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Switchable Molecular Conductivity
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Abstract: We demonstrate the switchability of the molecular conductivity of a citrate. This was made possible
through mechanical stretching of two conformers of such citrate capped on and linked between gold
nanoparticles (AuNPs) self-assembled as a film. On the basis of experimental results, theoretical analysis
was conducted using the density function theory and Green’s function to study the electron flux in the
backbone. We found that the molecular conductivity depended on the pathways of electrons that were
controlled by the applied mechanical stress. Under stress, we could tune the conductivity up and down for
as much as 10-fold. The mechanochemistry behind this phenomenon is an alternative branch of chemistry.

Introduction

Since the first report on electrical characteristics of single
molecules, extensive efforts have been made to model electrical
conduction on nanosized materials in order to explain transport
mechanisms in small structures.’ Adapted methods from solid-
state physics were initially used to explain such a behavior with
gross approximations using methodologies that were less
insightful than common quantum chemistry calculations.” Those
methods generally ignored chemistry. Some methods, such as
the extended Hiickel model, were used and claimed to yield
good results.® The Hartree—Fock method and the local density
approximations were applied, yet the chemical behavior at
interfaces remained unknown.*

We have developed procedures to characterize and calculate,
from first principles, the electrical characteristics of nanoma-
terials where the chemistry is the central focus of the calculation.
In our method, the physics and/or extended features are brought
through a Greens function approach (GENIP program).®™® As
this procedure is fully ab initio, it is not limited to specific
conduction regimes, which constraints empirical procedures
based on phenomenological Hamiltonians. Our approach is to
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avoid problems related to the empirical rules of conductance’
that can be used with chemically accurate methods with similar
levels of theory for the continuous and discrete parts of the
problem. It is expected that the final product is a fully ab initio
procedure with chemical accuracy.

To experimentally control the pathway of electron movement,
a mechanical force is believed to be a simple and effective
method. It has been reported that a mechanical force can activate
covalent bonds in polymers and guide reaction pathways of
molecules.'®”'> We have recently found that a mechanical force
can dominate the oxidation kinetics and dynamics of tantalum
resulting in nonequilibrium oxides.'*'* Here we apply a
mechanical force to control the pathway of electrons. We used
citrate-capped gold nanoparticles (AuNPs) as the model system.
Results showed that we could switch the molecular conductivity
of a self-assembled film made of such particles. This opens new
avenues for development of single electronic devices of which
molecular conductivity could be switched on and off and to a
desired value.

Experimental Section

Reagents. Hydrogen tetrachloroaurate trihydrate (HAuCl,*3H,0,
99.9%) and trisodium citrate dihydrate (Na;CsHs07*2H,0, 99.99%)
(Sigma-Aldrich) were used as reaction media for AuNPs. The
deionized (DI) water was used for all synthesis. Citrate-capped
AuNPs were synthesized by exploiting the well-known Turkevich
method."”

Preparation of Au NP Film. Polyvinylidene fluoride (PVDF)
was used as the substrate for the thin film preparation. PVDF
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Figure 1. Noncontact mode AFM images of self-assembled AuNP film. (a) Surface morphology/without deformation; (b) phase image/without deformation;
(c) surface morphology/with deformation; and (d) phase image/with deformation.

substrates were cleaned thoroughly in acetone with sonication
for 20 min and functionalized with poly(allylamine hydochloride)
(PAH, 0.1% by weight).'® The functionalized substrates were
immersed in the AuNP solution for about 30 min and dried in
a vacuum chamber. After the first monolayer was deposited, the
surface was visible as light pink. Subsequent layers were
deposited by repeated alternate immersion in AuNP solution and
drying. Finally, a golden metallic luster was obtained after eight
depositions.

Instruments. Topographic and phase images were obtained using
an atomic force microscope (Nano-R, Pacific Nanotechnology Inc.)
in noncontact mode. Standard silicon nitride cantilevers (Nano
World) were used. The transmission electron microscopy (TEM)
analysis was carried out using a JEOL JEM-2010. The X-ray
photoelectron spectroscopy (XPS) analysis was conducted using a
Kratos Axis Ultra Imaging X-ray photoelectron spectrometer with
monochromatic Al Kat line (1486.7 eV) (Materials Characterization
Facility, Texas A&M University). The UV—visible (UV—vis)
absorption spectra were recorded in a Hitachi (Model U-4100)
UV—vis—NIR spectrophotometer. The conductivity measurement
was performed by a TTP4 cryogenic probe station (Desert
Cryogenics, LLC.) and a HP 4145 semiconductor parameter
analyzer. The applied current sweeps in a staircase manner
according to the input parameters, and the voltage is measured at
the end of each current step. Measurements were taken at room
temperature. To investigate how the resistance of AuNP film
responds to longitudinal deformation, we attached the substrate
(thickness, T = 52 um) with AuNP film to a cylindrical supporter
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with a diameter (D) of 1 cm. Since D > T, the resulting strain
(&) can be calculated from the relation & = (D/T + 1), which is
0.5%.

Computational Details

We optimized the geometry of the molecular junctions and
determined their structural stability with the B3PW91 fully nonlocal
functional'”~° using the 6-31G(d)*'? basis set for C, H, and O
and the effective core potential and basis set LANL2DZ**~2° for
Au level as implemented in the Gaussian 03 program.® The current
through the junction was computed via density functional theory
(DFT) and Green’s function implementation of an extended Landau
formalism (GENIP).?”2°

Results and Discussions

Morphological Characteristics. Atomic force microscopic
(AFM) images of the film over a 1 um x 1 um area are shown
in Figure 1a and b for the as-prepared film and Figure 1c and
d for the mechanically stretched film (strain = 0.5%). Surface
morphologies are given in Figure la and ¢, and phase images
(for sharper characterization of grain boundaries) in Figure 1b
and d. The AuNPs are seen aligning in the direction of stretch.
This indicates that the applied force does indeed affect the
AuNPs on the surface. In sample preparation, we self-assembled
AuNPs on top of a PVDF substrate. During fabrication of the
PVDF, the material was polled by stretching along the diagonal
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Figure 2. Au 4f XPS spectra of (a) sputtered Au film, and (b) self-assembled AuNP film.
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Figure 3. I—V measurements of sputtered Au film and self-assembled AuNP film. (a) Sputtered Au film with and without deformation and (b) self-

assembled AuNP film with and without deformation.

Table 1. List of Energies, Relative Energies, HOMO and LUMO Energies, and HOMO—-LUMO Gaps (HLG) for the Standalone and

Extended Citrates

molecule energy (Ha)

relative energy (kcal/mol)

HOMO (&V) LUMO (eV) HLG (V)
Citrate-1 —757.729473 3.60 —8.54 —5.90 2.64
Citrate-2 —757.735219 0.00 —8.49 —5.90 2.59
Citrate-1 Au, —1028.609268 0.00 —7.46 —6.07 1.39
Citrate-2 Au, —1028.597795 7.20 -7.18 —4.90 2.29

direction at 850 °C for more than 8 hrs. In our experiments, a
stress was applied in the horizontal direction. The deformation
of PVDF was visible along the polling direction (diagonal). The
deformation of AuNPs was apparent along the diagonal direc-
tion. It is expected that the space between particles increases
under the stress. As seen in Figure 1c and d, the gaps between
adjacent particles are larger in the stretched sample (Figure 1d)
than the as-prepared one (Figure 1b). The effect of stress is
further confirmed by surface roughness measurement as shown
in Figure la and lc. The roughness increases from ~7.6 nm
for the as-prepared film to ~13.4 nm for the stretched film.
The above results relate to deformations that have been observed
on the film surface.

The TEM results are given in Figures S1 and S2 (Supporting
Information). The images clearly show that AuNPs are encap-
sulated by citrate molecules. The physical connection between
citrate molecules between individual AuNPs was identified.
Details are given in the Supporting Information.

Spectroscopic Analysis. As we have seen, the AuNP film
responds to stress with structural modifications such as
adjusting interparticle separations. This leads to stretching
of the citrate molecules capping the AuNPs. As a result, the
electronic properties of the film will be affected. We have
used XPS to explore such effects under longitudinal elonga-
tion (strain = 0.5%). As shown in Figure 2b, the electron
binding energy (BE) Au 4fy, is shifted for 0.4 eV compared
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Figure 4. Two conformers of 2-hydroxypropane-1,2,3-tricarboxylate.
Standalone Citrate-1 (a) and Citrate-2 (b); extended (with one-gold-atom
electrodes) Citrate-1 (c¢) and Citrate-2 (d).

with the unstretched film. The peak’s full width at half-
maximum (fwhm) was increased by 90%. This suggests that
the chemical environment of Au atoms in self-assembled
AuNP film was altered by stress, where the shift in BE is an
indicative of the presence of Au oxide.’® Unlike the AuNP
film, the Au 4f peaks of a sputtered Au film were not affected
by stress, as shown in Figure 2a. This indicates that the self-
assembled film is more sensitive to the external deformation
than the sputtered one.

The UV —vis absorption spectra were done on the AuNP
films before and after applied stress (Figure S3 in the
Supporting Information). A small red-shift for the surface
plasmon band of AuNPs was observed due to the applied
stress. The large red-shift due to the cross-linking of AuNPs
was reported.’’

Effects of Stress on the Conductivity. To examine the
electronic transport properties of the AuNP film, a current—
voltage (I—V) curve was measured at room temperature. In
the elongation direction (Figure 3b), the average resistance
of the film was increased from 0.31 to 1 MQ under stress, a
223% increase. In contrast, only a moderate increase (from
62 to 80 m€2) was found in the sputtered Au film (Figure
3a), i.e., a 29% increase.

Theoretical Analysis of Conductivity. Our results showed that
the conductivity of a self-assembled AuNP film was dominated
by the encapsulated molecules under stress. In order to
understand this further, we conducted ab initio calculation.

Two citrate conformers with the lowest energies (Table
1) are considered to model the bridge-molecule between two
AuNPs before and after the application of an external force,
as labeled Citrate-1 (Figure 4a) and Citrate-2 (Figure 4b).
Their configurations, when inserted in the junctions (namely,
extended with one-atom gold electrodes), are shown in Figure
4c and d. When a force is exerted on the film, it is likely
that the average interparticle distance between the particles
increases (as suggested by Figure 1d). We choose the shortest
of the molecular bridges (as measured by the distance
between gold atoms), Citrate-1 (6.2 A), as the representative
between NPs before film stretching; and the longest, Citrate-2
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Figure 5. Electron path characteristics. (a) Simulated /—V curve; (b)
simplified model for electron path without stress; and (c) simplified model
for electron path under stress.

(8.93 A), as that after. We assume that they are the
representative bridges along the conductivity percolation
paths in our model film before and after elongation,
respectively.

There are two reasons for such a choice. First, Citrate-1-Au,
is more stable than Citrate-2-Au, by 7.20 kcal/mol (Table 1). It
is therefore a more likely configuration to be present in the
relaxed (unstretched) film. Second, the length difference between
each citrate is 2.73 A, such that using the average diameter of
AuNPs (70 nm), the stress-induced transition from Citrate-1 to
the Citrate-2 structure is ~0.4%, close to the calculated strain
(0.5%).

The transformation from a Citrate-1 junction to a Citrate-2
will affect the electrical properties of our model film. This
is apparent from the ~65% increase in the transport barrier
as calculated value of the junction’s HOMO—LUMO gap
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(Table 1). In such, the presence of a Citrate-2 junction will
decrease the conductivity of the film. This is in fact what
we observe in the calculated /—V characteristics of the
junctions (Figure 5a). The resistance of the Citrate-1 junction
(sample without deformation) is 0.2 M€ (blue line and top
left of Figure 5a); that of the Citrate-2 junction (sample with
deformation) is 2 MQ (pink line and bottom right of Figure
5a). These are compared with the resistances obtained from
the measured /—V characteristics of the self-assembled-AuNP
film, with and without deformation (Figure 3b). The film has
a resistance of 0.31 MQ before deformation and 1 MQ after.
Therefore, both in model and experimental results (Figures
5a and 3b), an increase of the resistivity is found after
elongation. Nevertheless, they have different increasing ratio
(change of resistance/initial resistance). For simulation this
ratio is 10 and for experiment about 3. This is to be expected
due to the simplicity of the interface structures used in our
model film, i.e., a binary set. A slightly more realistic
interface would consider a mixture of both junctions, whereby
there are more Citrate-1 junctions at the interface before
deformation and more Citrate-2 junctions after, resulting in
the reduction of the increase ratio. This behavior can be
further illustrated using a simplified model, as shown in
Figure 5b and d. In Figure 5b, two large balls represent the
AuNPs. A molecule of citrate is attached at each end. When
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a voltage is applied, the electron goes through in a simplified
circuit as shown. In Figure 5c, likewise, under a stress, the
electron goes through a different circuit as shown in Figure
5c. The change of paths is only possible due to an applied
stress.

Conclusions

We investigated the response of electron flux of a self-
assembled AuNP film to a mechanical force. Under stress, the
electron pathway underwent a transition between conformers
of encapsulating citrate molecules. The stress-induced transition
of conductivity was confirmed both in experiments and simula-
tion. This indicates that it is possible to design single-electron
devices of which molecular conductivity could be switched on
and off and to a desired value.
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