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Revealing the electronic structure of organic emitting molecules is
instructive for tuning electron-hole balance, one of the key factors
in regulating the organic light emitting diodes (OLED) performance.
Herein, we introduced single molecule conductance measurement
(SMCM) technology to probe the conductance of three model
emitting molecules on Au surface, finding their hole transporting
ability across the metal-molecule interface can be suppressed after
electron-withdrawing arms are connected to the center
component. This observation would benefit the electron-hole
balance of the film in large scale (OLED devices) whose holes are
excessive relative to electrons. I-V modeling reveals that the
conductance drop between molecules is owing to reduced metal-
molecule coupling rather than the impaired energy level alignment.
The electronic structure variation between molecules could also be
revealed by photophysical measurement, electrochemical analysis,
and density functional theory (DFT) simulation, which give
supportive evidence to the SMCM result.

Traditional organic emitting devices are generally composed of
several layers which would inevitably face complicated fabrication
processes. To circumvent this problem, devices of simple structures
depositing active materials directly onto electrodes of inorganic
ingredient without the injection or transporting layers are proposed
to reduce the difficulty of realizing industrial applications!!. As a
consequence, investigating and understanding the charge transport
behavior of organic emitting molecules on the metal surface will be
important for the designed materials. Up to date, researchers in such
fields mainly rely on DFT simulations to examine the electronic
performance of different structured molecules in guiding the
molecular design of organic emitting semiconductors!. Although
single-molecule electrical properties (e.g., molecular conformations
or orbital distributions) can be predicted in the modeling, the
simulation is generally performed in vacuum, which may deviate
significantly from the real ambient condition at the film surface.
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Therefore, a comprehensive experimental study of the charge
transfer processes in organic emitting molecules on metal surface
could be critical, which however, has not been reported to date.

SMCM based on scanning tunnelling microscopy break junction
(STM-BJ) technique is an effective method widely adopted to
investigate the charge transport properties of single molecules
between metal electrodes (also called metal-molecule-metal
junctions) via statistical analysis of the repeated current-
displacement measurements!® 4. Various types of small organic
molecules have been successfully incorporated into metal-molecule-
metal circuits to research their molecular conductance and electrical
behavior on the metal surfacel® .. However, most of these organic
molecules investigated to date are non-functional, with their
structures mainly constituting of akyl chains!#? €], bezene oligomers!”]
or thiophene oligomers!®], whose electronic structure has a large
band gap between the highest occupied molecule orbitals (HOMO)
and the lowest unoccupied molecule orbitals (LUMO). By contrast,
organic emitting molecules are usually made up of rigid conjugated
structures!®], whose electronic conductance properties has not been
reported due to lacking chemical anchors required to stably
coordinate with the metal electrodes and form well-defined metal-
molecule-metal junctions. Chemical modification to introduce the
required linkers to the original structures can be a solution, but the
extra anchors are usually unnecessary compositions, which could
even impair the device performance. To solve this problem, the
structural feature of organic emitting semiconducting materials
should be analysed.

Typically, the molecular structures of emitting molecules are
constructed from the electron-rich donor (D) and electron-deficient
acceptor (A) to produce highly emitting-efficient D-A structures(19],
Typical D moieties, such as triphenylamine (TPA)1], carbazole (Cz)!12
and acridinel®3, have no metal-binding groups and could not be
stably functionalized on the metal surface. In contrast, some A
moieties (e.g., cyano (-CN)4 and pyridinel!®)) can form stable
contacts with Au electrodes. Motivated by these evidences, we
propose to synthesize a series of A-D-A type functional molecules,
adopting TPA as the core and phenyl nitrile groups as the arms. As
shown in Scheme S1 (ESI), one to three phenyl nitrile groups were
connected to TPA center by substituting the H atoms at the para-
position of TPA via Suzuki reactions. Three target structures, 4'-
(diphenylamino)-[1,1'-biphenyl]-4-carbonitrile, 4',4"-
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(phenylazanediyl)bis(([1,1'-biphenyl]-4-carbonitrile)) and 4',4"',4"""-
nitrilotris(([1,1'-biphenyl]-4-carbonitrile)), respectively denoted as
CN-TPA, DCN-TPA, and TCN-TPA are successfully synthesized via the
route shown in Scheme S1 (see Supporting information S1).
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Figure 1 Sample conductance traces (a) and conductance histograms
(b) for CN-TPA (grey), DCN-TPA (blue), and TCN-TPA (red). (c, d) 2D I-
V/ G-V distribution for DCN-TPA (blue) and TCN-TPA (red). (e, f) The
statistics of energy level difference and values of electronic
couplings.

Single-molecule electronic conductance of three target molecules is
investigated using STM-BJ technique, which was much described
previously (18], Distinctive plateau features are often observed in the
current decay traces when the objective molecule bridges both Au
electrodes 32 72, 171 As shown in Figure 1a, several typical current
decay traces recorded with substrates modified with DCN-TPA (blue
traces) and TCN-TPA (red traces) show clear plateaus in the
conductance range around 103~10° Gy (Go= 2e%/h). In contrast, no
distinctive features are observed in the sharp-decay curves for CN-
TPA modified substrates (grey traces), indicating no stable metal-
molecule-metal junctions can be formed for CN-TPA with a single
binding group. Histograms of combined traces in Figure 1b show only
a smooth background for CN-TPA occupied junctions. However, well
defined conductance peaks can be generated for DCN-TPA and TCN-
TPA modified junctions, with their most probable single-molecule
conductance centered at 103° Gy (9.76 nS) and 1047 Gy (1.55 nS)
respectively. Repeated measurements are carried out with platinum
electrodes, giving essentially identical results for three molecules
(see details in ESI Figure S1). Two-dimensional conductance versus
relative distance histograms show similar junction elongation length
for both DCN-TPA and TCN-TPA (see circled region in Figure S2),
suggesting similar structural configurations are being formed inside
the gap, each with two -CN groups bridging both electrodes.
Despite the very close conduction path, the measured
electronic conductances for two molecules are quite different.
Comparing with DCN-TPA, the additional phenyl nitrile substituent

2| J. Name., 2012, 00, 1-3

on TCN-TPA brings down its conductance by almost.amn arideriof
magnitude. The electron-withdrawing propefty10P/BRIsCHKL)gR
substituent is known to be able to lower the HOMO with respect the
gold Fermi energy (Ef)[8. The decreased conductance in TCN-TPA
might suggest a HOMO-facilitated transport, in which the electron-
withdrawing moiety extends the energy difference between E; and
the conduction orbital. To better understand the charge transport
mechanism of these A-D-A type functional molecules, we performed
the current-voltage (I-V) characteristics of single-molecule junctions,
which provides significantly more information beyond a fixed low-
bias conductance measurement (Figure S3, ESI)*l. Figure 1c shows
the two dimensional (2D) I-V distributions for both types of
molecular  junctions, each constructed from combined
measurements of more than 500 I-V curves. For both cases, the
current increases linearly with bias over a small bias range (around +
0.3 V). At higher bias voltages, nonlinear |-V response is evident. By
converting current | into conductance G via G=I/V, a 2D G-V plot can
be generated as Figure 1d, showing clearly the voltage dependence
of the measured molecular junction conductance. Two bowl-shaped
bands show conductance discrepancy of up to an order of magnitude
between two molecular systems, consistent with the break-junction
result. In addition, both molecules exhibit constant conductance
below ~0.3V, and their conductance rising with increasing bias above
this threshold. Statistical analysis of the vertical distribution of G
values at 0.1V (dashed line) reveals molecular conductance of 10-3°
Gp and 1046 Gy for DCN-TPA and TCN-TPA (Figure S4), very close to
that obtained in the break junction measurement, showing that each
I-V curve preserves the conductance information of single molecules
at a given bias.
By fitting each |-V curve with a single level tunneling model[2°]:

eV/2+£0
r ]' (1)

two essential parameters I and g, which implicates the metal-
molecule contact configurations in molecular junctions, can be
obtained statistically. g, denotes the energetic alignment of the
molecular frontier orbital with respect to the Er and I represents the
metal-molecule electronic coupling energy?!, Figure 1e shows the
overlaid distribution of g, for two molecular systems. The three-
armed TCN-TPA show slightly larger g, than two-armed DCN-TPA,
which could be attributed to the additional arm that withdraws
electrons from the TPA center and lowers its occupied molecular
orbitals. This enlarged energy difference g, from DCN-TPA to TCN-
TPA once again suggests that charge is transported through HOMO
as the conducting orbital. The metal-molecule couplings I for both
types of molecular junctions are quite small compared to that of
reported thiol linkers (up to 130 meV)2Z, reflecting the weakly
binding nature of -CN groups toward the metal electrodes, consistent
with a previous report(23], However, the electronic coupling energy
measured in DCN-TPA junctions is much different (~3 times) from
that obtained in TCN-TPA junctions, despite the identical -CN metal
binding groups (Figure 1f). As suggested(?Z, the electronic coupling
strength is not only anchoring-dependent but also relying on other
factors such as the electronic details of the molecular backbone. In
our case, we speculate that the extra electron-withdrawing phenyl
nitrile arm in TCN-TPA reduces the electron occupation of the TPA
core, thereby impacting the electronic hybridization between the

eV
2el’ _1 /2 — % 1
[(V) =—-{tan T + tan
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core and the other two arms linking the molecule to electrodes. As a
result, the electronic interaction between the binding group and the
molecular backbone is affected and the resulting metal-molecule
coupling strength is thus decreased. From these |-V measurements,
we can conclude an A-type substituent on a D-type backbone might
impair both gy and I' of the molecular junction. Based on a single-
Lorentzian model: G=Gy/[(go/T)? +1] [21], the interplay between gq and
I could greatly impact the measured molecular conductance. Given
that gy for both molecules are very close, the large variance in T
between two molecular systems is more decisive in determining
their conductance variation.
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Figure 2 The absorption spectra of TPA (0), CN-TPA (e), DCN-TPA (¢),
and TCN-TPA (V) in DCM (a); and photoluminescence spectra of CN-
TPA (b), DCN-TPA (c), and TCN-TPA (d) in various polarized solvents:
n-hexane (0), toluene (o), CHCl; (0), THF (A\), DCM(e), and DMF (Il
).

We further performed photo-physical characterization of the
synthesized compounds to investigate their electronic structure
properties. Figure 2a shows the UV-vis absorption spectra of CN-TPA,
DCN-TPA, and TCN-TPA (1*10> M) measured in dichloromethane
(DCM). All three molecules show two similar absorption peaks at 250
and 350-400 nm, which originate from the absorption of their
molecular skeleton and the intramolecular charge transfer (ICT) state
respectively. Notably, CN-TPA shows an additional absorption peak
at 300 nm, which is unseen for DCN-TPA or TCN-TPA. To assign this
peak, the absorption spectrum of the TPA core was also measured,
showing a peak at the same position as CN-TPA. This implies that the
electronic structure of TPA can be affected by the addition of a
phenyl nitrile arm in CN-TPA, which could be further changed when
more phenyl nitrile arms are added, as suggested by the vanished
TPA absorption peak in the spectra for DCN-TPA and TCN-TPA. It
indicates that the electron-withdrawing substituents on TPA do
induce significant electron redistribution toward the binding groups.

To elucidate the specific role of each individual phenyl nitrile
arm, we compared the ICT properties of three molecules by
measuring their photoluminescent (PL) spectra in various solvents
with different polarity (Figure 2b-d). Obvious solvatochromism is
shown for three molecules and their emission spectra exhibit huge
bathochromic shifts from nonpolar n-hexane to polar DMF. CN-TPA
shows the strongest ICT state accompanied with the largest Stokes
shiftl24, implying that the electron-donating ability of TPA core in CN-

This journal is © The Royal Society of Chemistry 20xx
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TPA is the strongest. With more arms added, the electron;danating
behavior of TPA is weakened, as shown in the!s&leiriBIN:-rédaeea
Stokes shift for compounds with one, two and three arms. Because
the conjugation is disturbed by the central N atom in TPA, their
excited states are determined by a basic emitting part from the N
atom of TPA to the end of CN?3], which indicates the same ICT path
for three molecules. Therefore, the decreasing ICT intensity from CN-
TPA to DCN-TPA and to TCN-TPA can be deemed as a signature of
decreasing charge delocalization toward the -CN anchors. The
calculated surface charge on the N atom of -CN moiety is -0.315, -
0.313, and -0.311 for CN-TPA, DCN-TPA and TCN-TPA, respectively,
in agreement with the gradually weakened electron-donating ability
of -CN toward the metal electrode, likely explaining their difference
in the electronic couplings (I') as we discussed previously.
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Figure 3 Cyclic voltammograms of CN-TPA, DCN-TPA and TCN-TPA
(a), and their energy levels compared with Au Fermi level (b).

DCN-TPA  TCN-TPA

Cyclic voltammetry measurement is further carried out to
investigate the electron richness of the core and the effect of the
added substituents. As shown in Figure 3a, the oxidation potential is
1.02 eV, 1.04 eV, and 1.07 eV for CN-TPA, DCN-TPA and TCN-TPA
based on the redox potential (see the marked line). The increasing
number of phenyl nitrile substitutes on the TPA core likely impair the
electron abundance at the core, resulting in the oxidation reaction
occurred at a higher bias. By comparing with ferrocene
(E(1/2)Fc/Fc*=0.53 eV), the HOMO energy levels for CN-TPA, DCN-TPA
and TCN-TPA are estimated to be -5.29 eV, -5.31 eV, and -5.34 eV
(HOMO=-(E,+4.8-E(1/5)Fc/Fc* eV)*2. The band gaps for three
molecules can also be deduced from their absorption edges!® (see
Figure 2a), which are 3.07 eV, 2.99 eV, and 2.99 eV. Correspondingly,
their LUMOs can be obtained by comparing their HOMOs with band
gaps. The DFT calculated HOMO/LUMO energies are also listed for
comparison (Figure S5). The energy level diagram for three molecules
with respect to the Au Fermi level is shown in Figure 3b, clearly
HOMO is the preferred conducting orbital to mediate the hole
transport(26l, This is consistent with our assumption previously based
on the property of the substituent and the conductance trend
measured for DCN-TPA and TCN-TPA. It is worth noting that the
conductance in phenyl rings terminated with cyanide linkers
normally occur primarily through the LUMOI27], In our case of these
A-D-A structures, the energy level doesn’t change significantly with
the added phenyl nitrile groups (go equals 0.71 eV and 0.74 eV for
DCN-TPA and TCN-TPA, very close to the I-V results), and their
HOMOs maintained a better alignment with the metal Fermi energy
than LUMOs. In contrast, the electronic couplings between metal and
molecule can be greatly impacted by each addition of the phenyl
nitrile group as indicated from the modeling, accounting for the large
variation in the measured single-molecule conductance.

J. Name., 2013, 00, 1-3 | 3
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In summary, we have designed and synthesized a series of
specific A-D-A functional molecules to investigate their single-
molecule charge transport properties. The electron-withdrawing
feature of the A-type linkers on an electron-rich D-type core could
significantly tune the single-molecule conductance by adding extra
A-type linkers. Fitting I-V curves with a tunneling model reveals a
slightly changed energy barrier for DCN-TPA and TCN-TPA, but a large
change (~3 times) in metal-molecule electronic coupling is obtained,
which primarily accounts for the conductance difference of up to an
order of magnitude between DCN-TPA and TCN-TPA. Photo-physical
characterizations, electrochemical measurements of all three
molecules are conducted to understand the intramolecular charge
transfer properties of these similar-structured molecules which are
supportive to the conductance results. This work demonstrates the
feasibility and applicability to investigate the electrical properties of
emitting molecules via SMCM, paving a new avenue to testify the
device performance of functional materials and guide the fabrication
process from a single-molecule perspective.
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