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ABSTRACT: The oriented assembly of molecules on metals is a
requirement for rectification in planar metal—molecule—metal
junctions. Here, we demonstrate how the difference in adsorption
kinetics between dithiocarbamate and thioacetate anchor groups
can be utilized to form oriented assemblies of asymmetric mol-
ecules that are bound to Au through the dithiocarbamate moiety.
The free thioactate group is then used as a ligand to bind Au
nanoparticles and to form the desired metal—molecule—metal
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junction. Besides allowing an asymmetric coupling to the electrodes, the molecules exhibit an asymmetric molecular backbone where the
length of the alkyl chains separating the electrodes from a central, para-substituted phenyl ring differs by two methylene units. Throughout
the junction fabrication, the layers were characterized by photoelectron spectroscopy, infrared spectroscopy, and scanning tunneling
microscopy. Large area junctions using a conducting polymer interlayer between a mercury-drop electrode and the self-assembled
monolayer prove the relationship between electrical data and molecular structure.

B INTRODUCTION

The physical limits encountered in the miniaturization of
CMOS devices and the exponential increase in the production
cost of future CMOS-based electronics' have triggered a growing
research effort in the area of molecular electronics.” * Conse-
quently, the development of concepts and experimental test-beds
for the implementation of organic molecules in electronic devices
has attracted significant interest.” For the realization of or%anic—
based memories®” and field-programmable gate arrays,” the
development of molecular rectifiers is an issue of fundamental
importance. By definition, a rectifier (diode) is a two-terminal device
with a unipolar current—voltage characteristic. The first concept of
a unipolar molecular diode, based on a donor-insulator-acceptor
(D-0-A) model, was proposed by Aviram and Ratner.” According to
this model, a recombination of opposite charges previously transferred
from the electrodes into the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) of two decoupled units within the rectifier (D"-0-
A™ zwitterion state) takes place.'® Williams et al. described a
different mechanism for molecular rectification where a single
electroactive unit (e.g, a phenyl ring) is asymmetrically posi-
tioned between two electrodes.'! In this case, the alignment of
the HOMO and LUMO of the phenyl ring with the Fermi levels
of the contacts determines the asymmetry of the current—vol-
tage characteristics, and rectification ratios of up to 500 were
predicted by appropriately tuning the tunneling barrier lengths,
which are given by two insulating alkyl chains."'
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For the fabrication of lithographically defined, micrometer- to
nanometer-scale (#m- to nm-scale) molecular junctions, the for-
mation of ultrathin self-assembled monolayers in a solution
deposition process is one of the most promising assembly
strategies.”' "> However, the realization of diodic junctions
featuring a well-defined electrical response requires an oriented
growth of asymmetric molecules at metal surfaces.'* Moreover, a
well-defined packing density and tilt angle of the molecular
backbone within the monolayer are essential to obtain reprodu-
cible current—voltage characteristics. Recently, the oriented
growth of asymmetric molecules on noble metals has been
achieved with dithiols having different, orthogonal protective
groups, such as trimethylsilylethyl,'* acetyl,'® and cyanoethyl."*
These protective groups can be removed sequentially, allowing
selective binding to the substrate via the desired thiolate end
group. Nevertheless, the synthesis of such asymmetrically pro-
tected dithiol derivatives is demanding, and processing condi-
tions for the sequential removal of orthogonal protective groups
have to be accurately controlled. Furthermore, no asymmetry in
the electrical coupling to the electrodes is possible if thiolates are
used on both sides of the junction.

An alternative pathway for the directional assembly at sur-
faces is the usage of two different anchor groups. In the
past, dithiocarbamate anchor groups have been investigated in
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Figure 1. Molecular structures of dithiocarbamate/thiol compounds 1
and 2 and of compound 3, which was used as a reference in this study.

metal—nanoparticle networks'” and self-assembled monolayers.'® >

It has been shown experimentally* and theoretically”>* that the
conjugated dithiocarbamate anchor group strongly couples to
coinage metals, causing a mixing of discrete molecular levels with
metal states, thereby leading to a significant reduction of the
metal—molecule charge injection barrier. This results in a lower
contact resistance than thiols at the metal—molecule interface.
Furthermore, it was shown that dithiocarbamate monolayers are
thermally more stable than comparable thiolate monolayers.**

In this paper, we target the fabrication of monolayer-based
rectifier junctions using molecules having two different anchor
groups. On one hand, this enables a directional molecular
assembly on metal surfaces. On the other hand, an asymmetric
electrical coupling to the electrodes is possible. On the basis of the
theoretical work of Williams et al,'" we designed and synthesized
two asymmetric compounds, 1 and 2 (Figure 1), having a central
phenyl ring and two alkyl chains in the para-positions as insulating
barriers. Whereas derivative 1 has an n-propyl chain on each side,
2 contains an n-propyl chain and n-pentyl chain at the two para
positions of the phenyl ring, thus being also asymmetric in terms of
tunnehn barrier length. Instead of two identical thiol-based anchor
groups,'" the present derivatives contain a dithiocarbamate (NCS,)
and an acetyl protected thiol group (SCOCHs), respectively. The
difference in length of the two tunneling barriers separating the central
phenyl ring from the electrodes and the combination of different
anchor groups connecting the molecule with the leads has shown to
dramatically increase rectlﬁcatlon The dithiocarbamate group is a
strong chelating agent,”® and reacts faster with the Au surface than the
acetyl protected thiol***” As a result, an oriented monolayer was
obtained. Subsequent removal of the acetyl protective groups allowed
the reaction of Au nanoparticles from solution with the thiol surface
for top electrode formation in a mild deposition step. With this
procedure, a simple way of realizing an asymmetric metal—
molecule—metal junction without using different thiol protective
groups is disclosed. The whole process, that is, monolayer formation,
deprotection, and nanoparticle growth, was monitored by X-ray
photoelectron spectroscopy (XPS), polarization modulation infrared
reflection—absorption spectroscopy (PM-IRRAS), scanning tunnel-
ing microscopy (STM), and contact angle goniometry. The electrical
properties of asymmetric molecular junctions were determined using
a polymeric interlayer between a liquid top electrode and the oriented
self-assembled monolayer.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The syntheses of com-
pounds 1 and 2 are depicted in Scheme 1. 3-Phenyl-1-propylamine

was reacted with acetic anhydride to give amide 4 which was then
used as starting material for the synthesis of 1 and 2. Compounds
S and 6 were prepared by Friedel —Crafts acylation of 4. Borane is
known asa good reducing agent for amides without reacting with
halides.”® First, borane-tetrahydrofuran (BH;+ THF) was chosen
to carry out the reduction of the two ketone groups of 5 or 6.
However, characterization of the resulting products by "H NMR
analysis showed that, in case of both compounds, the amide
group was reduced to amine, whereas the carbonyl group next to
the aryl was only reduced to alcohol. Thus, a two-step reduction
was carried out. In the first step, triethylsilane (Et;SiH) in
trifluoroacetic acid (TFA)*® was used to reduce the aryl ketone
to methylene in high yield. In a second step, the amide was re-
duced to amine by using borane-dimethyl sulfide (BMS, BH;-
S(CHj,),), which is easier to handle than BH;-THFE.>® The
products 9 and 10 were then subjected to nucleophlllc substitu-
tion by reacting with potassium thioacetate®® in the presence of
sodium iodide as the halide-exchange agent. A slow addition of
potassium thioacetate was necessary to prevent 3-elimination of HCI
as a competing reaction. The acetyl-protected thiol compounds 11
and 12 were treated with carbon disulfide and sodium methoxide
resulting in the corresponding dithiocarbamate salts 1 and 2.

The synthesis of compound 3 is depicted in Scheme 2. Tri-
fluoroacetyl was selected to protect the amine group of N-methyl
benzylamine because it can be removed more easily than the
acetyl group. Thus, N-methyl benzylamme was first acetylated
with trifluoroacetic anhydride.>* Through a stepwise Friedel—
Crafts acylation, reduction of the aryl ketone, and deprotection of
the trifluoroacetyl group, the amine 16 was obtained. In a sub-
sequent reaction, compound 16 was treated with carbon disulfide
and sodium methoxide, yielding the dithiocarbamate salt 3. It is
worth notmg that the reduction of compound 14 followed by the
deprotection® of 15 was successful, whereas the reverse proce-
dure was not. This might be due to deactivation of the reducing
agent by the amine. Further details concerning the syntheses and
characterization of 1—3 can be found in the Supporting
Information.

Junction Fabrication. A sequence of steps is required to
realize asymmetric molecular junctions within a “bottom-up”
assembly strategy, and in each of these steps, different analysis
techniques provide the necessary information about surface
chemistry and layer structure. Photoelectron spectroscopy, infra-
red spectroscopy, scanning probe microscopy, and contact angle
goniometry were employed, yielding information on monolayer
and electrode structure, binding chemistry at the interface, and
molecular orientation.

The junction fabrication can be divided into three main pro-
cessing steps: (a) oriented monolayer formation in a self-assembly
process, (b) deprotection of the exposed thiol end groups, and (c)
gold nanoparticle (NP) deposition for electrode formation. The
scheme in Figure 2 shows these steps with the asymmetric rectifier 2
as an example.

Monolayer Formation. The adsorption of dithiocarbamates
to Au was first studied using a simple compound (3, see Figure 1)
whose structure is closely related to 1 and 2, but lacking the
terminal thiol group. It further has a methyl substituent rather
than an ethyl substituent on the dithiocarbamate anchor group.
Compound 3 was selected as a reference because the interaction
of the molecule with the substrate is reduced to the dithio-
carbamate anchor group only, excluding any additional influ-
ence/interaction arising from the thioacetate moiety during self-
assembly.
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Scheme 1. Synthesis of Compounds 1 and 2°

11:n=2

1:n=2
12:.n=4 2:n=4
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Scheme 2. Synthesis of Compound 3°
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Figure 2. Schematic illustration of the fabrication steps for the formation of asymmetric metal—monolayer—metal junctions using compound 2:
(a) self-assembly on Au; (b) deprotection; (c) deposition of Au nanoparticles by incubation.

The adsorption characteristics of 3 to the Au substrate are (S 2p3/2/S 2pis» peak doublet) attributed to chemisorbed
accessible through X-ray photoelectron spectroscopy in the S sulfur (161.94 eV)** at binding energies consistent with repor-
2p core level region (Figure 3), which shows a unique signal ted values for dialkyl dithiocarbamates on Au'® and slightly lower
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Figure 3. XP spectrum of monolayer 3 on Au(111), showing a S 2p3/, core-level peak at 161.94 eV. A single component (S 2p3,,/S 2p,, doublet)
appeared, representative of the bidentate bond of the dithiocarbamate moiety to Au. Single fit curves to the data are drawn in red; the sum of the fit curves
and the linear background are drawn in black. The scheme on the left shows the molecular arrangement of 3 on Au.

Table 1. Structural Properties of Monolayers 1—3*

elemental ratio

monolayer composition ds(prC)-s(thion) (A) AF? O/N C/N S(bound 5)/S(unbound $)° S/Au? MA (A%)*

1 protected C7H,4,NOS; 13.44 0.73 1.94 194 1.74 (2.38) 0.032 304
deprotected C,sH,,NS, 13.36 0.73 0.59 15.7 1.61 (2.21) 0.033 29.5
2 protected C1oH,5NOS; 15.79 0.69 1.64 19.1 1.24 (1.80) 0.031 314
deprotected Cy,H,6NS; 15.96 0.68 0.74 18.4 1.57 (2.31) 0.033 29.5
3 C,sH,,NS, - - 0.68 17.8 - 0.031 314

“The molecular length dg(prc)-s(thiol) was determined from DFT gas-phase calculations. The attenuation factor AF was derived from the molecular
length and the tilt angle of the molecules relative to the surface (28.6°), and was used for calculation of the corrected S(pound s5)/S(unbound ) Tatios
(corrected values in parentheses). Elemental ratios from XPS peak areas yielded the chemical composition for each self-assembled monolayer. The
molecular area (MA) was obtained from the S/Au ratios by referencing to hexagonally close packed dodecanethiol monolayers. XP sensitivity factors
were gained from the Kratos database and calibrated using known reference samples (SFg 2p = 0.668, SFy 15 = 0477, SFo 15 = 0.780, SF¢ 1 = 0.330,
SFau 46 = 6.250).  Attenuation factor AF = exp(—x/4), using an electron attenuation length (EAL) of A = 3.7 nm, as computed with the program “NIST
standard reference database 82”. The monolayer thickness (x) was obtained from x = cos Qds(prc)-s(thiol) Where ds(prc)-s(thior) is the molecular length
and @ is the molecular tilt angle from the surface normal (o = 28.6°, see DFT calculations in the Supporting Information). “S(pound 5)/S(unbound s) is the
ratio of the two S 2p peak areas with the S,,3/, components at ~162 eV and ~164 eV, respectively. Values in the parentheses were corrected by the
attenuation factor (AF). ¥ Ratio of the peak areas of bound S 2p (S) and of Au 4f (Au) divided by 2 to account for the presence of the two sulfur atoms in
the dithiocarbamate group. ° MA obtained from S/Au peak area ratios by reference to densely packed alkanethiol monolayers (S/Au ~ 0.045, MA =
21.6 Az/molecule”).

(by ~0.2 eV) than those found for thiolates on Au (162.1 eV for for dithiocarbamates is quxte close to that of thiols (~4 times
octanethiol monolayers). Dithiocarbamate monolayers of this lower compared to thiols).>® These rate constants determine the
kind have been studied previously,"®'? and it is established that orientational order of the resulting monolayers, as they make
they bind to Au with both sulfur atoms in a bidentate configura- sure that rectifiers 1 and 2 attach to Au with the dithiocarbamate
tion, prov1d1ng outstanding contacts, both electrically and me- anchor group first. A stability test of the thioacetate group in basic
chanically.”” The molecular surface density of monolayer 3 dithiocarbamate solutions showed that the thioacetate moiety
(estimated via S 2p/Au 4f peak area ratios) is ~0.7 times the was stable during the assembly time; however, this stability
density of a close packed dodecanethiol monolayer (Table 1), decreases with the water content in solution (Supporting In-
which can be rationalized in terms of a higher bulkiness of the formation).
dithiocarbamate anchor group. The chemical shift and molecular Upon self-assembly of monolayers of 1 and 2, XPS allowed
density were consistent with previous results obtained from to distinguish between different sulfur species contributing to
[1,1';4,1" Jterphenyl-4"' -yl-methane-dithiocarbamate monolayers the S 2p spectrum. Furthermore, the oxygen O 1s signal
on Au> Notably, the purity of the adsorbed monolayers is indicated the presence of an acetyl protective group on the
evident from C 1s/N 1s peak area ratios, which are very close to thiol moiety. In Figure 4, both the S 2p and the O 1s signals are
stoichiometric values for 3 as well as for 1 and 2 (see Table 1). shown for monolayers of 2 before and after deprotection with
In case of rectifiers 1 and 2, the situation is more complex, as ammonium hydroxide, respectively. The monolayers feature
there is a competition in the adsorption of the thiolate and di- two emission peaks at a BE of ~162 eV and ~164 eV
thiocarbamate moiety to the metal surface. To obtain a direc- (Figure 4a and Table 1 in Supporting Information). The Eeak
tional assembly of rectifiers 1 and 2 on Au, we took advantage of at ~162 eV is well known to arise from thiolate®
the fact that the rate constant for the molecular adsorption of dithiocarbamate'® chemically bound to Au, whereas the peak
acetyl-protected thiols on Au is 2 orders of magnitude lower than at ~164 eV is attributed either to unbound thiols***® or to
that for thiols on Au,””*> whereas the adsorption rate constant acetyl protected thiols.>”
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Figure 4. XP spectra of monolayer 2 on Au(111) acquired before deprotection (top) and after deprotection (bottom) in the S 2p (a) and the O 1s (b)
spectral region. As shown in (a), the S 2p;, components at 161.95 and 164.04 eV were not affected by the treatment, whereas in (b), a clear reduction in
the O 1s peak intensity at 532.6 eV was observed. Fit curves to the data are drawn in red and blue, corresponding to the two sulfur species shown in the
left scheme. The sum of the fit curves and the linear background are drawn in black. The scheme on the left side shows the monolayer structure before

and after deprotection.

To clarify the structure of monolayers 1 and 2, a quantitative
evaluation of XP signals was done, resulting in the figures listed in
Table 1. From the S 2p/Au 4f peak area ratios, where only the
bound sulfur component was taken into account, an average
molecular density of ~0.73 times that of a dense dodecanethiol
monolayer was obtained, which is very close to the density found
for monolayer 3. From DFT calculations utilizing experimental
surface densities, an upright orientation of molecule 2 with an
average tilt angle of ~28.6° toward the surface normal was
derived (see Supporting Information for computational details).

On the basis of the two XP peaks S 2p(162 eV) and S 2p(164
eV), we obtained a ratio of their areas of A(162 eV)/A(164 eV) =
1.8—2.3. Here a correction factor that accounts for the photo-
electron attenuation was applied (see Table 1 and Supporting
Information). The result is in reasonable agreement with the ex-
pected relative amount of bound and unbound sulfur (A(bound)/
A(unbound) = 2), when assuming an adsorption model as
presented in Figure 2. According to this model, both sulfur
atoms of the dithiocarbamate moiety attach to the substrate,
whereas the protected thiol functionality is exposed to the
surface. Unfortunately, when determining the ratio of the two
areas, the instrumental error due to limited XPS resolution and
partial overlap of the two components is ~10—15%; thus, we
cannot exclude that a certain amount of rectifiers might attach to
the surface through the thiolate or even bind in a “bridge”
configuration. In any case, by exploiting the different adsorption
rates of thioacetates and dithiocarbamates, a shorter assembly
time (30—60 min) might help to reduce thiolate adsorption and
thus provide a maximum yield of dithiocarbamate-linked
molecules on Au.

Further supporting this scenario, the two protected mono-
layers show a consistent oxygen peak (O 1ls at ~532.6 eV),
indicative of the acetyl protective groups. The signal is strongly
reduced upon deprotection. Note that a slight oxygen back-
ground (expected stoichiometry for 1 and 2: O/N = 1), observed
for all samples (including monolayer 3), presumably indicates
the presence of water adsorbed to the surface.

5925

In contact angle measurements with deionized water, mono-
layer 3 showed values (~90°) that were fairly close to those from
alkanethiols and dialkyldithiocarbamates (103—114°),*° whereas
monolayers 1 and 2 (~68° and ~74°, respectively) exhibited a
higher polarity, characteristic of thiol-terminated surfaces (Sup-
porting Information, Table 1).

From the above data, we conclude that the oriented assembly
of target compounds 1 and 2, as expected based on the slow rate
of adsorption of thioacetates to Au, is the main feature of the
studied monolayers. The orientational order is a prerequisite for
the formation of rectifier-type junctions, in analogy to previous
studies where the oriented growth could be achieved using
monoacetylated dithiols.>®

Deacetylation of the Thioacetate. The acetyl protection
group was removed from the monolayer surface by treating the
monolayer with ammonium hydroxide. Thiol and thioacetate
exhibit the same chemical shift for the S 2p signal; thus, the dea-
cetylation can only be monitored via changes in the O 1s signal.
XP data showed that most of the oxygen was removed upon the
treatment (Figure 4b), that is, its amount was decreased by about
1 oxygen atom/molecule (Table 1). Figure 4 shows that the
treatment did not affect the monolayer structure as far as the
bonding environment of the sulfur is concerned. Specifically, the
BE of bound and unbound sulfur species, their relative peak areas
and the molecular surface density (29—31 A®/molecule, see
Table 1) were unchanged.

Further evidence for the deacetylation of the terminal thioe-
ster comes from PM-IRRAS, a technique which is highly specific
to the detection of chemical bonds, as it relies on the analysis
of vibrational modes that are excited by infrared radiation.
The changes in the intensities of the asymmetric and symmetric
in-plane C—H stretching modes of the methyl group, located at
2965 cm ' (v,(CH;)) and 2879 em™ ' (v,(CHj;)),***" were
used to monitor the presence of the methyl group in the acetyl
moiety (Figure S). Compounds 1 and 2 include two methyl
groups, one of which is coordinated to the amine and the other
one is part of the thioester functionality. In addition, there are
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7 and 9 methylene groups for derivatives 1 and 2, respectively,
which appear in the asymmetric and symmetric C—H stretchin%
modes at 2932 cm™ ' (v,(CH,)) and 2854 cm ™' (v,(CH,)).*
The position of the methylene peaks is consistent with mono-
layers existing in the liquid phase rather than in the crystalline
phase.*’ This result was expected considering the short alkyl
chains in molecules 1 and 2. As shown in Figure S, a strong
decrease in the methyl v,(CH3) signal intensity was observed for
monolayer 2 upon treatment with ammonium hydroxide, thus,
demonstrating the removal of the acetyl group from the thiol
surface. The low intensities of the v,(CH;3) mode and of the
thioacetyl C=O stretching vibration at 1680 cm ™" (not shown)
can be explained by a parallel orientation of the acetyl S—C—C

23
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Figure 5. PM-IRRAS spectra of representative monolayer 2 in the
2700—3100 cm ™" region before and after removal of the acetyl protective
group. The arrows indicate the position of the asymmetric and symmetric
stretching modes of the methyl group at 2965 and 2879 cm ™", respectively.

plane relative to the surface plane, because in this case both the
v,(C=0) and v,(CHj) transition dipoles are perpendicular to the
surface normal (and thus not excited by the electrical field vector).*

Au Nanoparticle Deposition. The metallization of the thiol-
terminated surface was accomplished by incubation of the
monolayer in a nanoparticle solution. This process was se-
lected in view of the high sensitivity of thin self-assembled
monolayers, which exclude any conventional thermal deposi-
tion of metals on them. During immersion of the monolayers
in the NP solution, an exchange of the dodecylamine ligands
linked to the NPs with the thiolate end groups at the mono-
layer surface occurred. Thus, a layer of NPs, chemically linked
to the underlying monolayer, was formed. As dithiocarbamates
1 and 2 are completely insoluble in toluene, which is used as a
solvent during nanoparticle incubation, a ligand exchange, that
is, the desorption of dithiocarbamates from the surface with
subsequent re-adsorption on the Au NP, can be excluded.
Figure 6a shows an STM image of the template-stripped gold
(TSG) surface modified with monolayer 1, and Figures 6b and
7 show the same surface after deprotection and incubation
with the Au NPs. Whereas in Figure 6a the characteristic
features of a TSG surface are seen (despite the low roughness
of Ah,me ~0.3 nm, the grains of the polycrystalline Au surface
appeared), in Figures 6b and 7 a close packed layer of Au
clusters and NPs covers the surface. Here, we found peak-to-
valley STM height differences of 6—20 nm, corresponding to
the diameters of the Au clusters or of their agglomerates. The
Au NPs were firmly attached to the surface because exten-
sive rinsing of the sample in different solvents did not change
the NP coverage. Control samples with monolayer 3, lacking
the thiol end group, were subjected to the same treatment, but
did not show any difference in surface topography upon NP
incubation (Figure 6¢,d).

HS,

300 x 300 nm?

Incubation
in nanoparticle
solution

300 x 300 nm?

Figure 6. STM images of monolayer 1 on TSG before (a) and after (b) deprotection and NP incubation. (a) The rms roughness of the surface was
~0.3 nm, but it showed grains (100—200 nm in size) from the polycrystalline TSG surface. (b) After deprotection and NP incubation, the surface was
densely covered with large gold clusters and NPs. Monolayer 3 on TSG before (c) and after (d) ammonium hydroxide treatment and NP incubation,
demonstrating that the NPs did not bind to the surface. All images were acquired at a bias voltage of 400 mV and a tunneling current of 2 pA. The height

scale was 3 nm for images a, ¢, and d and 20 nm for image b.
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150 x 150 nm?

Figure 7. STM zoom image of monolayer 1 on TSG after deprotec-
tion and NP incubation. The image was acquired at a bias voltage
of 400 mV and a tunneling current of 2 pA. The height scale
was 15 nm.
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Figure 8. XP S 2p spectrum of monolayer 1 after deprotection and NP
incubation. The unbound thiol component at ~164 eV almost
vanished, showing that most of the terminal thiols in the monolayer
reacted with the Au NPs (~162 eV). Fit curves to the data are drawn in
red and blue, while the sum of the fit curves and the linear background
are in black.

The efliciency of the metallization step, that is, the full che-
misorption of the Au NPs to the thiol-terminated surface, was
verified by XPS and showed the disappearance of one of the two
thiol components in the S 2p spectral region (Figure 8).
Although the total S 2p signal intensity was strongly attenuated
by the presence of the Au NPs on top of the monolayer, a
prevalent suppression of the S 2p component related to unbound
sulfur at ~164 eV could be observed (see Figure 4 for comparison).

Thus, most of the thiols at the surface are converted to thiolates
upon reaction with the Au NPs in solution, and a thin metal layer is
formed at the monolayer surface. The whole process delivers a
metal—molecule—metal junction that is intrinsically asymmetric
due to the choice of the two different anchor groups employed for
molecular self-assembly.

Electrical Characterization. An alternative approach for con-
tacting monolayers is the deposition of a highly conducting poly-
meric interlayer between the monolayer of interest and, for
example, a thermally evaporated top electrode. This technique
enabled the measurement of large area molecular junctions with
diameters up to 100 um."®> We used monolayers as described in
the section “Deacetylation of the Thioacetate” and deposited a
poly(3,4-ethylene-dioxythiophene):poly(4-styrenesulphonic-acid)
(PEDOT:PSS) film on these surfaces for further electrical
characterization with a hanging Hg-drop apparatus (see Experi-
mental Section). Because of the polar character of the water-
soluble PEDOT:PSS suspension, these films are highly adhesive
to the thiol end groups of the monolayers. PEDOT:PSS was spin
coated onto monolayers of 1 and 2, forming polymeric films with
ahomogeneous thickness of about 100 nm. The current—voltage
characteristics were acquired in the bias range from —1to 1V,
and measurements comparing curves from 1 and 2 with data
from alkanedithiol monolayers having different chain length
(1,8-octyldithiol (ODT) and 1,12-dodecanedithiol (DDT))
allowed us to determine the conductance per unit area of mono-
layers of 1 and 2. The curves were very reproducible on different
samples and positions. The average current densities in Figure 9
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Figure 9. Average current density versus bias voltage for monolayer junctions of 1 and 2 having the structure Au//Monolayer/PEDOT:PSS/Hg. The
curves are compared with data from ODT and DDT in analog devices. At a bias of 1 V, the current densities for DDT:2:1:ODT follow the ratio 1:3:7:13.
The error bars indicate the standard deviation for the measured curves. The scans are acquired from 0 to 1 V, down to —1 V and back to 0 V. Both scan
directions are shown in the graph. The individual scans in a linear representation are shown in the Supporting Information (Figures S4 and SS).
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show that at a bias of 1 V the conductance of a monolayer of 2 is
3.1 times lower than that of a monolayer of 1 and 2.2 times higher
than that of a DDT monolayer. The ratio in the conductance of
ODT and DDT monolayers was 13. These proportions in the
conductance of the layers are in good agreement with values
obtained if a simple tunnelling barrier model®* with an attenua-
tion factor of 8 ~ 0.5/A is applied. Referred to the molecular
structure (see Figure 1), this means that the current density
scales exponentially with the length of the barrier x,

J o< exp(—fix)

that is, with the number of aliphatic bonds within the molecular
junction. The current densities for ODT and DDT junctions are
in excellent agreement with values reported by de Boer et al,,'?
even though in our case a Hg drop electrode rather than a
thermally evaporated Au contact was employed. Also the mea-
sured tunnelling decay constant, even though lower than re-
ported with other experimental test beds, is very close to Previous
results gained with monolayer/PEDOT:PSS junctions."

Interestingly, above a bias of ~0.4 V, the rise in current density
for 1 and 2 is significantly more pronounced than for alkane-
dithiols. This is probably caused by the frontier orbitals of the
phenyl ring in molecular rectifiers 1 and 2, which above a certain
bias voltage are aligned with the Fermi level of one of the
electrodes and thus become accessible for resonant tunnelling.
In addition, at a bias of at 1 V, for both rectifiers a moderate
rectification (rectification ratio = 1.32) is found. This effect,
observed for the first time in monolayer/polymer type junctions,
does not show up in alkanedithiol junctions that are intrinsically
symmetric. Hence, the observed rectification can be attributed to
the asymmetry of the monolayer junctions consisting of the or-
iented self-assembled rectifiers 1 and 2.

In summary, the presented electrical data show a clear signa-
ture from the molecular layers and confirm that the current
density reflects the nature of the molecules in the respective
junction, both concerning molecular length and structure. It also
shows that, as for ODT and DDT monolayers, the packing
density and orientation of rectifiers 1 and 2 is sufficiently well-
defined to avoid electrical shorts in the molecular junctions.
However, it should be mentioned that polymeric interlayers do
not allow a systematic study of molecular rectification since the
electrical contact with the terminal thiol groups is not well
understood, as it is for thiolate—Au interfaces. For a quantitative
investigation, identical metal electrodes on both sides of the
junction are required, and single-molecule measurements are
currently ongoing to correlate theoretical predictions with ex-
perimental rectification ratios.

Bl CONCLUSIONS

The fabrication of metal —molecule—metal junctions consist-
ing of monolayers of aligned, self-assembled rectifier candidates
has been reported in this study. The oriented growth of these
rectifiers has been achieved by making use of the different
adsorption rate constants of dithiocarbamates and acetyl pro-
tected thiols on Au surfaces. The critical top electrode deposition
was demonstrated both by nanoparticle incubation and by for-
mation of conducting polymeric films. Electrical measurements
with large area polymeric junctions reflect the conductance of the
molecular layers, demonstrating the feasibility of monolayer-
based junctions. The presented method is a simple and repro-
ducible procedure for the realization of devices with an

asymmetric electrode—monolayer—electrode structure, an issue
of high relevance to obtain diodes in molecular electronics.

B EXPERIMENTAL SECTION

Monolayer Preparation. For XPS, FT-IR, STM, and contact
angle characterization, template-stripped gold (TSG) surfaces were
prepared using known procedures.* In short, Au was deposited by
thermal evaporation (100 nm) onto a polished silicon wafer (Si-Mat
GmbH). A glass slide covered with epoxy glue (EPO-TEC 353, Polytec)
was then deposited on the Au surface. Subsequently, the glue was cross-
linked at 150 °C (for 1 h). The TSG surface was formed by stripping the
Au on the glass from the silicon wafer with the aid of a razor, yielding
substrates with a rms roughness of 0.3 nm, as observed by atomic force
microscopy. The self-assembled monolayers were prepared in an argon
environment (glovebox) by immersion of the freshly cleaved TSG
samples into 0.2 mM solutions of dithiocarbamate salts 1, 2, or 3 in
absolute ethanol for 18—24 h. Such a long assembly time was chosen
because a long exposure of Au surfaces to thiols or dithiocarbamates is
known to provide denser, higher quality monolayers. However, we also
tested the assembly of dithiocarbamates for times as short as 1 h, without
significant loss in monolayer density as far as XPS spectra are concerned.
A shorter soaking time probably slightly reduces the fraction of
molecules linked to Au with the thiol moiety. After self-assembly, all
samples were thoroughly rinsed with absolute ethanol, blown dry with
argon, and immediately used for characterization. The samples were
then transferred for XPS analysis in argon filled containers. To avoid
oxidation, all solvents used for monolayer preparation and processing
(ethanol and methanol) were saturated with argon before use.

Deacetylation and Au Nanoparticle Incubation. The acetyl
protective groups were removed by exposing the monolayers of 1 and 2
to an ethanolic solution of ammonium hydroxide (0.52 M) for 12 h. The
resulting samples were thoroughly rinsed with ethanol and immersed
into a freshly prepared solution of dodecylamine-stabilized Au nano-
particles™ (average particle diameter: 4 nm) in toluene for 18 h. The
concentration of this nanoparticle solution was adjusted to an absor-
bance of 0.4 at the maximum of the plasmon absorption band (Ao =
514 nm, 2 mm path length). After incubation, excess nanoparticles were
removed by rinsing the samples with toluene and ethanol and drying
them in a stream of N,.

UV—Vis and Infrared Spectroscopy. UV/vis absorption spec-
tra were recorded using a Varian Cary SO scan spectrophotometer
using a cell path length of 1 cm. Polarization modulation infrared
reflection—absorption spectroscopy (PM-IRRAS) data were acquired
with a Bruker Vertex 70 spectrometer equipped with a PMASO module
including a nitrogen cooled mercury—cadmium—telluride (MCT)
detector and a ZnSe photoelastic modulator. The IR beam was set at
80° incident to the TSG surface, and the spectra were collected over 15
min at a resolution of 4 cm ™.

Contact Angle Goniometry. To determine the surface energy of
the monolayer, contact angle measurements were done with a KSV
CAM 100 at room temperature. A drop of deionized water from a
Millipore system (18.2 MQ2-cm) was dispensed on the surface after
rinsing it with ethanol and drying it in nitrogen.

X-ray Photoelectron Spectroscopy (XPS). High-resolution
XPS spectra were recorded with a Kratos Axis Ultra instrument using
an Al Ka (1486.6 eV) source operated at 15 kV and 180 W. With an
X-ray monochromator and a pass energy of 40 eV for the analyzer, an
instrumental energy resolution of 0.5 eV was achieved. A survey
spectrum and high resolution spectra of the S 2p, C 1s, N 1s, O 1s
and Au 4f regions were acquired. The binding energies were calibrated
against the Au 4f;/, core-level peak at 84 eV. The spectra were fitted
using Voigt functions with a 50/50 Lorentz/Gaussian ratio and a
linear background. The line shape parameters were determined by
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least-square fitting to carbon and sulfur core-level signals of known
alkanethiol reference samples. The S 2p spectrum, consisting of the
two components S 2p;/, and S 2p; , with a fixed separation of 1.18 eV,
was fitted with a relative ratio of 2/1 for the S 2p;,»/S 2p; /, areas. The
molecular surface density was obtained from the relative S/Au signal
intensity by consideration of the bound S 2p component only
(~162 eV), which allowed a direct comparison with the surface density
of other dithiocarbamate or thiol derivatives. The S/Au intensity ratio is
independent on the specific molecular structure of various organosulfur
compounds that are chemically linked to Au, thus a reliable indicator for
molecular densities.

Scanning Tunneling Microscopy (STM). The structural prop-
erties of the modified TSG surfaces were characterized using a
scanning tunneling microscope (Multimode Nanoscope IIla, Digital
Instruments) equipped with alow current amplifier. Self-cut Pt/Ir (80/
20) tips were used as a probe. The STM scans were recorded
in constant-current mode under ambient conditions at room
temperature.

Electrical Measurements. For sample preparation, the self-as-
sembly of rectifier molecules and subsequent deacetylation were
carried out following the same procedure as described above. The
monolayers of 1,8-octyldithiol and 1,12-dodecanedithiol were pre-
pared by immersion of the TSG substrates into 3 mM ethanolic
solutions of the dithiols for 36 h.*® After monolayer preparation, the
substrates were rinsed intensely with ethanol. A poly(3,4-ethylene-
dioxythiophene):poly(4-styrenesulphonic-acid) (PEDOT:PSS) solu-
tion was prepared by diluting 0.25 mL of the water-based source
suspension (Clevios FE, H.C. Starck GmbH & Co.) with 0.35 mL of
methanol and by subsequent filtration through a nylon filter having a
pore size of 0.1 um. The PEDOT:PSS solution was then spin coated
onto the TSG substrates at 1500 rpm for 50 s and dried in a vacuum
chamber, resulting in a polymer film with a thickness of ~100 nm. For
electrical characterization, a home-built Hg-drop setup with a Hamil-
ton syringe as Hg-dispenser was employed. Technical details about the
experimental setup are reported elsewhere.”” The measurements were
carried out under ambient conditions, that is, the Hg droplet was
extruded and suspended in air above the sample. Subsequently, the
surface was approached using a piezo-table until a large area contact
(0.39 £ 0.03 um in diameter) between sample and Hg droplet was
established. The contact of the Hg droplet with the sample was
monitored from side-view using a CCD-camera, and based on the
junction diameter, the contact area was determined. Current—voltage
curves were acquired on 2 different samples and on 6 positions in total.
For each position, a series of S curves was recorded with a maximum
bias value at 0.1, 0.2, 0.5, 0.6, and 1 V. The data was acquired using a
voltage ramp with a bin size of 10 mV and an elapsed time between
steps of 0.1 s. Averaged curves were created from 6 single scans on 2
different samples. The Hg electrode was on ground and the bias
applied to the bottom TSG electrode. Current densities were obtained
by normalizing the currents with the contact area of the Hg droplet on
the sample.

B ASSOCIATED CONTENT

© Ssupporting Information.  Synthesis procedures and 'H
NMR spectra of compounds 1 and 3 and the intermediates,
molecular modeling results, XPS and electrical data. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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