[19a, 16] one of us reported studies on molecular elec-
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tronic devices (switches) based on TTF supramolecular systems with a moderate electron acceptor moiety,[21] but the
original Aviram–Ratner model has not as yet been experimentally tested.
Some of us have recently reported the synthesis of TTF
donor–acceptor diads (7 and 8) with an unprecedentedly
low HOMO–LUMO gap of approximately 0.3 eV.[22] By

virtue of having very strong electron-donor and -acceptor
components separated by a saturated bridge, and by having
an amphiphilic structure enabling fabrication of a Langmuir–Blodgett (LB) type device, these molecules are suitable candidates for molecular electronic devices, particularly
in the frame of the original Aviram–Ratner rectification
ansatz. However, the flexible s linker in 7 is long enough to
allow an unwanted head-to-tail
intramolecular-complex conformation;[22] besides, it introduces
an additional tunneling resistance. This problem is eliminated in compound 8 by using a
short s linker. Here we report
fabrication and studies of monolayer, tunnel junction devices
with a TTF-based D-s-A diad, in which A is a fluorene electron acceptor with an electron affinity similar to TCNQ.
Two different junction setups are investigated, in combination with the effects of molecular alignment and molecular
orientation. In all cases, rectification is observed; moreover,
the magnitude and orientation of the rectification is found
to correlate with the electrode materials, the molecular
alignment, and the molecular orientation.

Results and Discussion
Geometry and electronic structure of 8: To evaluate the molecular properties of the diad 8, we calculated the geometry
and the orbital energies of a simplified molecule 8 a (lacking
long alkyl substituents) by using density functional theory
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(DFT) at the B3 LYP level, with a 6–31G(d) basis set
(Figure 1). This method is reliable for describing geometry
and orbital energies of organic molecules,[23] and was recent-

cult to predict. Although the ground state of individual molecules is neutral, the electron transfer is very facile in these
systems, as manifested by a relatively weak ESR signal in
solution. When an LB film of 8 is sandwiched between conducting electrodes, the energy levels may be shifted significantly (due to intermolecular interactions, electrode interface effects,[25] and the applied electric field[19b]). Such shifts
may even cause the gap to close, so that the zwitterionic biradical ground state of 8 in the junction is a possibility.
Preparation of LB monolayers of 8: The LB films were prepared by spreading a dilute, fresh solution of 8 in CHCl3 on
a water surface, and then decreasing the surface area, generating a pressure–area isotherm (Figure 2, top). Decreasing

Figure 1. The calculated [B3 LYP/6–31G(d)] geometry of 8 a in the minimum energy conformation and the plot of HOMO (left) and LUMO
(right) orbitals. The cyclic voltammogram (middle) of compound 8 confirms the low value of the HOMO–LUMO gap.

ly successfully used to predict the HOMO–LUMO gap of a
related low-gap TTF-s-TCNQ diad.[24] In accordance with
experimental observations,[22a] our calculations show no possibility for intramolecular p–p complexation between the
TTF and fluorene fragments. The conformational analysis
reveals the presence of several stable conformations, differing in energy by 1–2.5 kcal mol1. The geometry of the
lowest energy conformation is given in Figure 1. The calculated structural features of 8 a are similar to those found by
X-ray crystallographic analysis in the related compound
9;[22a] this confirms the applicability of the chosen theoretical

Figure 2. Top: Surface pressure isotherm of 8. The indicated transfer
pressures of the films that were used for device fabrication were 12, 16,
and 25 mN m1, corresponding to 56, 52, and 43 2 per molecule.
Bottom: The current–voltage curves obtained from the n-Si/8/Ti molecular tunnel junction devices made from the three films indicated in the isotherm measurements. Note that as the area per molecule decreases, the
rectification character increases (by a factor of 10), but the current decreases. Both the increased current rectification and the decrease in current magnitude are indicative of an increased alignment of the molecular
monolayer.

model. The variation of the calculated HOMO–LUMO gap
(0.30–0.35 eV) in different conformations is low (in contrast
to diads with a long s linker[24]), and very close to the experimentally observed electrochemical gap of compound 8
(0.29 V), obtained from cyclic voltammetry experiments
(Figure 1). The HOMO–LUMO gap of 8 fits almost exactly
the original Aviram–Ratner model, in which the asymmetric
I–V curve was calculated assuming a 0.3 eV gap.[2] At the
same time, the electronic state of 8 (and, therefore, the rectification behavior) in the tunneling junction might be diffi-
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the area below about 60 2 per molecule results in a sharp
increase of the pressure up to a short plateau at approximately 30–35 2 per molecule, at which point the monolayer
collapses. The uneven shape of the isotherm giving rise to a
shoulder at about 50 2 per molecule may be due to the
conformational flexibility of 8, resulting in multiple molecular orientations, each with their own characteristic molecular
area.
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Brewster angle microscopy (BAM) of the Langmuir monolayers revealed small spots (~ 100 microns in diameter) on
the trough surface that appear immediately upon the dropwise addition of a solution of 8 in CHCl3 to the surface
(Figure 3). These presumably correspond to molecular ag-

ferred LB monolayers, we have performed an infrared spectroscopic characterization of films transferred (X-deposition) onto the surface of a Ge crystal (which somewhat resembles the chemical properties of Si electrodes used in
junction devices) by the attenuated total reflectance (ATR)
technique. We also investigated films transferred onto a
gold substrate by grazing-angle reflection–absorption infrared spectroscopy (RAIRS). Comparison with the spectrum
of bulk 8 (powdered in KBr, Figure 4), as well as with spec-

Figure 3. BAM images of a) clean Langmuir trough; b) same, immediately after dropwise addition of a solution of 8 in CHCl3 ; c) LB film of 8 at
12 mN m1; d) LB film of 8 at 26 mN m1 (the picture width is 480 mm).

gregates. The spots, however, spread out within seconds to
form a microscopically uniform surface. During the monolayer compression (at 2 cm2 min1), the surface pressure was
periodically held steady to check the stability of the films.
At a fixed pressure of 12 mN m1, the area dropped by less
than 0.4 % over 2 minutes, indicating a very stable monolayer. At higher pressures of 16 and 25 mN m1, there was an
increased rate of monolayer relaxation (the trough area
dropped by 1.6 and 2.9 %, respectively, over a period 2 min).
This is at least consistent with the suggested conformational
changes to 8 at pressures ~ 16–25 mN m1. For all films investigated here, the few small spots (presumably dust particles) captured by the BAM remained steady on the surface
for the entire two minutes, indicating that the formed LB
films were 2D solids. The compressed LB films were transferred onto hydrophilic (oxygen-terminated) polycrystalline
n-doped silicon substrates at three values of surface pressure
(Figure 2, top). The transfer direction (Si slides start out
dipped into the water before the addition of the molecules,
and are then lifted up through the LB film) necessarily resulted in the acceptor moiety being exposed to the Si surface (X-deposition). The more polar dicyanomethylenefluorene fragments of 8 were presumably exposed to the polar
water phase, whereas the hydrophobic trialkyl-TTF moieties
are stretched into the air. Indeed, a high water contact angle
was observed (898), consistent with a hydrocarbon-terminated monolayer surface.
Spectroscopic characterization of LB monolayers of 8: To
establish the preservation of chemical structure of 8 in trans-
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Figure 4. FTIR spectra of compound 8 in bulk (in transmission mode in
KBr) and in LB monolayer (in ATR mode).

tra of compounds containing separate TTF and fluorene
fragments, reveals the presence of all main absorption
peaks, suggesting the structural integrity of the transferred
molecules (see Table 1). In spite of certain differences (such
as much broader lines in the LB film and somewhat different relative intensities) expected for different molecular orientations and intermolecular interactions in the LB film and
in the crystal, one can clearly see the presence of a potentially vulnerable ester group (C=O, CO), the electron-acceptor fluorene fragment (cyano and nitro-groups as well as
aromatic C=C bonds), and the electron-donor trialkyl-TTF
fragment (CH2, CH3). The position of the significantly
broadened CN band (2205 cm1, similar to that in the bulk
sample) is between those for a completely neutral
(2225 cm1) and radical-anion species (2180 cm1),[22a] suggesting a partial charge transfer (either from the TTF fragment or from the Ge surface). The lack of strong characteristic absorption bands of the TTF core precludes a detailed
analysis of this fragment, but the absence of a sulfoxide
bond (at ca. 970–990 cm1),[26] expected for S-oxidized species, suggests that no irreversible oxidative decomposition of
this fragment took place (although one cannot exclude a reversible formation of a TTF radical cation).
To shed more light on the structure of LB film of 8, we
performed an orientation analysis of the films transferred
on a Ge crystal using polarized light. ATR spectra were thus
recorded by using polarized infrared radiation, and the di-
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Table 1. Assignment of the major IR absorption peaks of 8 in the LB film and in bulk, their relative intensity (IX/INO2) as well as the dichroic ratio (R),
order parameter (P2), and average tilt angle (g) obtained from polarization experiments.[a]
RATR = As/Ap

P2

g
[8]

1.13  0.01
1.06  0.01
1.03  0.01

0.01  0.03
0.16  0.02
0.21  0.03

55
61
65

1.11  0.00
1.10  0.02
1.08  0.01

0.06  0.00
0.05  0.03
0.12  0.02

57
57
60

0.45

1.07  0.01

0.13  0.03

60

1.00
0.27
0.21
0.19

1.09  0.01

0.09  0.03

58

Peak
assignment

Bulk
[cm1]

LB
[cm1]

IX/INO2
Bulk

IX/INO2
LB

CHaromatic
na CH3
na CH2
ns CH2
n CN
n C=O
n C=Cring
na NO2
n C=C
da CH3
n CO

3106, 3093
2956
2929
2859
2203
1735, 1718
1601 (1579)[b]
1534
1512
1456
1422
1403
1379
1336
1281
1255
1235
1207
1185
1151
1102
1089
1075
1034

3096
2959
2928
2856
2205
1728
(1607) 1591 (1577)
1536
–
1457
–
–
–
1341
(1288)
(1262)
(1242) (1222)
–
(1190)
1155
(1102)
(1081)
(1058)
(1025)

0.03
0.10
0.12
0.06
0.27
0.19
0.12
0.43
0.24
0.19
0.48
0.44
0.72
1.00
0.53
0.39
0.23
0.31
0.53
0.51
0.19
0.15
0.11
0.14

0.08
0.39
0.41
0.23
0.09
0.55
0.48
0.87

ds CH3
ns NO2
n COC
n COC
n COC
na COC
na COC
ra CH3
ra CH3
ns COC
n CCH3

0.18
0.27
0.16
0.15
0.13
0.11

[a] See Experimental Section for details; [b] The position of peaks indicated in parentheses could be determined only approximately due to partial overlap with other peaks and/or low intensity.

chroic ratio (RATR) was calculated from the absorbance
bands obtained with the infrared radiation polarized parallel
(Ap) and perpendicular (As) to the plane of incidence. The
associated order parameters with respect to the film normal
(P2) were then calculated by using mean-square electric
field amplitudes obtained from the Harrick thin-film equations.[27] The values of RATR, P2, and the average angle g between the transition moment and the surface normal for the
films transferred at the highest pressure (25 mN m1) are
given in Table 1 for the major bands. It is important to remember here that P2 should be equal to zero for an isotropic sample (g = 54.98, the magic angle), and to one and 0.5
for perfect orientation of the transition moments parallel
(g = 08) or perpendicular (g = 908) to the surface normal, respectively. Table 1 shows that the order parameter differs
significantly from zero for several bands. For example, a P2
of about 0.2 is observed for the two methylene CH
stretching modes, revealing that the CH2 groups are preferentially oriented in the plane of the LB film. Even though
the high wavenumber position of the maximum of the 2859
and 2929 cm1 bands shows that the alkyl chains are significantly disordered, as expected from the molecular model of
the films (Figure 5), the polarized ATR results indicate that
they are preferentially oriented along the surface normal
with an average tilt angle of approximately 308. On the
other hand, the dichroic behavior of the 2960 cm1 band indicates that the methyl groups are unoriented. The values
for the g angle of about 608 found for peaks corresponding
to C=C and C=O double bonds and to the symmetric
stretching vibration of the NO2 groups at 1341 cm1 (for
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which the transition moment is bissector of the NO2 angle)
shows unequivocally that the fluorene moiety is not lying
flat on the surface, although a more precise determination

Figure 5. The top (above) and side (below) views of a model of an LB
film of 8, corresponding to a molecular area of 50 2 (the TTF-fluorene
core is the DFT optimized minimum energy conformer; the alkyl chains
are added and optimized with the molecular mechanics force field MM + ;
the molecules are manually placed in the closest position, respecting
van der Waals distances; the hydrogen atoms are omitted for clarity).
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of its orientation is precluded by the complexity of the structure (the presence of several similar bonds with different
orientations). It is worth noting that reproducibility of the
orientation measurements (presented by the absolute error
in Table 1 calculated for three different films), while being
quite acceptable for the films transferred at 25 mN m1 was
persistently very low for the films transferred at lower pressures (see the Supporting Information), as expected for
poorly aligned low-density films.
Fabrication and electrical studies of n-Si/SiO2/8/Ti junction
devices: To investigate and verify the molecular rectification
concept with 8, we deposited a second electrode (10 nm Ti
followed by 4 mm of Al) on top of the monolayers, transferred by X-type deposition on degeneratively n-doped Si
wafers. The work functions of n-doped Si (4.85 eV) and Ti
(4.33 eV) are similar to each other (to minimize the rectification of the p-n junction), and also fit reasonably well with
the HOMO/LUMO levels of 8.
The emerging picture of the deposition of metallic thin
films, such as Ti and Au, on molecular monolayers is that
the thickness and stoichiometry of the metallic film, as well
as the structure of the molecular monolayer, all play critical
roles in determining the extent to which the molecules are
modified or damaged by the deposition.[28–31] Titanium is a
unique metal for an evaporated top electrode. Due to its
high reactivity, it immediately cleaves terminal CH bonds
forming a thin titanium carbide layer on the surface of the
monolayer that may prevent further penetration of the Ti
atoms inside the film,[29] as often observed for gold.[30–33]
Preservation of the molecular features buried inside the aliphatic-chain-protected monolayers has been demonstrated
by both X-ray photoelectron spectroscopy,[28] and more recently by RAIRS,[29] which showed disappearance of only
terminal CH3 vibrations, whereas all other infrared spectral
features were unperturbed. In the same time, evaporation of
a Ti layer of > 30  on self-assembled monolayers (SAMs)
of predictably more reactive conjugated compounds, such as
oligothiophenes[31] or oligo(phenylethynylene)s,[30] can result
in complete destruction of the molecules. SAMs are also
lower density molecular monolayers than compressed LB
films,[34] which would result in higher tilt angles and expose
a larger part of the molecules to the incident Ti flux. In this
paper, we have tried to account for these facts by putting
protecting alkyl chains on the TTF moiety and by using
highly compressed LB films.
We are also well aware of the criticism toward the claims
of molecular rectification from junctions based on oxidizable metal contacts. The titanium oxide induced rectification
was first pointed out by Ashwell et al. in 1980,[35] and a
number of rectifying Ti-based junctions for molecules lacking an evident “diode” structure have been reported to
date.[29, 36] As was shown before,[35, 36] such rectification depends upon the level of oxidation at the molecule/Ti interface and can be controlled by the level of vacuum used
during the deposition of the Ti. Using a sufficiently high
quality e-beam deposition system (providing a vacuum of
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5  107 Torr), we are able to routinely control the vacuum,
both to increase and to decrease the rectification. As shown
below in control experiments, under the correct Ti deposition conditions, and for a degeneratively doped poly-Si
bottom electrode, such rectification can be effectively suppressed and experimentally separated from the molecular
features.
Current–voltage curves obtained for these devices are depicted in Figure 2 (bottom). We have earlier found for similar devices (LB monolayers sandwiched between poly-Si
and Ti/Al electrodes) that the performance stabilizes if the
devices are aged for several days prior to measurement,[21a]
and such aging was done here. Notably, as the transfer pressure goes up, the magnitude of the current through the junction decreases, implying an increasing distance between the
top and bottom electrodes as the monolayer aligns. The
most dramatic effect, however, is that the rectification ratio
(negative current/positive current, RR) sharply increases
with increased transfer pressure, from 1.5 for 56 2 per molecule to 5 for 52 2 per molecule and 18 for 43 2 per molecule. These observations are in agreement with the alignment of molecules of 8 during compression to form a wellpacked monolayer with the D–A/surface angle being close
to normal.
Note the only thing that changes for the devices in
Figure 2 is the area per molecule, which translates into molecular orientation. Ellipsometric measurements of a film
transferred at 17 mN m1 (~ 50 2 per molecule) suggested a
thickness of 15–20 , consistent with the formation of a
monolayer of the most stable conformer (shown in
Figure 5). This conformer has a calculated thickness and molecular area of 21  and 50 2, respectively. Further compression at pressures above ~ 17 mN m1 would require conformational changes, and the film transferred at 25 mN m2
most likely has both fluorene and TTF fragments perpendicular to the surface. Thus, any current–voltage asymmetry
that might arise from the dissimilar electrodes, titanium
oxide formation, and so forth is effectively a constant
through this series of devices. Nevertheless, we checked this
conclusion by preparing similar devices containing an eicosanoic acid LB monolayer in place of 8. In a number of experiments performed, these devices yielded a RR of approximately 1.5–2, and never more than 3.[37] Furthermore, no
dependence of the rectification ratio on the transfer pressure was found for eicosanoic acid, although the total current was also observed to decrease for films transferred at
increasing values of area per molecule. Therefore, we assign
the dominant contribution to the observed rectification in
the monolayer of 8 as a molecular feature.
The maximum RR for an n-Si/8/Ti device is achieved at
the relatively low potential of 0.9 V. Above 1.0 V, the rectification ratio decreases (see the Supporting Information).
This is expected, because at sufficiently high applied bias,
direct tunneling of charge carriers between the two electrodes becomes an increasingly important (and eventually
dominant) mechanism of charge transport. In other words,
at sufficiently high bias, the specific details of the molecule
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become less important. The RR does not decrease (it actually slightly increases) after 10 scans (up to  1.75 V). This is
in contrast to D-p-A systems in which the reorientation of
highly polar molecules reduced the RR by a factor of two
every second scan.[7b, 8b] The direction of the observed rectification indicates that the preferred electron current is from
the fluorene acceptor to the TTF donor (from Si on Ti).
Fabrication and electrical studies of Au/8/C16H32S-Hg junction devices: To investigate the effect of the electrode properties on the observed rectification we performed a similar
study on the LB monolayer of 8 between higher-work-function gold and mercury electrodes (5.3 eV and 4.49 eV, respectively). The LB film of 8 was transferred onto a gold
substrate in a previously described fashion (X deposition,
Au/fluorene-s-TTF interface), and the electrical junction
was established by micromanipulator-controlled contacting
with an octadecanethiol-protected hanging mercury drop
electrode.[38] The dense defect-free Hg-SC16H33 monolayer
prevents electrical shorts (due to possible defects in the LB
layer) and formation of radical-ion salts on the mercury surface. Similar to Si/8/Ti devices, the I–V response of the Au/
8/C16H32S-Hg junction is highly asymmetric (Figure 6) and

sign (electron flow from Hg to Au) to conform with the reversed TTF–fluorene orientation (Figure 6).
Although the exact mechanism of the different rectification directions in Si/Ti and Au/Hg junctions (A!D and
D!A, respectively) is certainly disputable, we believe that
the molecular origin of such behavior is adequately proved
by the above molecular reorientation and alignment studies
and control experiments with eicosanoic acid. A possible explanation could lie in the extremely low HOMO–LUMO
gap of 8, which in specific junction devices may change the
ground state from a neutral TTF-s-fluorene to a zwitterionic
TTFC + -s-fluoreneC (in which the TTFC + becomes an acceptor and fluoreneC becomes a donor). Whatever the case, the
results do highlight the important role that the electrodes
play in determining the current–voltage response of a molecular electronic device.

Conclusion
To conclude, we have prepared and characterized the first
molecular tunnel junctions based on a D-s-A diad with an
extremely low HOMO–LUMO gap (0.3 eV). The rectification behavior was found to increase rapidly to 1:18 upon
alignment of the molecules in compressed Langmuir–Blodgett monolayers. An opposite rectification direction was
found in n-Si/molecule/Ti and Au/molecule/Hg tunnel junctions, and the molecular origin of such behavior was confirmed by changing the orientation of the molecule (from
D-s-A to A-s-D) and by control experiments with eicosanoic acid. Further studies including STM and conducting AFM
characterization of the junctions are in progress.

Experimental Section

Figure 6. I-V characteristics of Au/8/C16H32S-Hg junction devices for different molecular orientations.

the RR ratio reached a value of 1:18 at 0.83 V (see the Supporting Information). The current densities achieved in
these junctions are several orders of magnitude lower than
those in Si/8/Ti devices, which is probably due to an additional insulating C16H33S layer on the Hg electrode. Predictably, the stability of this junction device towards higher voltages and repeated voltage cycling is significantly lower than
that of the Si/Ti device. The most important difference, however, was in the opposite rectification direction observed in
this system (preferable electron flow in the TTF–fluorene
direction, from Au to Hg). To exclude a possible rectification due to a Schottky barrier on the C16H33S-Hg interface,[39] we prepared a similar junction device with an opposite orientation of 8 on the gold surface (Z-type deposition).[40] As expected, the rectification direction changed the
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TTF–fluorene diad 8: This diad was obtained by an esterification reaction
between substituted fluorene-4-carbonyl chloride and lithium TTF-methoxide, followed by condensation with malonodinitrile, as described earlier.[22]
Preparation of Langmuir–Blodgett (LB) films: Single monolayers were
prepared at 20 8C on an aqueous (18.2 MOhm H2O) subphase by using
either a 600 cm2 Nima 611D (Nima Technology, Coventry, UK) or a
400 cm2 KSV 3000 (KSV Instruments, Helsinki, Finland) Langmuir–
Blodgett (LB) trough. Images of the Langmuir films were recorded with
a Nanofilm Surface Analysis Brewster angle microscope (BAM) (Gçttingen, Germany). For compound 8, a dilute buffer (5  104 m Na2CO3/
NaHCO3) was employed as a subphase in the trough to prevent acid-catalyzed oxidation of the TTF units. For the eicosanoic acid controls, a
3.045  104 m CdCl2/6.415  105 m NaOH aqueous subphase was used.
The molecules were first dissolved in slightly basic, freshly distilled
chloroform (~ 0.5 g L1) and then immediately spread to the subphase to
form the monolayer. After an equilibrating period of 30 min allowing solvent evaporation, the monolayer was compressed at constant speed of
10 mm min1 and transferred at constant surface pressure onto the surface of interest (n-Si or Au electrodes for I–V experiments or Ge crystal
for ATR experiments).
Characterization of 8 in monolayers: Contact angle and ellipsometry
measurements for the monolayer were taken by depositing the monolayer on a bare Si h111i wafer and transferring at 17.0 mN m1. Contact
angle measurements were obtained by using a Ram Hart goniometer
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100–00. Ellipsometry measurements were obtained using a Gaertner
L116B Ellipsometer equipped with a He-Ne laser at 632.8 nm; a refractive index of 3.842 and an extinction coefficient of 0.016 were used for
the silicon substrate. The refractive index of the monolayer was assumed
to be 1.46 with an extinction coefficient of 0.00.
To perform ATR infrared measurements, single monolayers of 8 were
transferred at a constant speed of 5 mm min1 onto Ge parallelograms
(angle of incidence 458) of 50  20  2 mm, allowing 24 internal reflections.
Before deposition, the substrates were cleaned with chloroform and
methanol, immersed in chloroform in a Branson 1510 ultrasonic bath
(Branson Ultrasonics Corporation, Danbury, CT) for 5 min, and put in a
plasma cleaner (Harrick Scientific, Ossining, NY) for 2 min. Finally, dust
was removed with a nitrogen gas flow. The germanium crystals were
placed in a vertical ATR accessory (Harrick Scientific, Ossining, NY)
and the spectra were recorded using Magna 550 FTIR spectrometer
(Thermo-Nicolet, Madison, WI) equipped with a liquid-N2 cooled MCT
detector. A motorized rotating ZnSe wire-grid polarizer (Specac, Orpington, UK) was positioned in front of the sample to obtain parallel- and
perpendicular-polarized spectra without breaking the purge of the spectrometer. A total of 500 scans at 4 cm1 was sufficient to achieve a high
signal-to-noise ratio. RAIRS spectroscopy was performed for monolayers
of 8 transferred onto gold substrates by using a Nexus 670 FTIR spectrometer (Thermo-Nicolet, Madison, WI) equipped with a liquid-N2
cooled MCT-II detector and grazing angle (808) Smart-SAGA accessory.
The measurements were done in an atmosphere of dried, CO2-free air,
and an identical gold-covered slide (prepared in the same Au-evaporation run), freshly cleaned by soaking in HPLC-grade dichloromethane
and drying in vacuo, was used to record a background spectrum.
Fabrication and studies of Si/8/Ti junctions: The process for the fabrication of the solid-state molecular diode tunnel junctions follows the methods described previously.[21] For the bottom electrodes, a layer of n-type
polycrystalline (poly-Si) was formed by means of direct chemical vapor
deposition growth onto h100i Si wafers coated with oxide. The poly-Si
was then etched into 5 mm wide electrodes by using standard optical lithography techniques. The LB monolayer of 8 was transferred onto the silicon substrate by X-type deposition (the substrate was lifted up from the
subphase). A top electrode of 10  titanium, followed by 4000  aluminum, was then deposited on top of the monolayer by electron-beam
evaporation at a residual pressure of ~ 5  107 Torr.
Current–voltage characteristics were taken in air at room temperature by
using a shielded probe station with coaxial probes. For Si/8/Ti junctions,
bias voltages were applied to the polysilicon electrode, and the top metal
electrode was connected to ground through a Stanford Research Systems
SR570 low-noise current preamplifier.
Fabrication and studies of Au/8/C16H33S-Hg junctions: The junction was
assembled in a procedure, similar to the described before.[36] A gold layer
(~ 200 nm) was thermally evaporated on h100i Si wafers or freshly
cleaved mica slides. Before the LB film transfer, the gold surface was
cleaned by 10 min exposure to O2-plasma followed by immersing in
HPLC grade ethanol to decompose the formed oxides.[41] The LB film of
8 was transferred (always at 25 mN m1) on thus prepared substrate in X
or Z deposition mode, resulting in formation of Au/fluorene-s-TTF or
Au/TTF-s-fluorene sandwiches, respectively. The gold substrate was put
under deionized water (to improve the stability of the junction; ion-exchange purification followed by distillation was employed to reduce the
water conductivity, whereas no other solvent could be used due to LB
film instability). A hanging drop of mercury (from a microsyringe,
~ 500 mm in diameter), covered with a monolayer of octadecylthiolate by
15 min exposure to a solution of C16H33SH in ethanol and rinsed with
fresh ethanol, was brought into contact with the monolayer of 8 under
the water, by using a micromanipulator. The substrate was grounded, the
bias voltages were applied to the mercury electrode (two-electrode
scheme), and the I-V characteristics were recorded with a potentiostat
EG&G PAR273 A (sensitivity 0.1 nA) at a scan rate of 1000 mV s1 and
sampling rate of 20 mV per point. The voltage and current polarity in
Figure 6, however, are reversed for consistency with the Si/Ti junction
data, for which an opposite polarity scheme was used.
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Calculations: The geometry optimization was performed at the DFT
(RB3 LYP) level of theory, by using the 6–31G(d) basis set, as implemented in Gaussian 98.[42] The calculated RB3 LYP wavefunction was
found to be stable according to the Gaussian stability test. The frequency
check for all conformations was used to confirm that they are true
minima.
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