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Molecular electronics was envisioned to be the ultimate
solution to the limit predicted by Moore�s law for micro-
electronic chips. Since Aviram and Ratner proposed the
original idea (the AR model) about molecular diodes,[1] many
molecules that behave as wires,[2] diodes,[3] and switches[4]

have been synthesized and characterized. Despite this prog-
ress, however, many challenges still remain to producing true
molecular devices. For example, serious challenges exist for
the assembly of these molecules into electric circuits, and
reliable measurements on electron transport of single mole-
cules in a true circuit configuration are still rare. Although the
realization of single molecular electronics cannot be reached
in one step, one of the most important steps towards real
molecular devices is to control the functions of molecular
components, such as rectification, in two-terminal molecules.
A number of diode molecules developed by different research
groups were based on the AR model and showed possible
rectifying effects. However, these molecules could not be
assembled into two-terminal circuits with a controlled direc-
tion of current flow. Herein, we report that the rectifying
direction of diode molecules can be controlled in a two-
terminal circuit configuration through a sequential assembly
process. To the best of our knowledge, this is the first example
in which the electron transport is controlled by the orientation
of diode molecules between two electrodes.[5]

Recently, we reported that simple conjugated diblock co-
oligomers exhibit pronounced rectification effects.[6] These p-
n junction types of molecules incorporate an electron-rich
dithiophene segment and an electron-deficient dithiazole
segment. These molecular diodes contain only one thiol
terminus, which limits their ability to be incorporated
between two gold electrodes; it is necessary to equip this
thiophene–thiazole diblock oligomer with two different
terminal thiol groups that can be sequentially connected to
gold electrodes, thereby enabling the molecular orientation
between the two electrodes to predetermine the rectifying
direction. We synthesized two thiophene–thiazole diblock

oligomers with two different thiol-protected end groups. The
orientation of the diblock structure between the gold electro-
des was controlled through a sequential deprotection and
immobilization procedure (deprotection a/self-assembly/
deprotection b/adding Au nanoparticles). It was found from
electron-transport studies that the rectifying effect of the
resulting assembly was indeed controlled by the orientation of
the molecules.

The synthetic procedure for the thiophene–thiazole
diblock molecule was reported previously.[6] Introducing
another thiol group into the compound proved to be not
feasible because of tautomerism between the thiol and thione
forms. However, we found that thiolation at the 5-position in
the thiazole molecule could be achieved. Thus, compounds 6
and 13 were designed and synthesized (Scheme 1). The two
thiol-protection groups used are cyanoethyl (-SCH2CH2CN,
CNE) and trimethylsilylethyl (-SCH2CH2SiMe3, TMSE). The
former can be readily cleaved to the free thiol under basic
conditions while the latter is stable even under very basic
conditions, such as butyllithium, but labile to fluoride-
mediated cleavage.[7] Our synthetic strategy was to take
advantage of the inertness of the TMSE protecting group to
basic conditions and incorporate it at the beginning, and then
add the CNE protection group later in the synthesis. The
TMSE-protected thio group was first attached to the dithio-
phene unit through the dithiophene iodide 1 by using a
general method for formation of an aryl–sulfur bond in which
a copper(i) salt is used as a catalyst.[8] The diblock molecule 5
with a TMSE protecting group was prepared by Stille
coupling of 3 with the dithiazole block 4. The last step was
to introduce the CNE protecting group at the other end to
form 6 by using a previously used procedure.[6b]

Originally we planned to deprotect the thio groups in
compound 6 by two different sequences so that the diode
molecule could be immobilized onto electrodes with different
orientations. Experiments showed that initial cleavage of the
TMSE group would also simultaneously eliminate the CNE
group. However, cleavage of the CNE group first, worked
well with the TMSE group remaining intact. Thus, the
sequential deprotection procedure (cleavage of the CNE
group first and then the TMSE group) was applied. Com-
pound 13 was then synthesized to enable the reverse
molecular orientation to be realized between the electrodes.
Compound 13 has a similar diblock structure to compound 6,
but with the two different thio-protection groups switched in
positions (Scheme 1). Since it is difficult to functionalize the
2-position of the dithiazole unit after protecting the thio
group at the 5’-position with TMSE, we chose first to couple
dithiazole 4with one thiophene unit protected at its 2-position
to form compound 8, then attach the TMSE protecting group
by using the same coupling reaction described above. Finally
another thiophene unit with a built-in CNE-protected thio
group was connected through a Stille coupling reaction to
make compound 13. The 1H and 13C spectra of the compounds
are consistent with the expected structures, and the mass
spectra show a signal forM+ at aboutm/z 604.9 for both 6 and
13.

The orientation of the diblock structure between gold
electrodes was controlled through a sequential deprotection
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and immobilization procedure (deprotection a/self-assembly/
deprotection b/add Au nanoparticles) as described in
Scheme 2. First, the CNE protecting group was cleaved
in situ with sodium ethoxide/ethanol to form a free thiol, and
the target molecules were then self-assembled onto the gold
substrate. Then the TMSE-protecting group was cleaved with
a solution of TBAF in THF and treated with freshly made
gold nanoparticles (NP). Thus the diode molecules were
connected at both ends to gold electrodes and ready for the
electron-transport study. The assemblies A1 and A2, pre-
pared from molecule 6 and 13, respectively, are shown in
Scheme 2.

An investigation of the charge-transport properties of
single molecules necessitates monolayers with isolated diode
molecules. We utilized a dodecanethiol self-assembled mono-
layer (DDT SAM) on an Au(111) substrate into which the
molecules 6 and 13, were inserted. Figure 1a shows the STM
image of the highly ordered structure of a DDT SAM on an
Au(111) surface. High-resolution images (inset in Figure 1a)
reveal a hexagonal packing, with an average distance between
the nearest and next-nearest-neighbor spacing (represented
by a and b, respectively) of approximately 0.5 and 0.9 nm,
which correspond to a characteristic (
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bate overlayer on Au(111).[9] Figure 1b shows an STM image
taken on the DDT SAM after insertion of 6. The bright spot

(indicated by a circle) is the constant-current STM image of 6
with the TMSE-protected thio group on the top. The images
are reproducible over many scans. The intensity of the bright
spots changes sporadically in agreement with the stochastic
behavior reported for single molecules inserted in an
alkanethiol SAM.[10] The shape and size of the spots are
constant and have an average size of about 1.8 nm, which is
similar to other single molecules inserted in an alkyl thiol
matrix.[11] The bright spots are probably single molecules, but
we cannot rule out the possibility of the formation of
aggregates. According to literature data the orientation of
DDT is defined by a tilt angle of 308.[9] After removal of the
TMSE protecting groups, Au NPs were attached to the
exposed terminal thiol groups. Figure 1c shows the STM
image of the resulting Au assembly A1. The apparent
diameter of the Au NP is in the range 9–11 nm. A separate
TEM micrograph of the NP showed an average diameter of
8 nm.[12] The enlargement in the size of the single molecules
and NPs can be attributed to the combination of electronics
factors and tip-convolution effects. Control experiments
showed that the nanoparticles were indeed attached to the
molecules after cleavage of the TMSE group. First, there were
no nanoparticles observed on the STM images of samples
prepared under the same conditions without cleavage of the
TMSE group or in the absence of inserted target molecules.

Scheme 1. Syntheses of compound 6 and 13. a) 1. Me3SiCH2CH2SH, CuI, NaOtBu, neocuproine, toluene, 110 8C; 2. TFA; b) 1. nBuLi, �78 8C;
2. Bu3SnCl; c) [Pd2(dba)3], PPh3, Cu2O, DMF, 130–1358C; d) 1. nBuLi, �78 8C; 2. S8; 3. BrCH2CH2CN; e) 1. nBuLi, THF, �78 8C; 2. I2. TFA= tri-
fluoroacetic acid, dba= trans,trans-dibenzylideneacetone.
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Secondly, the density of the nanoparticles observed after
step b in Scheme 2 was comparable to that of the bright spots
from the molecules with the TMSE-protected thio group after
step a in Scheme 2.

Further evidence for the sequential deprotection process
was obtained from grazing incidence FTIR. Figure 2 shows
the IR spectra in the CH stretching region for a monolayer of
6 following the sequential deprotection. The transmission
spectrum of 6 on a KBr plate is shown for comparison
(trace a). The inset spectra show the CN stretching region,
where disappearance of the CN absorption was clearly
observed after the first deprotection step, namely cleavage
of the CNE group. The absorption from the CH2 unit (nCHs

2

symmetric stretching vibration) of the TMSE group remains
(indicated by an arrow in trace b),[13] thus indicating the
TMSE group was intact. After the second deprotection step
(cleavage of the TMSE group), this absorption from the
TMSE group disappeared accordingly (trace c).

The electron-transport properties of
assemblies A1 and A2 were investigated
by scanning tunneling spectroscopy
(STS). It has been demonstrated that
gold NPs can be immobilized on the
surface thiol groups in symmetrical alkyl
dithiol monolayers assembled on a Au
substrate and I/V properties of the
assembly can be readily measured by
scanning probe microscopy.[14] Figure 3
summarizes the averaged I/V data for
assemblies A1 and A2 (Scheme 2). The
gap conditions used to define the tip–
sample separation are �0.5 and �0.1 nA
at �1.5 V, respectively. The STS spectra
for A1 clearly showed asymmetric

I/V behavior, with higher current at a negative bias potential
than at a positive one. The average rectification ratio (RR) is
0.19:1 (for easy comparison, 1/RR is was used in Figure 3a),
where RR is defined as RR= I(+ 1.5 V)/I(�1.5 V).[15] Oppo-
site rectifying behaviors were found for assembly A2, with an
average RR value of 4.8:1. The inset histograms show the
statistical distribution of 1/RR for A1 and RR for A2 for the
different NPs measured, thus demonstrating the reproduci-
bility of the I/V curves for different NPs on the SAM
monolayer. The RR range is 2:1–7:1 for A1 while the 1/RR
range for A2 is 3:1–7:1. The ranges in both cases can be
attributed to different orientations and conformations of the
molecules in the SAM defects.[10a,16] The statistical histogram
analyses were based on measurements taken on about 50
different immobilized single Au NPs for each assembly. The
I/V data for each NP is the average of about 100 individual
I/V curves, each of which is composed of 256 points, while
each point has been averaged 3–5 times by the software.

Scheme 2. Preparation of assemblies A1 and A2. a) NaOEt, THF, gold substrate; b) TBAF, THF, Au nanoparticles. For assembly A3 see ref [5b].
TBAF= tetrabutylammonium fluoride.

Figure 1. Constant-current STM topography of a dodecanethiol SAM on Au(111)/mica, before
(a) and after (b) the insertion of 6 ; the molecule is shown as a bright spot and indicated by a
circle. c) The image of the surface after attachment of Au nanoparticle to the top termini of 6.
The area shown is 50C50 nm2, STM imaging conditions: Vbias=++1.0 V, It=1 pA.
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We also changed the current set points (distance between
the STM tip and the Au NP) to investigate the behavior of the
junction under different gap conditions. Figure 4 shows the
I/V curves obtained at different current set points for A1 and
A2. The opposite asymmetric I/V behaviors for A1 and A2
were observed consistently with various current set points.
Although the interplay of two junctions together with the

charging of the NP can change the symmetry of the
I/V curve,[17] the contribution should be always in the same
direction. In our case the opposite asymmetry between A1
and A2 ruled out any significant contribution from such an
effect.

Since the opposite rectifying behavior for A1 and A2 also
rules out any contribution in the asymmetry originating from
the measurement setup, the rectifying effect observed should
be an intrinsic property of the molecules. Although the
position of one methyl group on one thiophene ring was
different in compounds 6 and 13, which may affect the twist
angle of the conjugation and thus electron delocalization, we
believe that the determining factor is the dipole orientation of
the thiophene–thiazole diblock rather than the slight differ-
ence in the position of the methyl group. The results are
consistent with our previous results obtained from A3
(Scheme 2). Assembly A3 has the same dipole orientation
as A2. Preliminary calculations at the HF/G-31G level
showed that the component along the molecule axis is 1.68
and 1.54 D for molecules 6 and 13, respectively.

In summary, we have synthesized new diode molecules
with two different terminal thiol groups that are protected
differenlt. Sequential deprotection of these groups enables us
to assemble the diode molecules with controlled orientations
between two gold electrodes. By manipulating the orienta-
tions of the diode molecules between electrodes we were able
to control the rectification directions. Reproducible results
from STS studies clearly support the concept of using diblock
conjugated oligomers with opposite electronic demands for a
rectifying effect. The results also indicate that the dipole
moments may play an important role in determining the
rectifying direction and ratio.

Figure 2. Grazing incidence FTIR spectra in the CH stretching region
of a) pure compound 6 in KBr, b) a monolayer of compound 6 on Au
after deprotection of the CNE group, and c) after cleavage of the
TMSE group. The inset spectra shows the CN stretching region.

Figure 3. Averaged I/V curves measured over approximately 50 differ-
ent gold nanoparticles at Vbias=�1.5 V for a) A1 (It=�0.5 nA) and
b) A2 (It=�0.1 nA).

Figure 4. I/V data taken at different current set points for a Vbias of
�1.5 V for: a) A1 and b) A2.
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Experimental Section
5 : nBuLi (1.2 mL, 1.6m in hexanes) was added dropwise to a solution
of 2 (489 mg, 1.5 mmol) in dry THF (15 mL) cooled at �78 8C. The
resulting solution was allowed to warm to room temperature over
30 minutes, recooled to �78 8C, and quenched with tributyltin
chloride (814 mg, 2.5 mmol). The mixture was stirred at room
temperature for 4 h, poured into aqueous sodium carbonate solution,
and extracted with diethyl ether. The combined organic extracts were
washed with brine, dried (Na2SO4), and the solvent was removed
in vacuo. The crude organostannane intermediate 3 was obtained in
almost quantitatively yield (monitored by 1H NMR spectroscopy).
This crude product of 3 and compound 4 (483 mg, 1.5 mmol) were
dissolved in anhydrous DMF (20 mL) and a mixture of [Pd2(dba)3]
(30 mg, 0.03 mmol), PPh3 (60 mg, 0.23 mmol), and Cu2O (65 mg,
0.45 mmol) were added in one portion. The resulting mixture was
heated at 130–1358C for 12 h, and then was cooled to room
temperature. The DMF was then removed under high vacuum,
CHCl3 was added to the residue, and the resulting mixture was
filtered through a pad of silica gel. The crude product was purified by
column chromatography (silica gel, hexane/ethyl acetate, 10:1, v/v) to
afford 5 (468 mg, 60%) as a pink solid. 1H NMR (500 MHz, CDCl3):
d= 0.01 (s, 9H, SiMe3), 0.94 (t, J= 8.5 Hz, 2H, CH2), 2.37 (s, 3H, Me),
2.47 (s, 3H, Me), 2.49 (s, 3H, Me), 2.68 (s, 3H, Me), 2.88 (t, J= 8.5 Hz,
2H, CH2), 6.82 (s, 1H, Ar-H), 6.88 (s, 1H, Ar-H), 6.91 ppm (s, 1H, Ar-
H); 13C NMR (125 MHz, CDCl3): d=�1.8, 15.8, 16.5, 17.0, 17.5, 17.6,
34.8, 113.5, 126.7, 128.4, 129.4, 131.5, 132.2, 133.9, 135.0, 136.8, 138.0,
150.7, 153.2, 158.1, 158.9 ppm.

6 : nBuLi (0.4 mL, 1.6m in hexanes) was added dropwise to a
solution of compound 5 (260 mg, 0.5 mmol) in dry THF (10 mL)
cooled at �78 8C. The resulting solution was allowed to warm to room
temperature for 20 min, recooled to �78 8C, and quenched with sulfur
powder (22.4 mg, 0.7 mmol). The mixture was warmed to 0 8C for
20 min, then recooled to �78 8C, and treated with a solution of 3-
bromopropionitrile (113 mg, 0.84 mmol) in THF (2 mL). The mixture
was stirred at room temperature overnight, poured into water, and
extracted with diethyl ether. The combined organic extracts were
washed with brine, dried (Na2SO4), and the solvent was removed
in vacuo. The crude product was purified on silica gel (hexane/ethyl
acetate, 4:1, v/v) to afford 6 (202 mg, 62%). 1H NMR (500 MHz,
CDCl3): d= 0.02 (s, 9H, SiMe3), 0.97 (t, J= 8.5 Hz, 2H, CH2), 2.41 (s,
3H, Me), 2.54 (s, 3H, Me), 2.56 (s, 3H, Me), 2.66 (t, J= 7.0 Hz, 2H,
CH2), 2.71 (s, 3H, Me), 2.91 (t, J= 8.5 Hz, 2H, CH2), 3.02 (t, J=
7.0 Hz, 2H, CH2), 6.87 (s, 1H, Ar-H), 6.97 ppm (s, 1H, Ar-H);
13C NMR (125 MHz, CDCl3): d=�1.8, 15.5, 15.9, 16.5, 17.4, 17.7,
18.0, 33.3, 34.7, 117.5, 119.9, 126.4, 129.3, 130.8, 133.1, 134.1, 135.2,
136.6, 137.7, 138.5, 151.9, 159.0, 159.6, 160.4 ppm; lmax= 421 nm; MS
(CI): calcd mass for C26H31N3S6Si: m/z 605.06; found: m/z 605.8
[M+1]+.

Further experimental details for the synthesis of all other
compounds, assembly preparation, STM, STS, and FTIR measure-
ments can be found in the Supporting Information.
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