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a b s t r a c t

N,N′-bis(9H-fluoren-9-ylidene)benzene-1,4-diamine was synthesized via the acetic acid-assisted Schiff
base reaction between 9-fluorenone and p-phenylenediamine. The thin films were deposited from solu-
tion and characterized by contact angle measurements (CAM), X-ray photoelectron spectroscopy (XPS)
and tunneling conductance spectroscopy (TCS). The tunneling conductance spectra, related to the poten-
tial and distance between the tip and substrate, were acquired at different tip–substrate separations and
depicted significant trend under the action of electric field. Systematic analysis shows more information

m.cn

Thin films
Organic compounds
Electrical properties
E

about electron transport through medium layers. The electric field plays an important role in tunneling
conductance spectra. The tunneling conductance spectra data indicate the electric field dependence of
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lectrical characterization electron transport.

. Introduction

The � conjugated polymers have attracted great attention as
andidate light-emitting materials for display application [1–5].
luorene and their derivatives have similar conjugated struc-
ures and can be applied as electro-active materials. The synthesis

ethod and crystal parameters of diimines derived from flu-
renone and phenylenediamine have been reported [6,7]. The
iimines were synthesized by the p-toluenesulfonic acid-assisted
chiff base reaction between fluorenone and phenylenediamine.

Scanning tunneling microscopy (STM) and scanning tunneling
pectroscopy (STS) have been used to investigate the charge trans-
er effect of molecule–substrate contact [8]. Molecule–substrate
ontact is a key to the molecular electronic devices, such as light-
mitting medium and field-effect transistors [9]. The molecules of
etal phthalocyanines and metalloporphyrins and their deriva-

ives have been intensively studied [8,10–14]. Using double-end
unctional molecule, such as alkanedithiol to form the self-
ssembled monolayer on Au (1 1 1) is a useful approach to fabricate
ultilayer nanostructures, in which Deng and Bai built an Ag-

ithiol-Au multilayer structure by adsorbing silver ions from
olution onto the surface of self-assembled monolayer (SAM) of

www.sp
ithiols on Au(1 1 1) [15]. Orbital-mediated tunneling (OMT) spec-
ra are helpful for investigating the affinity levels and the ionization
evels. However, the agreement between the observed energies
nd those from ultraviolet photoelectron spectroscopy (UPS) and
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electrochemistry does not provide the information that whether
the spectra have identical results at any tip–substrate separa-
tions. The possibility that change the distance between the tip
and monolayer might change the OMT peak positions was pro-
posed by theoretical [16–20] and experimental [21–28] studies.
Distance dependent current–voltage curves obtained from chem-
ical vapor deposit (CVD) diamond films have been interpreted by
tip field induced band bending at the semiconductor [23]. Scanning
tunneling spectroscopic studies have been performed on the Si-
terminated 6H-SiC (0 0 0 1) (3 × 3) surface [25]. The spectra exhibit
distinct bands of empty and filled states at large tip–substrate dis-
tances. But the STS spectra became completely featureless in the
range of small tip–substrate distance. A model for the tunneling
process had been proposed to explain the distance dependence
[16,19]. In their model, the local field at molecule differs signif-
icantly with the applied sample bias. Deng and Hipps studied
the tip–substrate distance dependence in the STM-based OMTS
of NiTPP deposited on Au (1 1 1) [28]. They gave the result that
difference of tip–substrate distance over several angstroms had
produced no measurable changes in orbital energy splitting. How-
ever, an undetermined small but persistent shift of all OMTS was
also observed in their studies. Tunneling conductance spectra were
measured using STM tip and substrate as the electrodes, respec-
tively [29]. The location of equilibrium Fermi energy and the spatial
profile of the electrostatic potential under an applied bias have

.c
been thought as important parameters that influence the tunneling
conductance spectra.

In this study, we report an experimental study on the
N,N′-bis (9H-fluoren-9-ylidene)benzene-1,4-diamine thin films
deposited on substrate. The thin films were characterized by
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ig. 1. The space-filling model and ball-stick mode of BFBD molecule. The color code
f the references to color in this figure legend, the reader is referred to the web ver

ontact angle, X-ray photoelectron spectroscopy and tunneling
onductance spectroscopy. Due to the importance of electrode
istances in electron tunneling and molecular electronics, the
elations between electrode–electrode distances and tunneling
onductance were investigated. The tunneling current and con-

uctance were measured to find the essential of tunneling
ehavior through molecular layers. Our results indicate that
he tunneling conductance spectrum is dependent on the elec-
ric field between the tip and substrate. The electric field,
hanged by adjusting the setpoint current prior to spectral

ig. 2. (a) X-ray photoelectron spectroscopy of substrate, (b) high-resolution region of th
nd (d) high-resolution region of the XPS N1s for sample layers.
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as follows: carbon is gray, hydrogen is green and nitrogen is blue (For interpretation
f the article.).

measurement, plays an important role in the tunneling behav-
ior.

2. Experimental

2.1. Materials

.cn
N,N′-bis (9H-fluoren-9-ylidene)benzene-1,4-diamine [C32H20N2, BFBD
molecule] was synthesized via the acetic acid-assisted Schiff base reaction between
9-fluorenone and p-phenylenediamine. The synthesized compound was purified
by means of re-crystal in CH2Cl2, which produced red rod crystals. The synthesized
product and its structure were confirmed by melting point measurement, mass

e XPS C1s for substrate, (c) high-resolution region of the XPS C1s for sample layers
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ig. 3. The tunneling current curves as a function of scanning potential at different
ip–substrate separations.

pectrum (MS), infrared spectrum (IR), Raman spectrum, Magnetic Resonance
MR) analysis, and X-ray diffraction (XRD) analysis. The results will be published
lsewhere. The space-filling model and ball-stick model of the compound are
hown in Fig. 1. BFBD thin films were deposited from solution onto highly oriented
yrolytic graphite for further studies. The solution of BFBD was prepared in
ichloromethane with a concentration of 2 × 10−3 mol l−1 . Solution of 5 �l were
laced on graphite. After the solvent was evaporated, the sample was prepared.
ighly oriented pyrolytic graphite (HOPG) was purchased from SPI Structure Probe

nc. (West Chester, PA, USA).
.2. Contact angle measurements

Water contact angle measurement was performed on a contact angle
ystem OCA 40(Data Physics Instruments, Germany) using the sessile drop
ethod at room temperature. Water drops of 2 �l were contacted with sam-

les and the contact angles were recorded using photographic images. All

Fig. 4. Electron distribution. (a) Top view and (b) side view of the molecu
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the contact angles here are the average values of five independent measure-
ments.

2.3. X-ray photoelectron spectroscopy (XPS) data acquisition

X-ray photoelectron spectroscopy measurements were performed in a Kratos
Axis Ultra DLD spectrometer with a focused monochromatic Al K� X-ray source
(hv = 1486.6 eV). The base pressure in the analysis chamber is about 1 × 10−8 Torr.
Spectra were recorded using pass energy of 160 eV at a resolution of 1 eV, while
high-resolution spectra were acquired with pass energy of 20 eV at a resolution of
0.1 eV. All binding energies in X-ray photoelectron spectroscopy were internally
referenced to C1s peak, which was assigned a value of 284.6 eV.

Tunneling conductance spectra Samples Preparation and Data Acquisition:
Tunneling conductance spectra measurements were carried out with CSPM4000
scanning probe microscope system under ambient conditions. Tip was employed as
an electrode which had been made mechanically with Pt/Ir (80:20) wire. The sub-
strate was used as the other electrode. The uppermost layer of HOPG was peeled
off immediately before use. A droplet of sample solution was applied on the fresh
surface to form thin films. Spectroscopy was performed by measuring tunneling cur-
rent as a function of bias voltage at fixed tip–substrate separation (feed back off). The
method of measuring spectroscopy curve was reported [28]. The spectra data were
acquired with a fixed tip–substrate separation determined by a selected bias voltage
and tunneling current. The scanning potential was ramped from −1 to +1 V. During
this ramp, the spectroscopy curves were acquired at 512 points with a dwell time of
about 200 �s per point. Then the bias and the setpoint were reset to re-establish
the feedback loop. All the spectra were acquired at the temperature of about
298 K.

2.4. Computational detail

The density functional theory method with B3LYP on the basis of 6-31G (d) was
employed to analyze the electron distribution. All computations were performed
using the Gaussian03 package [30]. From these calculations, the characteristics of
electron distribution and spatial orbital distributions were derived.om

.cn

3. Results and discussion

The changes in water wettability of fresh substrate and the sam-
ple deposited on substrate were measured. The results showed

lar HOMO. (c) Top view and (d) side view of the molecular LUMO.
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D A
mann distribution over donor states, εD(vD) and εA(vA) are nuclear
energies above the corresponding electronic origins, and EAD is
the electronic energy gap between the donor and acceptor states.
Considered the measurement process of tunneling conductance

Table 1
The potential data of N,N′-bis(9H-fluoren-9-ylidene)benzene-1,4-diamine in differ-
ent tip–substrate separations where the tunneling conductance reach maximum.
The maximum deviation from the mean of at least five experiments is listed.

m
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hat the water contact angel of pure substrate is about 50◦. After
eposition of sample on substrate, the contact angle approached
0◦. The difference results from the change of densely packed
rray structure on substrate surface after deposition of sample
31].

Fig. 2 shows X-ray photoelectron spectroscopy patterns of sub-
trate (Fig. 2a and b) and the sample deposited on substrate (Fig. 2c
nd d). Fig. 2c and d presents high-resolution region of the XPS spec-
ra of C1s and N1s of sample, respectively. The nitrogen 1s peak
an be decomposed into two peaks at 398.69 and 401.3 eV. The
wo peaks correspond to the pyridine- and graphitic-type bond-
ng [32]. So the nitrogen atom cannot result from the atmosphere
uring handing the sample in air. The C1s spectrum of substrate
hows a peak between 284 and 287 eV which can be decomposed
nto two bands at 284.79 and 285.2 eV (Fig. 2b). However, the C1s
pectrum of sample deposited on substrate shows a peak which can
e decomposed into three bands at 284.61, 286.56 and 286.79 eV,
espectively. The chemical shift of C1s spectrum results from the
eposition of sample on substrate.

Fig. 3 presents the tunneling current curves as a function of scan-
ing potentials obtained at different tip–substrate separations. The
ip–substrate distance was changed by resetting the setpoint prior
o measuring the current curves. The form of current curve as a
unction of potential is similar. However, obvious difference can be
ounded in current curves. The current increases with setpoint at
he same scanning potential.

In order to interpret the difference of current curve with various
ip–substrate separations and find the electron transport mecha-
ism through BFBD molecule, the special terms will be used. The
canning potential refers to the ramp voltage at fixed tip–substrate
istance. The maximum of the electric field refers to the maximum
alue of electric field at fixed tip–substrate distance when scan-
ing potential applied to the sample. The tip–substrate separations
ean the electrode–electrode distances in tunneling conductance

pectra measurement.
The following discussion is assumed that positive bias is applied

o the substrate. In the first step, we analyzed the electron distri-
ution of the compound, as it is of major impact on the electron
ransport properties. Fig. 4 shows the spatial electron distribution
f HOMO and LUMO on the basis of quantum chemistry calculation.
he electron configuration of carbon is 1s22s22px

12py
1, and that of

itrogen is 1s22s22px
12py

12pz
1. The formation of BFBD molecule

auses the element of nitrogen has lone pair. The lone pair, confined
n nitrogen atom, contributes to the HOMO. When the positive bias
pplied to the substrate, the BFBD molecule is exposed to the elec-
ric field. Under the action of Coulomb force in electric field, the lone
air of nitrogen atom can be transported through fluorene plane to
he substrate.

The spatial orbits have evident difference between HOMO and
UMO of active layers, showed in Fig. 4. Suppose that positive bias
s applied to the measure system. Electrons of nitrogen atom devi-
te from their own position under the action of electric field. In this
ase, the BFBD molecule is polarized and the harmonic oscillator is
ormed. According to the quantum mechanics theory of harmonic
scillator [33], the possible energy eigen-values of Hamiltonian can
e described as. This means that the electronic energy at some spe-
ial scanning voltage can come into resonance with the harmonic
scillator energy level. So several peaks at special potential can be
bserved going with the increase of scanning potential. Under the
ase of low electric field, the tip–substrate separation is so large
hat the change of electric field between the tip and substrate can

www.sp
e neglected. So the change of distance has little impact on the
otential where the peak of differential current curve occurs. These
esults are consistent with the previous report [28].

In order to understand electron transport, it is necessary to ana-
yze the tunneling conductance behavior. Some special potential
Fig. 5. The tunneling conductance peaks dependence on scanning potential. Each
error bar represents one standard deviation from the mean of at least five experi-
ments.

can be found and the peaks of tunneling conductance curve occur
at these voltage. Fig. 5 shows the tunneling conductance spec-
tra of BFBD thin films at special scanning potential region. Due
to the similarity between positive potential and negative poten-
tial, the negative potential is selected to analyze the tunneling
conductance. The potential data in different tip–substrate separa-
tions where the tunneling conductance reaches the maximum were
listed in Table 1. With the decrease of tip–substrate separation,
the maximum of the electric field between the tip and substrate
is increased exponentially. However, the positions of the peak shift
toward lower bias with the shrinkage of tip–substrate separation,
the trend is shown in Figs. 5 and 6. That is because the distance is so
small that the trivial shrinkage of tip–substrate can lead to striking
increase of electric field that cannot be neglected. The effect of dis-
tance dependence leads to the decrease of the peak potential with
the shrinkage of tip–substrate distance.

The classical theory of electron transfer can describe the pro-
cess of electron transfer and the electron transfer rate is given by
the golden rule-based expression under the Condon approximation
[34]:

ket = 2�

h̄

∣∣VDA

∣∣2
FC (1)

FC =
∑

vD

∑

vA

Pth(εD(vD))|〈vD |vA 〉|2ı(εA(vA) − εD(vD) + EAD) (2)

where VDA is the coupling between the donor (D) and accep-
tor (A) electronic states and FC is the thermally averaged and
Frank–Condon weighted density of nuclear states. In equation (2),
v and v denote donor and acceptor nuclear states, P is the Boltz-
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Setpoint (nA) Potential of
peak (V)

Deviation Potential of
peak (V)

Deviation

0.03 −0.86441 3.84% 0.83051 3.99%
0.06 −0.76271 3.69% 0.79661 3.53%
0.1 −0.55932 5.01% 0.52542 5.32%
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Fig. 6. The potential dependence on the tip–substrate distance where the tunneling
c
c
w
e

s
t

k

w
d
t
c
d

I

w
t
r

b
d

E

V

w
s

w
n
t

w
t
p
t
m
t
t
T
s
n

[

[

[
[

[

[
[
[

[
[
[

[

[
[
[

[

[

[
[
[

[

m

onductance reach maximum. The tip–substrate distance was regulated by setpoint
urrent. The inset is the minimal potential dependence on the tip–substrate distance
here the tunneling current reaches 5 nA. The standard deviation is elucidated with

rror bars.

pectra, the electron transfer rate is found to decrease exponen-
ially with the donor–acceptor distance,

et = k0e−ˇd (3)

here ˇ is the range parameter that characterizes the distance
ependence of the electron transfer rate, d is the distance between
he tip and substrate and k0 is a constant unrelated to d. Tunneling
urrent is proportionate to the electron transfer rate ket and can be
escribed as

set = ˛ket = ˛k0e−ˇd (4)

here Iset is the tunneling current that determines the
ip–substrate distance, ˛ is a constant factor that determines the
elation between tunneling currents and tip–substrate distances.

The electric field between the tip and substrate is related to
oth scanning potential and electrode–electrode distance, can be
epicted as

= �
V

d
(5)

Eqs. (4) and (5) result in

= E

�
d = E lg(˛k0)

�ˇ lge
− E

�ˇ lge
lgIset (6)

here V is the potential that caused the electric field E under the
pecial tip–substrate distance. � and e are constant factor.

Due to the transmission function is increasing exponentially
ith the decrease of the tip–substrate distances [34] and the expo-
ential dependence is also found in experiment [35], the Landauer
heory can give uniform results.

Fig. 6 shows the potential dependence on the tip–substrate
here the tunneling conductance reaches the maximum. The

ip–substrate distance was regulated by the setpoint current. The
otential decreases with the increase of setpoint current that leads
o the shrinkage of tip–substrate separation. The inset is the mini-

al potential where the tunneling current reaches 5 nA at different
ip–substrate distances. The slope of line in Fig. 6 reveals that

www.sp
he special electric field is constant, which is depicted in Eq. (6).
he above result is assumed the positive potential applied to the
ample, the same conclusion can be drawn when the potential is
egative.
d Physics 121 (2010) 572–577

4. Conclusion

The derivative of fluorene, which is called N,N′-bis(9H-fluoren-
9-ylidene)benzene-1,4-diamine, was synthesized via the acetic
acid-assisted Schiff base reaction between 9-fluorenone and p-
phenylenediamine. The thin films of the diamine were fabricated
and systemically researched, such as X-ray photoelectron spec-
troscopy and so on, were presented. From above discussions, the
conclusion can be drawn that the potentials, which lead to the
tunneling conductance peaks, depend not only on the scanning
potential, but also on the electric field applied to the thin films. The
electric field dependence is manifested significantly. The results of
this study contribute to the properties and potential application of
this composite material.
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