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Abstract: A series of self-complementary ureido pyrimidine-
dione (UPy) derivatives modified with different aurophilic
anchoring groups were synthesized. Their electron transport
properties through the quadruple hydrogen bonds in apolar
solvent were probed employing the scanning tunneling mi-
croscopy break junction (STMBJ) technique. The molecule
terminated with a thiol shows the optimal electron transport
properties, with a statistical conductance value that approaches
107 G, The "H NMR spectra and control experiments verify
the formation of quadruple hydrogen bonds, which can be
effectively modulated by the polarity of the solvent environ-
ment. These findings provide a new design strategy for
supramolecular circuit elements in molecular electronics.

Understanding and controlling the electron transport pro-
cess in a supramolecular assembly system associated through
intermolecular interactions is an essential prerequisite for the
fabrication of electronic circuits at the molecular level.!"
Apart from being efficiently synthesized in a user-friendly
way, promising molecular assemblies for functional hybrid
electronic devices should be structurally rigid and must
facilitate electron transfer between individual components.?
Various intermolecular forces have been explored in single-
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molecule electronics, including m—m stacking,”! hydrogen
bonding,! coordination bonds,”! and charge transfer inter-
actions.”! Nevertheless, an ideal assembly scheme that
satisfies all the aforementioned characteristics remains chal-
lenging.

Recently, multiple hydrogen bonds have been attracting
great interest for constructing well-defined architectures in
functional supramolecular polymers. Meijer et al.”! utilized
a self-complementary array with four cooperative hydrogen
bonds associated by 2-ureido-4[1H]-pyrimidinone units in
reversible self-assembling polymer systems. The high dimeri-
zation constant (10°-10'm™') compensates for the limited
strength of a single hydrogen bond.™® Moreover, the
directionality and specificity of each hydrogen bond can
maintain the beneficial planarity of a multiple-interaction-
mediated complex during the dimerization,”’ which helps
electronic devices maintain their conjugated structures after
the self-assembly process. From the perspective of the
synthesis, additionally, dimerization of even-numbered multi-
ple hydrogen-bonding motifs can take place by homodime-
rization, bypassing the preparation of two different and yet
complementary molecules."”!

Herein, we investigate the electron transport properties of
the modified self-complementary quadruple hydrogen-bond-
ing UPy motifs with a definite assembled structure using the
scanning tunneling microscopy break junction (STMBJ)
method.""! Three target UPy derivatives, 1-3, were modified
with different anchoring groups, thiol (SH), pyridyl (PY), and
amino (NH,), respectively (Figure 1a, synthetic details are
summarized in the Supporting Information). A suitable single
crystal for X-ray diffraction of 2 has been obtained by slowly
diffusing petroleum ether into a 1,2-dichloroethane solution
of 2. Figure 1b,c shows that the two individual molecules of 2
are linked together by four hydrogen bonds (1.91 A and
2.19 A for C=O-H and N--H—N, respectively). At the same
time, the formation of the intramolecular O--H—N hydrogen
bond (1.87 A) can help each monomer to keep a planar
structure. These structural features result in the entire dimeric
core of 2 occupying the same plane.

Homodimerization of the quadruple hydrogen-bonding
motifs can be distinguished in the '"H NMR spectral'”! and
such self-assembled dimers are significantly affected by the
polarity of the solvent. In the apolar solvent o-C;D,Cl,, three
singlet signals in the lower field (chemical shifts of 13.0, 11.6,
and 10.6 ppm, Figure 2a) are clearly observed. These signals
are attributed to the three different NH protons of a dimeric
motif, in accordance with the literature.'"” However, when the
protic solvent ethanol (C,Ds;OD) is introduced, the intensity
as well as the position of these NH signals changes signifi-

Wiley Online Library

An dte

Chemie

12393


http://dx.doi.org/10.1002/ange.201605622
http://dx.doi.org/10.1002/anie.201605622
http://dx.doi.org/10.1002/anie.201605622

12394 www.angewandte.org

(a) R:
R\ O"H\ 6]
/N~</ —(N " *OSH
2 H/N by N
; i —
o, / H 9 2
N N>\/N/ H * \ /N
/
N />/N\
J o R 3 *ONHZ

Figure 1. a) Molecular structures and self-assembly mode of Upy
derivatives 1-3. Single-crystal X-ray structure of dimeric 2 from the
b) front and c) side view."
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Figure 2. "H NMR spectra of compound 3 in different solvents: a) o-
CeD,Cly, b) 0-C4D,Cl,/C,D;0D (4/1, v/v), and c) 0-C4D,Cl,/C,Ds0D (2/
1, v/v).

cantly. These low-field NH proton signals completely disap-
pear when the volume ratio of [Dg¢]ethanol is 20 % or more
(Figure 2b,c), implying that the intermolecular hydrogen
bonds have been largely disassembled. Similar solvent-
dependent NMR spectral changes are also observed for the
other two Upy derivatives 1 and 2. It has been reported that
two kinds of hydrogen-bonded dimer arrays, ADAD-DADA
(A =acceptor, D=donor) dimers (minor) and AADD-
DDAA dimers (major), can coexist in Meijer’s 2-ureido-
4[1H]-pyrimidinone motif, owing to the homodimerization of
tautomeric monomers.'>"*l However, the ADAD tautomer
and ADAD-DADA dimeric structure are effectively inhib-
ited by the degenerate prototropy effect in the modified
molecule." This was supported by the 'H NMR and X-ray
diffraction data. Only the AADD-DDAA dimeric configu-
ration was found in the crystallographic structure of 2 and one
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set of NH proton signal peaks was observed in the variable-
temperature 'H NMR experiments in 0-C¢D,Cl, (Supporting
Information).

The electron transport characteristics of the single-mole-
cule junctions formed by 1-3 were investigated in the apolar
solvent 1,2-dichlorobenzene (DCB) using the STM break
junction technique, as reported elsewhere.'!! Conductance-
distance measurements were performed at a constant bias
potential (Vy;,,) of 0.10 V between the tip and substrate.
Tris(2-carboxyethyl)phosphine (TCEP) was employed in the
molecular system of 1 to disrupt the disulfide bond."
Figure 3 a shows typical semi-logarithmic conductance (G, in
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Figure 3. Single-molecule conductance results from STMB] experi-
ments at the indicated voltage of 0.10 V (tip positive). a) Typical
conductance—distance curves (offset horizontally for clarity). b) 1D
conductance histograms of 1 constructed from 347 conductance—
distance curves that showed a pronounced plateau. c) 2D conductance
histogram versus relative distance (Az) of 1. d) The stretching distance
distribution of the molecular junction was obtained from the conduc-
tance region between 107% and 107> G,. The asterisk (*) in the 1D
histograms indicates an experimental artifact from the switching
between different ranges in the linear amplifier of our STMBJ setup.

units of quantum point conductance G,=2e¢*h""') versus the
relative electrode displacement (Az) traces recorded for 1.
The presence of a plateau around G, corresponds to the
formation of a single gold atom junction, which indicates
atomically sharp electrodes. When there is no self-assembled
dimeric molecule, the curve exhibits typical exponential
decay after the tip has moved apart from the substrate
(black curves). In the presence of 0.15 mm 1, although most of
the stretched curves show exponential decay (blue curves),
certain individual curves exhibit pronounced plateaus (red
curves), which suggests the formation a dimeric molecular
wire of molecules of 1 bridged by the quadruple hydrogen
bonds. To provide a quantitative insight into this process,
thousands of stretching traces were recorded and only curves
with clear plateaus were selected for the subsequent statistical
analysis based on the criterion of stretching distance. The
detailed selection method and all the data plots are described
in the Supporting Information. The probability of the signal
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curves is 14.7% for 1. Figure 3b shows the one-dimensional
(1D) conductance histogram, in which a well-defined con-
ductance peak can be identified. Fitted to a Gaussian
function, the prominent conductance peak with a most
probable conductance value was centered at 107! G,,.

To obtain more information about the geometry of the
junction, a two-dimensional (2D) histogram is shown in
Figure 3c. We introduced a relative distance (Az) and defined
Az=0 at 107 G, to align all the stretching curves. Bright
features, showing gold—gold contacts, are seen around G = G,
followed by another well-defined conductance scatter group
in the range of 107*°~10"%° G,. Calculations of the distances
from the relative zero point to 107>* G, yield the plateau
length histogram (Figure 3d), which shows the junction
stretching distribution. The electrode separation z., is then
estimated by Zz.,=Az+ Az, Where Azg,=0.5+0.1nm
corresponds to the quickly formed snap-back nanogap by the
gold atoms.' The absolute displacement is z.,=19%
0.3 nm. The distance between the two terminal S atoms of
the dimer can be estimated to be about 18-19 A from the
crystal structure data of an analogue reported by Kikuchi’s
group.l'”’l The calibrated Zexp 18 comparable to the dimeric
molecular length of 1, which that the dimeric quadruple
hydrogen-bonded derivative has been trapped between the
gold electrodes.

Control experiments (Supporting Information) were also
designed to verify the presence of the hydrogen bond
conductance plateau. First, we performed the single-molecule
conductance experiment in the DCB solution only with
TCEP. As a result, the probability of selecting a molecular
junction using our criterion decreased to 0.3 %. This indicates
that the conductance plateau stems from 1, rather than the
reductant or any contaminant in the environment. Moreover,
when the protic solvent ethanol was introduced (volume ratio
4:1, for DCB and ethanol), 0.4 % of the molecular junctions
were detected as signal curves over thousands of stretching
cycles. This phenomenon is in agreement with the disappear-
ance of the low-field NH protons in the NMR experiments,
which implies the disassociation of the quadruple hydrogen
bonding self-assembly dimer. Additionally, the conductance
was also measured at variable biases. In the low bias range
from 0.05 to 0.15 V, we observed good reproducibility of the
conductance. However, when the bias increased to 0.20 V, the
conductance peaks became too shallow to identify, owing to
the instability of the junction. All the experimental results
discussed above demonstrate that the quadruple hydrogen-
bond interaction is responsible for the observed electron
transport of the tunneling junction.

Recently Lindsay et al. investigated a triple hydrogen-
bonded assembly by STM combined with conducting atomic
force microscopy (AFM) and determined conductance values
between 107° and 10~ G, for each molecular pair.**! Nishino
et al. have characterized the electron transport between a pair
of w-carboxyl alkanethiols quantitatively and the conductiv-
ities of double hydrogen bonding are in the range of 107 to
10~* G,.*! The measured conductance value of the UPy thiol
derivative in this work reached 10~ G,, which is significantly
larger than those of the above-mentioned hydrogen-bonding
systems. First, we note that the characterization methods are
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different. In these previous reports, the electrodes are
functionalized with molecules prior to the conductance
measurements, and the techniques for conductance measure-
ment essentially evolve from the STM current-displacement
[I(s)] method,™ in which contact between tip and the
substrate is avoided. This method has been shown more
prone to detect only fully stretched configurations, which
results in lower conductance values relative to the STMBJ
method,™ owing to the different junction formation process.
Second, the structure of the investigated molecules has
a significant influence on the conductance. Nishino et al.
employed alkanethiols to construct the dimer molecular
junction. Alkanes are relatively simple, but poorly conductive
due to the large HOMO-LUMO gap. In the experiments
conducted by Lindsay and coworkers, the deoxyribose ring
connected with the anchoring thiol breaks the planar config-
uration, which may be unfavorable for the conductivity. In the
molecules used herein, the four hydrogen bonds not only
provide a strong connection between the monomers but also
keep the entire core in the same plane, which has been shown
experimentally to be advantageous for the conductance. The
quadruple hydrogen-bonded dimer presents slightly higher or
equivalent conductivity compared with other well-known
conjugated molecular wires with comparable lengths, such as
oligo(phenylene ethynylene) (OPE),*® "2 oligo(phenylene
vinylene) (OPV)P! and oligoyne.’” This relative high con-
ductance of quadruple hydrogen bonds may inspire further
exploration for understanding the electron transport mecha-
nism in the quadruple hydrogen-bonded system.
Single-molecule conductance was also measured with the
quadruple hydrogen-bonded derivatives anchored by pyridyl
(PY) and amino (NH,) groups. Figure 4 a,c show that most the
probable values were fitted at 10™*° and 10~*° G, respectively,
which are more than one order of magnitude lower compared
with that of 1. The lower conductance is mainly due to the
weak electronic coupling between PY or NH, and the gold
electrode.'*%! Additionally, the junction formation probabil-
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Figure 4. 1D and 2D histograms for compounds a),b) 2 and c),d) 3.
259 out of 4907 and 147 out of 5687 curves showing distinguishable
plateaus were selected to construct the histograms, respectively.
Insets: Stretching distance distributions obtained between the conduc-
tance region 107°*-107°* G,,.
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ities decreased to 5.2% and 2.6 % for 2 and 3, respectively,
which indicates that it is more difficult for the PY- and NH,-
terminated derivatives to be trapped between the electrodes.
The corrected absolute displacements obtained from the
stretching distance histograms (insets in Figure 4b,d) are
1.7+£0.3 nm and 1.7+ 0.2 nm, close to the lengths of 2 and 3,
which suggests that both PY and NH, are robust enough to
hold the whole molecular junction firmly in place during the
stretching process. Interestingly, both of the 1D histograms
span from 107 to 10™%° G, which differs from the previous
single-molecule junction measurements, in which PY and NH,
linkages exhibit narrower distributions than SH.['*?! The
single molecular conductance results of 2 and 3 can be
understood from the interplay between anchoring groups and
the central molecular units. On one hand, previous studies
found that rigid single-molecule junctions with PY and NH,
linkages exhibit a well-defined conductance mainly owing to
the uniform binding geometry.'®?*! The less complicated
formation of a donor—acceptor bond between the N lone pair
and gold atom requires the molecule to adopt a preferred
orientation. However, for a supramolecular junction, the
backbone of the quadruple hydrogen-bonded dimer has
a comparatively vast bulk. The dangling of the molecule
triggered by the thermal motion will hinder the emergence of
the specific orientation, which leads to the significantly lower
junction formation probability of the PY and NH, junctions.
On the other hand, the donor—acceptor bond through the lone
pair of an N atom shows a lower binding energy than
a covalent Au—S bond.™ It is noted that there are other N
atoms in the backbone of UPy dimer besides those in the
anchoring groups. These atoms can compete with the N atoms
in anchoring groups and contribute to the formation of
different configurations of the molecular junctions. The
varied configurations lead to the large conductance variation
of 2 and 3. In the case of the SH anchoring group, 1 connects
with the electrodes preferentially through the energetically
favored Au—S covalent bond, compared with the coordinative
bond between the gold and lone pair atoms. The molecular
junction anchored by terminal SH groups dominates over the
other configurations, leading to a more uniform conductance
and higher junction formation probability. The overall results
imply that the anchoring group has a significant influence on
the conductance as well as the junction formation probability
in the supramolecular assembled junction.

In conclusion, we have constructed quadruple-hydrogen-
bond supramolecular junctions with ureido pyrimidinedione
derivatives and investigated their electron transport charac-
teristics using the STMBJ method. In comparison with the
analogues of pyridine and amine, a molecular dimer with
a thiol anchor displays the highest conductance value and
largest junction formation probability. The most probable
conductance approaches a magnitude of 107 G, which is
comparable with that of fully-conjugated single molecular
devices. This work suggests that a supramolecular assembly
could also act as a highly conductive molecular electronics
device, which offers a new design strategy and further extends
the material library for future molecular electronic devices.
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