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The electronic characteristics of organic optoelectronic materials determine
the performance of corresponding devices. Clarifying the relationship between
molecular structure and electronic characteristics at the single-molecule level
can help to achieve high performance for organic optoelectronic materials and
devices, especially for organic photovoltaics. In this work, a typical
acceptor—donor—acceptor (A—-D-A)-type molecule is explored by combining
theoretical and experimental studies to reveal the intrinsic electronic
characteristics at the single-molecule level. Specifically, the A—-D-A-type
molecule with 1,1-dicyano methylene-3-indanone (INCN) acceptor units
exhibits an enhanced conductance in single-molecule junctions when
compared with the control donor molecule, because the acceptor units of the
A-D-A-type molecule contribute additional transport channels. In addition,
through opening the See¢O noncovalent conformational lock by protonation
to expose the —S anchoring sites, the charge transport of the D central part is
detected, proving that the conductive orbitals contributed by the INCN
acceptor groups can penetrate the whole A-D-A molecule. These results
provide important insights into the development of high-performance organic

1. Introduction

The electronic characteristics of organic
optoelectronic materials play a vital role in
their optical, electrical and optoelectronic
properties. Specifically, the molecular
structure characteristics, including molec-
ular geometry and conjugation degree,!"?!
determine the electronic characteristics.
Therefore, establishing the relationship
between molecular structure and elec-
tronic characteristics is helpful to further
improve the performance of correspond-
ing optoelectronic devices, including
organic field-effect transistors,>4 or-
ganic light-emitting diodes®! and organic
photovoltaics.*® In particular, among
various types of organic photovoltaic
materials, molecules with an acceptor—
donor-acceptor ~ (A-D-A)  architecture
have demonstrated considerable success

optoelectronic materials and devices toward practical applications.

in recent years.[29131 At present, organic
solar cells with high power conversion effi-
ciency over 19% have been achieved,®14
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Figure 1. Design of the A—-D-A molecule. a) Chemical structure of the designed A-D—A molecule. b) Calculated electrostatic potential mapping of the
A-D-A molecule without branched alkanes. The blue color represents the positive charge, while the red color represents the negative charge. ESP unit:
Hartree/e. c) Theoretical optimized molecular structure of the A~-D-A molecule.

in which A-D-A-type molecules act as acceptor materials in the
mixture active layer. Since the electronic characteristics of A-D—
A-type molecules determine the light absorption, exciton separa-
tion, and charge transportation in the photovoltaic process, it is
crucial to explore the molecular electronic characteristics at the
single-molecule level, especially the role of bilateral A groups.

Single-molecule junction technologies,!'! such as mechani-
cally controllable break junction, scanning tunneling microscopy
break junction (STM-BJ), and lithography-defined single-
molecule junction, can connect a single molecule between
two electrodes for charge-transport measurements. Because
molecular electronic characteristics, including molecular orbital
energy levels,['®17] orbital density of states, and electrostatic
potential distribution, ! determine the charge-transport proper-
ties of single molecules, these electronic characteristics can be
concluded by single-molecule electrical study. For the most com-
monly used A-D-A-type molecules in high-performance organic
photovoltaic devices, they usually have fused backbone D units
and 1,1-dicyano methylene-3-indanone (INCN) or its derivatives
as the end groups.’l Here, single-molecule charge-transport
characteristics of a typical A-D-A-type F2Cl molecule!*!!
(A-D-A for short) with chlorinated INCN acceptor groups and
a thiophene-fused fluorene donor central block were studied by
the STM-BJ technology (Figures S1 and S2, Supporting Infor-
mation). Using thiophene-fused fluorene donor molecule (D for
short) as a control, the effect of INCN acceptor groups on the
electronic characteristics of A-D-A molecules was explored by
single-molecule charge-transport analysis. In addition, through
opening the SeeeO noncovalent conformational lock by proto-
nation to expose the —S anchoring sites, the charge transport
of the D center part was directly measured, clarifying the effect
of INCN acceptor groups on electronic characteristics of the D
center.

2. Results and Discussion

2.1. Design of the A-D-A Molecule

Based on the concept of molecular engineering, an A-D-A-
type F2Cl molecule with chlorinated INCN acceptor groups
on both sides and a thiophene-fused fluorene central donor
unit was synthesized (Figure 1a; Figure S3—1a, Supporting
Information).['!] Due to the electron withdrawing effect of the
chlorinated INCN acceptor unit and the electron donating effect
of the thiophene-fused fluorene donor unit, the charge distribu-
tion on the molecule is uneven, which can be confirmed by cal-
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culated electrostatic potential mapping (Figure 1b) and be consis-
tent with other molecules with the A-D—A architecture." The
special charge distribution feature would affect the charge trans-
port and promote the charge separation of the molecule. Mean-
while, this A—-D—A molecule has an interesting SeesO noncovalent
conformational lock with a Mayer bond order of ~0.08 and a bond
length of ~2.695 A (Figures S4 and S5, Supporting Information).
This noncovalent through-space intramolecular interactions be-
tween —S and —O sites can restrict the rotation around the single
bonds between the acceptor groups and the donor center group.
Therefore, the planarity and rigidity of the molecule will increase
(Figure 1c), which is beneficial to extend the z-electron system.

2.2. Exploring Electronic Characteristics of a Single A—-D-A
Molecule and Control D Molecule

To study the electronic characteristics, the charge transport of a
single A—-D—A molecule and control molecule only with the donor
unit (Figure S3—1b, Supporting Information) were measured
by the STM-BJ technology that forms dynamic single-molecule
junctions (Figure 2a,d). Specifically, single-molecule conduc-
tance is repeatedly measured as a function of tip-substrate dis-
placement to generate conductance versus displacement traces
by the STM-BJ technique. The single-molecule junctions are
formed and broken in the solution of 1,2,4-trichlorobenzene
(TCB) containing the target molecule of 0.1 mm. Typical individ-
ual traces for A-D-A junctions under 0.1 V bias are presented
as yellow lines in Figure 2b and Figure S6 (Supporting Informa-
tion). The conductance features at integer multiples of G, (G, =
2¢%/h) and the features below G, at specific molecular values can
be observed. The purple traces show the tunnelling decay after
the rupture of an Au atomic contact in pure solvent (Figures S6
and S7, Supporting Information), while the conductance plateaus
corresponding to the molecular conductance could be found in
the solution with target molecules. Thousands of such conduc-
tance traces are used to construct conductance histograms. Fig-
ure 2b presents the 2D conductance—displacement histogram of
the A-D-A molecule. A Gaussian fitting conductance peak can
be observed at 1.3 X 10~ G, (~10.08 nS). Since the —S sites are
locked by the SeeeO interactions, this conductance is attributed to
the charge transport through the —CN anchors of INCN accep-
tor groups on both sides of the molecule, not the carbonyl site
(Figure S8, Supporting Information). While for the control donor
type molecule D, a similar conductance peak at 5.0 x 10~ G,
(~3.9 nS) can be observed (Figure 2d—f; Figure S9, Supporting
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Figure 2. Single-molecule electrical measurements of A-D-A and D molecules. a,d) Schematic of STM-B] measurements of a single A-D-A molecule
junction (a) and a single D molecule junction (d). b,e) The 2D conductance—displacement histograms for A~-D-A junctions (b) and D junctions (e).
The color bar indicates the number of counts. The typical single trace is marked. c,f) The 1D conductance histograms of A-D-A junctions (c) and D
junctions (f). Inset: the corresponding relative stretching distance distributions of molecular junctions.

Information). In addition, the plateau length of the A-D-A junc-
tion is shorter than that of the D junction during the stretch-
ing process (the insert in Figure 2¢,f), indicating that the A-D-
A junction is easier to break. Since the binding energy between
Au and —CN (~0.50 eV) is weaker than that between Au and —S
(~0.67 eV),"] it is reasonable that the charge transport of the A—
D-A molecule is through —CN sites. It is worth mentioning that
though the transport pathway of A—-D-A is longer than D, the con-
ductance of A-D—-A is higher than that of D, which is contrary to
the general situation (Figure S10, Supporting Information).[20-221

To further explore the charge transport of single-molecule
junctions, the current versus voltage (I-V) and conductance ver-
sus voltage (dI/dV-V) characteristics were investigated. It is
worth noting that the dI/dV is calculated from the I/V data ob-
tained from experiments by the derivative calculation. Specifi-
cally, the I-V characterizations were implemented by holding the
gold tip when the corresponding conductance plateau is formed
during the break junction measurement and scanning the bias
voltage from —1.0 to 1.0 V with a step of 0.0005 V. The collected
I-V traces were used to construct 2D [-V histograms. Figure 3a
and Figure 3d show the 2D I-Vhistograms of A-D—A and D junc-
tions, respectively, while Figure 3b and Figure 3e present the cor-
responding 2D dI/d V-V histograms. From the 2D dI/d V-V his-
tograms, it can be observed that the conductance of A-D-A is
higher than that of donor type molecule D, especially at small bias
voltage, which is consistent with the above (Figure 2b,e). When
the bias voltage increases, the conductance of both D junctions
and A-D-A junctions increase. The difference is that the conduc-
tance growth rate of the D junction with the increase of the bias
voltage is from slow to fast, while that of the A-D-A junction is
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from fast to slow (Figure S11, Supporting Information). This in-
dicates that the conductive orbitals of the two molecules entering
the bias window are different. To better understand this case, the
transition voltage spectra (TVS) is analyzed, which refers to the
Fowler-Nordheim plot (In(I/ V?) versus 1/ V). Specifically, the po-
sition of the minimum in the TVS, called the transition voltage
(Virans)» is related to the energy level difference between the clos-
est molecular orbital and the Fermi level of the electrodes.!?>24]
Since the I-V characteristics are symmetrical for all conductance
states (Figure S12, Supporting Information), this symmetric fea-
ture is also reflected in the results of the corresponding TVS
(Figure 3c,f). Through comparing the V, . . values between A—
D-A and D junctions, it is observed that the absolute V,,,, . value
of the D junction is smaller than that of the A-D-A junction,
which is 0.5 V and 0.7 V, respectively.

From theoretical transmission spectra, it is found that the con-
ductance of the A-D-A molecule (Figure S13b, Supporting In-
formation) through the —CN (in acceptor unit) anchored way
near the Fermi energy is higher than that of the donor type
molecule D (Figure S13a, Supporting Information) through the
—S anchored way (Figure 3g), which is consistent with experi-
mental results. It is worth noting that the structural parameters
of the A-D-A molecule in the transmission spectra calculation
are consistent with the single-crystal data (Figure S4, Supporting
Information).?>?%! In addition, in comparison with the D junc-
tion, the A-D-A junction possesses additional transport molec-
ular orbitals between the original perturbed highest occupied
molecular orbital (p-HOMO) and the perturbed lowest unoccu-
pied molecular orbital (p-LUMO) of the D molecule (Figure S14,
Supporting Information), which is supposed to originate from
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Figure 3. Comparison of the charge-transport and electronic characteristics between single A-D-A and D junctions. a,d) The 2D current versus voltage
(I-V) histograms of A-D-A junctions (a) and D junctions (d). b,e) The 2D conductance versus voltage (d//dV-V) histograms of A-D—A junctions (b) and
(D junctions e). The yellow line represents the most representative current value from the Gaussian fitting. c,f) Fowler—Nordheim plots constructed from
the corresponding fitted I-V curves (yellow line) in (a) and (d), respectively. The transition voltages for positive and negative polarities were marked out.
The insets show the corresponding -V curve on a linear scale. g) Calculated transmission spectra of the A-D—A junction (yellow) and the D junction
(purple). The triangles mark out the position of the transmission peaks corresponding to the intrinsic molecular orbitals. The downward represents
HOMO and upward represents LUMO. The gradient triangle marks out LUMO’ of molecule D. The dotted line represents the Fermi energy level of
electrodes. h,i) Calculated molecular orbital diagrams for molecule D (h) and molecule A-D-A (i). The numbers (1, 2, 3, 4, and 5) represent the different
molecular orbitals that mainly determine the position of the conductive peaks marked in (g).

the acceptors, inducing the nonclassical higher conductance of
the A-D-A junction than the D junction (Figure S15, Support-
ing Information). Specifically, the simulated molecular orbital di-
agrams of molecule D (LUMO and HOMO) and molecule A-D-
A (LUMO’ and HOMO) show that the central part of A-D-A has
the same orbital characteristics with D (Figure 3h,i). It is worth
mentioning that the newly appeared additional LUMO orbitals
of the A-D-A molecule possess excellent conjugation between
the donor center and acceptor groups on both sides, leading to
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the excellent charge-transport properties of the A—-D—A molecule
(Figure S16—1, Supporting Information).

2.3. Exploring the Effect of INCN Acceptor on Electronic
Characteristics of the Donor Center

To better understand the effect of bilateral INCN acceptor groups
on electronic characteristics of the D center, it is necessary to
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Figure 4. Effect of the INCN acceptor on electronic characteristics of the donor center after molecule protonation. a) Schematic illustration of the effect
of protonation on intramolecular SeeeO conformational lock and molecular structures. b) Calculated conformational inversion barriers for A~-D-A with
(red) or without (black) protonation. c) The 2D conductance—displacement histogram for A~-D-A junctions after protonation. The purple line and green
line are typical single traces for high and low conductance states, respectively. Inset: corresponding 1D conductance histograms. d) Schematic illustration
of single-molecule junctions for the A~-D—A-2 structure by different anchor groups. e,f) The 2D I-V histograms (e) and 2D dI/dV-V histograms (f) of
A-D-Ajunctions after protonation. The yellow line represents the most representative current value from the Gaussian fitting. g) Fowler—Nordheim plots
constructed from the corresponding fitted I-V curves (yellow line) in (e). The insets show the corresponding 1=V curve on a linear scale. h) Calculated

transmission spectra of A-D-A-2 through —S (purple) and —CN (green).

directly detect the charge transport of the D central part. Since
the —S sites in the A-D—A molecule are locked by an intramolec-
ular SeeeO noncovalent conformational lock,?”28] the proton is in-
troduced to regulate the SeesO noncovalent conformational lock
and corresponding molecular structure. Specifically, the proton
that can bond with oxygen atom will affect the SeseO noncovalent
intramolecular interaction, and further cause the conformation
reversion of the A-D-A molecule (Figure 4a). In particular, ac-
cording to the theoretical optimization, it is found that the pro-
ton tends to bond with oxygen. Based on it, the theoretical results
show the conformation inversion barrier for the A-D—A molecule
decreases from 1.0 to ~0.35 eV without and with protonation,
respectively (Figure 4b). Furthermore, the energy of the reverse-
turn conformation is lower than that of the original conforma-
tion, indicating that the protonated molecule will mainly be in
the reverse conformation (A—-D—A-2). Therefore, with the pro-
ton bonding and conformation inversion, the —S sites at the D
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center will be exposed, which can be used to further connect the
external electrodes.

To investigate the charge-transport characteristics of the A—
D-A molecule with protonation, the STM-B] experiments have
been carried out with adding trifluoroacetic acid (TFA) to the so-
lution containing the target molecules. From the 2D conductance
histogram (Figure 4c), it can be observed that two conductance
peaks appear at ~#1.3 x 10~ G, (~1.0 nS) and ~1.6 x 10™* G,
(=12.3 nS). The plateau length of high conductance state is longer
than that of the A—-D—A molecule without TFA treatment, indicat-
ing that the binding energy of new anchors and gold electrodes is
stronger than that without protonation. Because the binding en-
ergy of —S and Au is stronger than that of —CN and Au, the high
conductance state is assumed to originate from the —S anchoring
way (Figure 4d). To verify this assumption, the I-V characteris-
tics of the high conductance state are explored by the STM-BJ
experiment. From the corresponding 2D -V histogram and 2D
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dI/dV-V histograms, it can be observed that the conductance of
the protonated A-D-A molecule is higher than that of A-D-A
without protonation (Figure 4e,f). In addition, with the increase
of bias voltage, the conductance of the protonated A-D-A junc-
tion increases faster than that of the A-D-A junction without
protonation. This may be due to the fact that the opposite dipole
moments between the donor and bilateral acceptors could gen-
erate double barriers along the charge-transport channel of the
A-D-A junction with —CN anchoring sites, which suppress the
bias-dependent charge transport.[?] All these support that the
high conductance state should originate from the —S anchoring
way, which becomes feasible after proton bonding and confor-
mation inversion. It is worth mentioning that the TVS charac-
teristics of protonated A-D-A is closer to that of A-D-A with-
out protonation, whose absolute V,,,,, value is also at 0.6 V-0.7 V
(Figure 4g). This is because even though the protonation causes
the conformation inversion, the orbital energy level characteris-
tics change little, which can be confirmed from the calculated
transmission spectra of protonated A-D-A through different an-
choring ways (Figure 4h). From the theoretical molecular orbital
diagrams (Figure S16—2, Supporting Information), it can be ob-
served that when the charge transport is through the —S sites,
the acceptors contribute additional transport molecular orbitals
to the central part. Furthermore, even if the INCN acceptor is
replaced by an acceptor without the noncovalent conformation
lock, it can be observed that the acceptor also contributes addi-
tional transport molecular orbitals to the central part (Figure S17,
Supporting Information).

From the theoretically calculated conductance through —CN
sites and —S sites, it can be determined that the high conductance
state comes from the —S anchoring way and the low conductance
state comes from the —CN anchoring way (Figure 4h). It should
be emphasized that the conductance through the —CN anchor-
ing way of protonated A-D-A is lower than that of A-D-A with-
out protonation, which is due to the decrease of the conjugation
of the A-D-A molecule after the reversion induced by protona-
tion (Figure S18, Supporting Information). To exclude other pos-
sible cases, especially the case of proton bonding to —S or —CN
sites, the control experiments were conducted. Specifically, the
7,7,8,8-tetracyanoquinodimethane (TCNQ) molecule with —CN
anchoring groups was measured by STM-BJ without and with
TFA treatment. The results show that the conductance has al-
most no change, proving that the proton is not bonded with —CN
to cause the conductance change (Figure S19, Supporting Infor-
mation). For the D molecule without acceptor units (A units),
the results show that the conductance of the D junction treated
with TFA is almost the same as that without TFA treatment (Fig-
ure 2e,f; Figure S20, Supporting Information), supporting proton
bonding with oxygen rather than sulfur.

3. Conclusion

The electronic characteristics of a A-D—A-type molecule were in-
vestigated by combining dynamic single-molecule junction elec-
trical measurements and theoretical simulation analysis. Specif-
ically, it is found that the A-D—A molecule have higher conduc-
tance than the D molecule with a shorter molecular length. In
combination with theoretical simulation, it can be proved that
due to the effective orbital hybridization of the central donor unit
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with ending acceptor groups on both sides, additional transport
molecular orbitals appear in the middle of the energy gap, lead-
ing to the nonclassical high conductance of the A—-D—A molecule
in the junction. In addition, the —S anchoring sites are exposed
by opening the SeseO noncovalent conformational lock through
protonation, so the charge transport of the D central part can be
directly detected, proving that the conductive orbitals contributed
by the INCN acceptor groups could penetrate the whole A-D—
A molecule. Understanding these electronic characteristics of
A-D-A-type molecules from the single-molecule electrical per-
spective, especially the role of acceptor groups in A-D-A-type
molecules (Figure S21, Supporting Information), can provide
deep insights into the design of A-D—A-type molecules with flex-
ible capability of regulation to construct high-performance elec-
tronic/optoelectronic devices. In particular, photovoltaic materi-
als are expected to be designed more effectively under the guid-
ance of single-molecule charge transfer and orbital analysis.

4. Experimental Section

Materials and Characterizations: Gold wire (99.99%, 0.25 mm diame-
ter) was purchased from ZhongNuo Advanced Material (Beijing) Technol-
ogy Co., Ltd. for the fabrication of the STM tip. The gold tip was obtained by
electrochemical corrosion. Substrates were prepared by depositing 10 nm
thick chromium film and 200 nm thick gold film on the monocrystalline
face of silicon wafers. The target molecules were dissolved in TCB sol-
vent (0.1 mm). The UV-vis absorption spectra were measured on a UV-vis
spectrophotometer (Agilent Cary 60).

STM-BJ Measurements: In the STM-B) measurements, the distance
between the gold tip and the substrate was controlled by a stepper motor
and a piezo stack. The bias voltage was applied between the tip and the
substrate, and the current was used as the feedback to control the move-
ment of the gold tip. During the repeated tip retracting and tip approach-
ing cycles, the conductance versus displacement traces are collected, and
the traces of the tip approaching cycles were used for further analysis. All
measurements were carried out at room temperature. The single-molecule
conductance measurements were carried out using Xtech STMB| devel-
oped by Prof. Wenjing Hong’s group in Xiamen University, and the data
was analyzed by XMe open-source code (https://github.com/Pilab-XMU/
XMe_DataAnalysis).

-V Characterizations: The |-V characterizations were carried out by
the methods developed from previous studies.[3®3'1 An automated con-
trol program running on an NI cRIO-9039 controller was used, and the
plateau was determined through the judgement in the control program.
The judgement detects the sampling points within a preset conductance
range, which was determined by referring to the statistical conductance
range of the target molecule. If the sampling points within this range ex-
ceed a certain threshold, it means that there was a conductance plateau
emerged. At this time, the movement of the piezo was paused to keep
the molecular junction in such a conductance range. When this happens,
the measurement mode is switched to |-V measurement, which is com-
pleted within 150 ms during the experiments. After the -V measurement,
the control program is automatically switched to the current—time curve
measurement mode. If the measured conductance is still within the pre-
set conductance range, the measured |-V curve is collected for the subse-
quent statistical analysis. Otherwise, the I-V curve will be rejected by the
control program. The 2D |-V histograms were plotted in a 200 x 200 array,
and the Gaussian fitting in each column of the array was used to obtain the
fitting line. Finally, the transition voltage spectrum from the above fitting
line is plotted according to the previous studies.!32! The I-V curves in the
2D |-V histograms remain unchanged, as they were collected from the |-V
measurements.

Theoretical Calculations: First principles calculations of isolated
molecules were performed based on the density functional theory (DFT)
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as implemented in the Vienna Ab initio Simulation Package (VASP). The
ion-electron interaction was described with the projector augmented wave
(PAW) method. The cutoff energy of 400 eV was used for the plane-
wave basis set. An electron exchange—correlation effect was described us-
ing the generalized gradient approximation (GGA) of the Perdew—Burke—
Ernzerhof (PBE) functional. All atoms were relaxed until the force was
less than 0.02 eV A1, The criterion for the total energy was set as 1
x 107 eV. The climbing image—nudged elastic band (CI-NEB) method
calculations [3334] were performed to find the minimum energy path-
ways and energy barriers for transformation among different structure.
An electrode—central region—electrode junction setup was used for the
DFT—NEGF calculations, as exemplified with A~-D-A. The respective elec-
trodes extend semi-infinitely to either side in the calculations. Au (100)
surface (AB-stacking) 8*4*1 supercell was utilized as the electrode (128
atoms) and central region consists of the molecule and some adjacent
Au atoms, as shown in Figure S22 (Supporting Information). In particular,
when the size (number of atomic layers) of the electrodes changes from
4 to 8 layers, there is almost no effect on the transmission of the junction
(Figure S23, Supporting Information). Next, to get optimized junctions’
structures, SIESTA was used and the same parameters with the previous
structure relaxation were chosen (Figure S24, Supporting Information).
For each structure, the transmission coefficient T(E) describing the prop-
agation of electrons of the energy E from the left electrode to the right one
is obtained via an ab initio non-equilibrium Green'’s function (NEGF) ap-
proach based on density functional theory (DFT), as implemented in the
TranSIESTAI35:36] and TBtrans. Throughout the TranSIESTA calculation, a
single-¢ plus polarization (SZP) basis set was used. To converge the total
energy, the cutoff energy was set to 100 Ry.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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