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Abstract: Charge transport in a single-molecule junction is
extraordinarily sensitive to both the internal electronic struc-
ture of a molecule and its microscopic environment. Two
distinct conductance states of a prototype terphenyl molecule
are observed, which correspond to the bistability of outer
phenyl rings at each end. An azobenzene unit is intentionally
introduced through atomically precise side-functionalization at
the central ring of the terphenyl, which is reversibly isomerized
between trans and cis forms by either electric or optical stimuli.
Both experiment and theory demonstrate that the azobenzene
side-group delicately modulates charge transport in the back-
bone via a single-molecule stereoelectronic effect. We reveal
that the dihedral angle between the central and outer phenyl
ring, as well as the corresponding rotation barrier, is subtly
controlled by isomerization, while the behaviors of the phenyl
ring away from the azobenzene are hardly affected. This
tunability offers a new route to precisely engineer multi-
configurational single-molecule memories, switches, and sen-
SOrS.

Single-molecule electronics has drawn extensive attentions
from a variety of research fields because of potential
applications in integrated circuits!'! and strong ability to
unveil the hidden physical properties of materials at the
atomic scale.””! In general, the conductance characteristics are
mainly determined by the coupling strength (including link-
age coupling and center molecular coupling)® and the
injection gap (the energy offset between the dominant
conducting molecular orbitals and the electrode’s Fermi
level).'"¥ In addition, the subtle difference in molecular
conformations can result in distinguishable conductance
states because of device sensitivity,”! reaching a single-
molecule and single-event precision. Introducing external
atoms or groups at the side-group position, which does not

have continuous o-bonds with the molecular junction, has
been reported as an effective method to modulate the
electronic or geometric properties of the molecular back-
bone.l"*®l This concept lays down the foundation for step-by-
step monitoring of chemical reactions and interactions at the
single-event level in a dynamic manner, whereas the reaction
center was placed at the side-group position .7

Based on the graphene-molecule-graphene single-mole-
cule junction (GMG-SMJ) platform,®! here we present
a molecular design by introducing an azobenzene side group
at the central ring of terphenyl, which is connected to
graphene electrodes through covalent bonds, with p-phenyl-
enediamine as the bridge (Figure 1a). These stable covalent
bonds at the interface lay the foundation for the following -V
and /-t measurement. Azobenzene is a well-known photo-
chromic functional group, which can transit between two
distinct states (trans/cis) under optical stimuli of different
wavelengths (UV/Vis), as shown in Figure 1b. As reported
elsewhere,'*?!l we have confirmed that the electric field can
effectively modulate the energy alignments among trans, cis
and transition states due to the asymmetric spatial orientation
of the azobenzene side group. As a result, the azobenzene unit
can isomerize between trans (which is more stable in energy)
and cis forms with the help of the bias electric field. This
isomerization is expressed by the conductance sharp jump in
Figure 1c¢ at around —0.20 V. The electric field-induced
isomerization of azobenzene provides a unique opportunity
to study how the side groups control the single-molecule
stereoelectronic effect in the terphenyl backbone.

For a bare terphenyl molecular structure, there exist two
different configurations with different tilted directions
between the outer phenyl rings at each end. The introduction
of azobenzene as the side group makes the situation much
more complex as demonstrated in Figure 1c, where three
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Figure 1. Device geometry and charge transport characteristics.

a) Schematic diagram of GMG-SM|s with the target molecule cova-
lently bonded to graphene electrodes. b) The optimized structures of
the functional center that can isomerize reversibly between cis and
trans forms. c) Current—voltage curves measured at 100 K. The three
sub-states of conductance are labeled with orange, light green and
dark green lines. The orange and green curves are simply used to
highlight the different conductance states.

obvious conducting sub-states were observed when azoben-
zene was in the cis form. Based on a combined theoretical and
experimental approach as detailed below, we demonstrated
that the dynamic process of PR_R (the phenyl ring adjacent
to the N=N bond) was significantly influenced by the side
chain structures. This phenomenon revealed that the rotation
barrier of PR_R could be tuned by isomerizing azobenzene.
In contrast, the rotation processes of PR_L (the phenyl ring
away from the N=N bond) remain nearly unchanged when-
ever azobenzene was in trans or cis forms.

To explain the phenomenon
observed in Figure 1c, both the

Communications

have a similar geometry due to the planar configuration of
trans. The precise twisted angle between adjacent phenyl rings
are listed in Table S2 of the Supporting Information.

To clarify the thermodynamic processes of conformational
changes in both cis and trans forms, the electron energies of
different stable and transition states were calculated (Fig-
ure 2b,d), where the energy of each state 1 was used as the
reference. In comparison with the rotation barrier in the pure
terphenyl molecule (~7.87 kJmol™), PR_L shows a similar
value (7.0-8.0 kJmol™"), while that of PR_R in the cis
(~12kJmol™") and trans forms (~23 kJmol™') are nearly
two and three times higher, respectively. Although the
energies of the four states in the frans form are close to
each other, their transition barriers are large enough (Fig-
ure 2d) to separate them (at least into two distinct states). All
above information indicates that the steric hindrance of
azobenzene has a non-negligible effect on the behaviors of
PR_R, which is more significant in the trans form than that in
the cis form, resulting from different spatial and electronic
structures in both forms. These theoretical calculations set the
foundation for the following measurement of stereoelectronic
effect-induced conductance switching.

Here, by taking advantages of the stereoelectronic effect,
we aim to explore the azobenzene-controlled temperature-
dependent phenyl torsion and corresponding conductance
switching. As reported in the previous work,'! cis and trans
are the stable form at —0.30 Vand 0.30 V, respectively, thanks
to the bias electric field effect. Therefore, we chose the bias
voltage of —0.30V and 0.30 V to measure the real-time
conductance characteristics under different temperatures.

As demonstrated in Figure 3, four distinct conductance
states are observed at 80 K for the cis form, which first merge

conformational changing processes
of PR_L and PR_R under the cis
and trans configurations of azoben-
zene were investigated based on
density functional theory (DFT).
After structural optimization, four
stable conformations of the func-
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Figure 2. Theoretical calculation of stable conformations and energy profiles. a,c) The molecular
structures with different PR_L and PR_R orientations in cis (a) and trans (c) forms, respectively.

By using the central phenyl ring as the reference, anticlockwise rotation of the phenyl ring is fulfilled
with pink color and clockwise rotation of the phenyl ring is fulfilled with blue color. Seen from the
right side, the clockwise rotation angle is positive and the anticlockwise rotation angle is negative
with respect to the central phenyl ring. b,d) Electronic energies (in k] mol™") of four stable states for
cis (blue line) and trans isomers (red line), as well as those for the corresponding transition states of
the full molecule in Figure 1a. These states are connected to describe the energy barriers needed to
overcome during the rotation of phenyl rings.
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Figure 3. Temperature dependence of |-t curves when azobenzene is in the cis form.
a—d) |-t curves at high vacuum environment with different temperatures: 80 K (a),
100 K (b), 115 K (c) and 140 K (d). The bias voltage was set as —0.30 V to fix the
azobenzene in the cis form. The sampling rate is 10 ms. There are a total of ~5000
sampling points in each -t curve. For the corresponding histogram, the number of
bins is 100. Middle panels are the enlarged It curves marked in blue, and right

Angewandte

intemationaldition’y) Chemie

¢_1 and c¢_2 (¢_3 and c¢_4), though still distinguish-
able, tend to merge into one, in comparison with
that of 80 K. From this point, we can infer that the
high (low) conductance state at 115 K originates
from the joint contribution of ¢_3 and c_4 (c_1
and c_2). To gain more information, the mean
dwell times of the high and low conductance states
at 100 K and 115 K were analyzed. At 100 K, the
mean dwell time of the high and low conductance
states are ~ 149.3 ms and ~ 292.2 ms, respectively.
In contrast, at 115K, they are ~11.4ms and
~40.4 ms, respectively. This demonstrates that the
switching frequency of the device increases with
temperature.

To further understand the temperature-
dependent switching behavior of molecular junc-
tions when azobenzene is in the cis form, the
thermodynamic and kinetic processes of molec-
ular switching were thoroughly analyzed. The
thermodynamic equilibrium constant Kj and
reaction rate constant ki for the reaction from
c_itoc_j (ij=1, 2, 3 and 4) can be expressed as
Kjocexp(~AG{/kgT) and kjo<exp(—Eaj/ksT),
respectively, where AG is the free energy
change, E, is the activation energy, and 7 is the
temperature. Both the K{ and kj are related with
temperature. At 80 K, E, and thermal energy kg T’

panels are the corresponding histograms of currents fitted with a Gaussian

function.

into two states as the temperature increases,
finally into one conductance state when the
temperature reaches 140 K. In contrast, only two
conductance states are observed at 80 K for the
trans form, and then merge into one conductance
state, while another two conductance states arise
at 115 K (Figure 4).

In our devices, the eight states were achieved
by in situ rotation of the phenyl rings and
azobenzene. As a result, the coupling between
the amide linkage and graphene electrodes for
different states of the single molecular device was
nearly unchanged.”) In this case, the junction
conductance is dominated by the center molecular
coupling and injection gap. Our and other pre-
vious works!'**!l demonstrated that the relative
energy level of p-HOMO of molecular devices
tends to be consistent with the HOMO of the
center molecules. To determine the correspond-
ence between the conductance states and molec-
ular configurations, it is reasonable to analyze the
molecular orbital energies of different molecular
configurations. Figure Sa shows the calculated
frontier molecular orbital energy. Experimentally,
the conductivity from high to low in the cis form is
c_4>c_3>c_1>c_2 (Figure 3a), consistent with
the four distinct HOMO states calculated (Fig-
ure 5a). When temperature rises to 100 K as
shown in Figure 3b, the conductance states of
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(~0.75kJmol™") are at the same order of
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Figure 4. Temperature dependence of /-t curves when azobenzene is in the trans
form. a—d) /-t curves in a high vacuum environment with different temperatures:
80K (a), 100 K (b), 115 K (c) and 140 K (d). The bias voltage was set as 0.30 V to fix
the azobenzene in the trans form. The sampling rate is 10 ms. There are a total of
/5000 sampling points in each I-t curve. For the corresponding histogram, the
number of bins is 100. Middle panels are the enlarged /-t curves marked in blue,
and right panels are the corresponding histograms of currents fitted with a Gaussian
function.
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Figure 5. Molecular orbital energies of different molecular configura-
tions. a) Energy levels of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) for the
eight states of the isolated azobenzene-substituted terphenyl molecule.
The blue line stands for the cis form and the red line for the trans form.
Since p-HOMO is closer to the Fermi level of graphene, p-HOMO
dominates the junction conductance. The energy difference among the
four states in the cis form is more severe than that in the trans form,
resulting in a larger conductance difference for the cis form. b,c) The
calculated rotation rates between 4 states in the cis form and 4 states
in the trans form as a function of temperature. d) Schematic diagram
for the rotation processes of the two phenyl rings at each end as

a function of temperature.

magnitude and the AGy (0.37-0.61kJ mol !, Table S3) are
lower than kg 7; the rotation can happen for the aspect of K
and k; (Figure 5b; Figure S1). Correspondingly, the confor-
mation changes among c_1, ¢_2, ¢_3 and c_4 are observed as
demonstrated by conductance switching in /- plots at 80 K as
shown in Figure 3a. Note that the rotation barriers for PR_L
and PR_R are different as shown in Figure 2, the reaction rate
constant kj; (switching rate) of PR_L (rotating between c_1
and c_2 or c_3 and c_4) is higher than that of PR R (rotating
between ¢_2 and ¢_3 or c_4 and c_1). With increasing the
temperature (7> 115 K), the rotation of PR_L becomes so
fast that ¢_1 and c_2 (¢_3 and c_4) cannot be distinguished in
experiments, which explains why only two conductance states
occur at 115 K in Figure 3c. As the temperature rises above
140 K, both PR_L and PR_R rotate so fast that the system
reaches its equilibrium quickly. Neither dominating state nor
switching process can be observed at high temperatures.
Therefore, we can obtain only the statistical average of all
four states with averaged conductance, as shown in Figure 3d.

Based on the calculated molecular orbital energies and
differences in molecular conjugacy, we conclude that the

Angew. Chem. Int. Ed. 2021, 60, 12274—12278
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conductivity of different states in the trans form follows the
sequence of ¢ 2 <t 1 <t 4 ~t_3, which is consistent with the
geometric and energy level analysis of different configura-
tions. Noted that the trans form shows two HOMO values
differing by ~1 meV, resulting in a smaller difference in
injection gap than that in the cis form. These theoretical
results are consistent with the experiment where the con-
ductance differences among states in the trans form are much
smaller than that in the cis form, as summarized in Table S4.
Similar to the analysis on the cis form, we determine that the
conductance switching in the frans form at 80 K (Figure 4a)
corresponds to the rotation of PR_L. Different from that in
the cis form, the Gibbs energy differences of each config-
uration in trans form can be neglected, while the rotation
barrier differences between PR_L and PR_R are much larger.
Therefore, the temperature at which the reaction rate
constants of the switching (corresponding to different
phenyl ring rotation) begin to jump is distinct (Figures Sc;
Figure S1). When temperature rises to 100 K, PR_L rotates
too fast to be resolved in experiments, and only one
conductance state was detected. As temperature reaches
115K, PR_R begins to rotate, resulting in two new con-
ductance states given that the different couplings between the
PR_R terphenyl (in two configurations) and the rest of the
molecule can result in different p-FMOs due to the changes in
molecular conjugacy. With increasing the temperature, the
rotation rate increases, accounting for the fact that the
switching rate at 140 K is obviously higher than that at 115 K.

The overall processes for phenyl rotation from 80 K to
140 K are summarized in Figure 5d. Because the rotation
barrier follows the order PR_R@trans > PR_R@cis > PR_L
(the side chain has little impact on PR_L), the rotation
processes of PR_L at both forms of side chain as well as that
of PR_R in the cis form show up at 80 K. As the temperature
increases, the rotation of PR_L is too fast to be resolved in
conductance measurements at 115 K, followed by PR_R@cis
at 140 K. In contrast, the rotation state of PR_R@trans can be
clearly resolved even at 140 K.

A control measurement on the bare terphenyl molecule
(Supporting Information, Figures S2-S5) were performed to
further support that the stochastic switching behaviors
originates from the rotation of phenyls. We also compare
the different discoveries presented in Ref. [1f], Ref. [2a] and
the present work. In Ref. [11], the effects of electric field on
the azobenzene isomerization between trans and cis forms
were studied, while here we illustrate how the side-chain
azobenzene subtly affects the rotation behavior of phenyl ring
of the same molecule in the two conformations (trans and cis
forms), which has never been studied before. The theme of
Ref. [2a], on the other hand, is to investigate stochastic
transitions of a classical quadrupolar hydrogen bonding
system through intermolecular proton transfer and lactam-
lactim tautomerism with a single-bond resolution.

In conclusion, we demonstrate that precise tunability of
a stereoelectronic effect can be achieved in single-molecule
junctions, originating from thermally induced stochastic
rotation of phenyl rings in a terphenyl backbone, which is in
turn subtly controlled by the azobenzene side group attached
to the central ring in either trans or cis forms. Both experi-
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ment and theory show that the phenyl ring close to the
substituted position can be affected more significantly than
that far away. The introduction of substituent side groups is an
efficient method to tune the stereoelectronic effect in
molecular junctions, thus providing new insights into con-
structing functional single-molecule devices, as well as design-
ing organic electronic materials.
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