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1. Introduction

Anomalous metallic-like transport of Co—Pd
ferromagnetic nanoparticles cross-linked with
n-conjugated molecules having a rotational
degree of freedom

Yoshikazu Ito,**® Kazuyuki Takai,® Akira Miyazaki,© Vajiravelu Sivamurugan,®
Manabu Kiguchi,® Yoshihiro Ogawa,® Naotake Nakamura,” Suresh Valiyaveettil,®
Tomofumi Tada,?" Satoshi Watanabe® and Toshiaki Enoki*?

We investigated the electron transport in Co—Pd ferromagnetic nanoparticles (Co 16%) cross-linked with
oligo(phenyleneethynylene)diethanethiolate, which consists of three rotary phenylene moieties bridged by two
acetylene groups, or icosane-1,20-dithiol, which consists of one alkane chain. Although the nanoparticles
cross-linked with the alkane dithiols (the latter) have extremely high electrical resistance in electron transport,
the resistance of the nanoparticles cross-linked with the conjugated molecules (the former) demonstrates a
linear temperature dependence from room temperature to ca. 20 K; below that temperature, it has a weak
temperature-dependent residual contribution with a resistance minimum around 7 K. Computational
simulations suggest that the apparent metallic-like temperature dependence at high temperatures can be
explained in terms of the rotational degree of freedom of the linker molecule. The rotational motion of the
constituent phenylene groups, which hinders m-conjugation along the linker molecule, becomes less excited
as the temperature is lowered. The successive development of a ballistic transport path through the
n-conjugated linker molecule with decreasing temperature yields the metallic-like temperature dependence
observed for the bridged nanoparticles. The low-temperature resistance behaviour with a minimum is a
consequence of carrier scattering by the localized Co spins of Co—Pd nanoparticles randomly ordered in a
ferromagnetic state that develops below the temperature of the resistance minimum.

consequence of randomness in the electron transport net-
work. In such a system, the resistance, which is described in

Electron transport in a random network of metallic grains has
been intensively investigated as a target of electron localisation
phenomena, in which Anderson localisation™® occurs as a
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terms of a variable-range hopping mechanism, increases
exponentially in a manner unlike the behaviour of semi-
conductors as the temperature is lowered. Metal nanoparticles
that are connected to each other behave similarly to a random
network of metallic grains.>™'° However, in contrast to metallic
grains with electron localisation, it is possible to intentionally
design an electronic structure of the individual constituent
metallic units and obtain a well-defined unit of inter-
connected metal nanoparticles. In addition, the interaction
between the metallic units can also be tuned using linker
molecules that bridge the units.

Here, electron transport arising in the case of nanoparticles
cross-linked with linker molecules is beyond the physical
problem of electron localisation; instead, another important
problem arises concerning electron transport in a hetero-
network of metal nanoparticles and molecules. Accordingly,
such systems allow us to make a variety of unconventional
electronic systems based on combinations of functionalities of
metal nanoparticles and linker molecules.®™® Motivated by this
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fact, we employed ferromagnetic metal nanoparticles and
n-conjugated linker molecules having a rotational degree of
freedom as a metallic unit and a bridging unit, respectively, to
investigate how the features of the nanoparticles and linker
molecules contribute to the electron transport properties of a
hetero-network constructed of metal nanoparticles and n-linker
molecules.

For the ferromagnetic metal nanoparticle, we employed
3 nm Co-Pd alloy nanoparticles with a Co concentration of 16
at%. According to the literature, a ferromagnetically ordered
state exists in the bulk Co-Pd lattice owing to an exchange
enhancement effect'" even at an extremely low Co concentration
(0.1 at%),"* which is two orders of magnitude lower than the
percolation threshold concentration p. ~ 2/z ~ 0.167 (Co
16.7 at%), where z = 12 is the coordination number for fcc Pd."***
In addition, our previous investigations of Co-Pd nanoparticles
indicated that exchange enhancement produces a giant magnetic
moment of 9.4 pp/Co for individual nanoparticles, which show
superparamagnetic properties with a blocking phenomenon.'>#
Further, for the linker molecule, we used a m-conjugated linear
oligo(phenyleneethynylene) diethanethiolate (OPE diethanethio-
late), which consists of three phenylene moieties bridged through
acetylene groups (see Fig. 1). It is conceivable that the phenylene
groups rotate with respect to the linear molecular axis at high
temperatures, which reduces the conjugation. At low temperatures,
the frequency of such rotation decreases, which enhances the
conjugation.'®*® Consequently, the rotation-induced conforma-
tional changes with temperature are expected to modify the
electron transport through the linker molecule.>"**

(a) Overview
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In this work, we demonstrate that the formation of a
random ferromagnetic state in the nanoparticles and the
rotation-induced changes in n-conjugation of the OPE linkers
govern the electron transport, on the basis of experimental
investigations of the temperature dependence and magnetic
field dependence of the resistance, together with magnetic
measurements. Theoretical calculations of the electronic struc-
ture and electrical conductivity were also performed to validate
the rotational motion of the phenylene unit in the centre of the
OPE molecule at room temperature, and to understand the role
of the linker molecule with a rotational degree of freedom in
the electron transport with a wave-packet dynamics calculation.

2. Methods

2.1 Experimental

Pd and Co-Pd alloy nanopatrticles cross-linked with OPE diethane-
thiolate or icosane-1,20-dithiol (Cy, dithiol)**** were prepared
using a method reported earlier.”®> The nanoparticles cross-linked
with C,, dithiol, which has no n-conjugation, were employed as a
reference. A mixture of Pd(OAc), and anhydrous CoCl, (0.5 mmol
in total) and octadecanethiol (ODT, 0.10 g, 0.35 mmol) were
dissolved under a N, atmosphere in 10 mL of freshly distilled
anhydrous tetrahydrofuran (THF). To this solution, lithium triethyl-
borohydride solution in THF (1 M, 5 mL) was rapidly added in one
portion at room temperature. The resulting nanoparticles were
collected by centrifugation, purified by re-dispersing the solid into
THF, and then stored in THF. Network structures were formed by
adding OPE diethanethiolate (0.15 mmol) or C,, dithiol (0.15 mmol)
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Fig. 1 Network structures with Co—Pd ferromagnetic nanoparticles and a phenylene rotary linker of OPE diethanethiolate or an alkane chain linker of
Cyo dithiol. (a) Sample having ~1000 units constructed with a nanoparticle and a linker in the space between two Au electrodes. Magnetic fields were
applied perpendicular to the film sample. (b) Schematic of the structural organization near the Au electrode and rotary linker (left) and alkane chain linker
(right). The network is shown as a squared lattice for simplicity, although the actual sample is a random network. The green shaded area shows an
effective conductive layer (3—5 nm) in the nanoparticle network. (c) Computational model of configuration of an OPE molecule and alkane thiol wires on
a nanoparticle for rotational barrier calculations. Top and side views parallel to the OPE wire axis are also shown, together with the definition of the
phenylene rotation angle a with alkane chains. The grey and black lines correspond to the bottom and central benzene fragments, respectively, projected
along the molecular axis. (d) Theoretical one-dimensional model combined with the metallic region and the organic molecular region.

This journal is © the Owner Societies 2014

Phys. Chem. Chem. Phys., 2014, 16, 288-296 | 289


http://dx.doi.org/10.1039/c3cp53689k

Published on 30 October 2013. Downloaded on 02/12/2013 04:55:30.

PCCP

to the suspension of the Co-Pd alloy nanoparticles in the same
batch and stirring the mixture for 24 h at room temperature. The
resulting solution was centrifuged, and the solid residue collected
was washed with hexane, dried, and used for further studies.

The Co: Pd atomic ratios of the nanoparticles were determined
using inductively coupled plasma-optical emission spectroscopy
(PerkinElmer Optima 5300 DV spectrometer), and the amount of
the organic capping agent on the surface of the nanoparticles
before and after cross-linkage was obtained by elemental analysis.
Their morphology was characterized using transmission
electron microscopy (TEM) and electron diffraction with a JEOL
TEM-2010F electron microscope equipped with a diffracto-
meter operating at an acceleration voltage of 200 kV. Samples
were prepared by placing a hexane suspension of nanoparticles
on carbon-coated Cu grids and allowing it to dry at room
temperature. The magnetic susceptibility and magnetisation were
measured with a Quantum Design MPMS-7 SQUID magnetometer
up to a field of 7 T at temperatures of 2-300 K. The temperature
dependence of the magnetisation was measured under 0.01 T from
2 K to room temperature for a heating run after zero-field cooling
(ZFC) and field cooling (FC) under 0.01 T. The electrical resistance
was measured with a quasi-four-terminal method at temperatures
of 2.6-300 K under a magnetic field of up to £15 T using an Oxford
TESLATRON instrument. In the transport measurement, the
agglomerates in the hexane solution were dropped and dried on
Au electrodes (Au Interdigitated Array Electrode, BAS Inc.), which
had an electrode width, an inter-electrode interval, and a number of
feet (pairs) of 10 pm, 5 um, and 65, respectively. The TEM images
indicated that the number of neighbouring nanoparticles
surrounding a nanoparticle was ca. 6-8, as will be discussed
later. From the size of the electrodes together with the number
of neighbouring nanoparticles, we can estimate that the inter-
electrode interval is spanned by ca. 1000-1200 nanoparticle—
OPE diethanethiolate-C,, dithiol hybrid units if we simplify the
nanoparticle/linker molecule network to form a simple cubic
lattice (with coordination number 6) consisting of nanoparticle-
OPE diethanethiolate-C,, dithiol units (see Fig. 1). The applied
voltage was kept below 0.1 V to maintain a linear I-V response.
The temperature dependence and magnetic field dependence
of the resistance were measured under an applied voltage
of 7.5 x 10" V.

2.2 Theoretical calculations

The electronic state of an OPE diethanethiolate molecule, in
which three constituent phenyl groups rotate with respect to its
molecular axis under the influence of surrounding alkane
thiolate linear molecules (number of carbons: 15), was calcu-
lated using the Gaussian 09 code.>®* We made computational
models in which we set the distance between the sulphur atom
of the OPE linear molecule and the sulphur atom of the
neighbouring alkane molecule to 0.275 nm, corresponding to
the closest distance between the fcc adsorption sites on the
Pd(111) surface. Further, the tilt angle of the wire axis of the
alkane thiolate was fixed at 15° with respect to the axis of
the OPE molecule, which was derived from the following
conditions: (i) the S-S nearest distance is 0.275 nm, (ii) the
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nanoparticles are a few nanometres in diameter, and (iii) the
organic molecules are extended in straight lines in all direc-
tions from the centre of the nanoparticle, as shown in Fig. 1(c).
In addition to the above restrictions, the rotation angle of the
central phenylene units in the OPE molecule was also limited to
the range from —90 to 90° in the structural optimisations to
calculate the potential energy surface of the phenylene rotation.
The rotation angle was defined as the mutual angle between the
molecular planes of adjacent phenyl groups [see Fig. 1(c)]. The
computations were performed as follows: (i) the B3LYP hybrid
density functional®”*® method with the 6-31G(d,p) basis set was
adopted in the structural optimisations with the above restric-
tions, and (ii) MP2*° electron correlation calculations with the
6-31G(d,p) basis set were performed using the optimized struc-
tures. The two steps were executed for each configuration of the
OPE molecule. Those calculations were made to determine
the possibility of benzene rotation even near the alkane wire;
the rotation was found to be plausible at room temperature, as
will be discussed in the Results section.

For the second class of simulations, the conductivity of
the nanoparticles cross-linked with OPE diethanethiolate was
calculated using molecular dynamics (MD) in the GGA-PBE/SZP
level®® of the density functional theory (DFT) in SIESTA*' and
wave-packet scattering simulations.” In the scattering simula-
tions, the nanoparticles cross-linked with the OPE molecules
were modelled by an effective one-dimensional tight-binding
chain consisting of metallic and organic molecular regions, as
shown in Fig. 1(d). In addition, a bare OPE wire was adopted in
the first-principles MD simulations to simplify the computa-
tional model. Because the possibility of benzene rotation in
OPE under realistic conditions was confirmed in the electron
correlation calculations (rotational angles +15° are realistic for
OPE without alkane chains as shown in Table 1), the assump-
tion for the simple modelling can be considered reasonable.

The simulation involved five steps: (i) ab initio MD calcula-
tions for an OPE molecule with two terminating sulphurs for
30 ps at 10, 15, 25, 50, and 70 K; (ii) determining the time
dependence of the Hamiltonian matrices®® for an effective
tight-binding chain with 1000 units connected in the linear
mode using the trajectories in (i) for each temperature;

Table1 Calculated total energy E; with an alkane chain and the normalized
Boltzmann factors at room temperature for the rotation of the central
benzene fragment. Calculated total energy E without an alkane chain is
listed for comparison

Rotation angle (°) E; (meV) Boltzmann factor E (meV)
-90 79.78 0.01 —
—-75 57.16 0.02 —
—60 33.38 0.05 —
—45 16.69 0.10 —
-30 17.13 0.10 9.43
—-15 15.30 0.10 1.31
0 17.60 0.09 0.00
15 8.26 0.14 1.31
30 0.00 0.19 9.43
45 9.34 0.13 —
60 29.61 0.06 —
75 59.51 0.02 —
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(iii) quantum wave-packet scattering simulations with the time
dependence of the Schrodinger equation based on the time
dependence of the Hamiltonian matrices in (ii); (iv) calcula-
tions of the diffusion coefficients D = lim{<r*(£)> — <r(t)>*}/2¢
(t - +o0)** from the scattered (i.e. propagated) wave packets,
and the charge mobility obtained using the Einstein relation-
ship (u = De/kgT) at each temperature, where r, ¢, kg, and T are
the position vector, simulation time, Boltzmann constant, and
temperature, respectively. Step (v), calculation of the resistance
of the nanoparticles cross-linked with OPE diethanethiolate,
was performed using the equation

1L
_nFQNcalS7

R(Q) 1)
where 7 is the density of conduction electrons, F is the volume
fraction of Pd nanoparticles in the sample, Q is an elementary
charge, and S and L are the area of the sample and the distance
between the electrodes with respect to the experimental
configuration of the sample, respectively [see Fig. 1(a) and
(b)]- Here we assumed that only the first layer with a cubic
lattice on the electrodes participates in electron transport, as
the current is distributed mostly in the first layer, as shown in
Fig. 1(b).

3. Results

The Co concentration of Co-Pd alloy nanoparticles was estimated
as 16 at%, whereas the elemental analysis indicates a weight per
cent of ODT of 69.2% before the cross-linkage. The number of
ODT molecules was calculated as 300-400 on each nanoparticle
surface. After the cross-linkage, the weight per cent of the organic
component (ODT + OPE diethanethiolate) increased by 4%. This
increase revealed that 30-40 OPE diethanethiolate molecules
existed on the surface of each nanoparticle, and ca. 10% of the
ODT molecules were replaced by OPE diethanethiolates. Fig. 2
shows TEM images of the Co-Pd alloy nanoparticles before and
after cross-linking with OPE diethanethiolate. Before cross-
linking, well-dispersed nanoparticles were observed as a homo-
geneous sphere [inset of Fig. 2(a)]. The average diameter is
2.9 + 0.3 nm for the pure Pd nanoparticles (Co 0 at%) and

o

0.5 pm

Fig. 2 TEM images of (a) 3 nm Co-Pd alloy nanoparticles cross-linked
with OPE diethanethiolate and (b) the same nanoparticles with higher
magnification. Inset in (a) is a TEM image of well-dispersed Co—-Pd alloy
nanoparticles before cross-linkage. Scale bars in (a) and (b) are 0.5 um and
20 nm, respectively.
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Fig. 3 Optical images of Co—Pd alloy nanoparticles on a Au electrode on
a patterned substrate after cross-linking with the OPE dithiolate. Inset
shows a magnified image of the agglomerates. Black stains are samples
dropped and dried on the substrate. Bright stripes are Au electrodes
(10 um); dark stripes are glass substrate whose width is 5 pm.

3.0 + 0.3 nm for the Co-Pd nanoparticles with Co 16 at%. The
structure of the nanoparticles was characterized as an fcc
structure from the electron diffractions.’>'® Co-Pd alloy nano-
particles (3 nm, Co 16 at%) cross-linked with C,, dithiol
were similarly characterized in a previous work.>> The average
number of molecules (ODT + C,, dithiol) on the surface of each
nanoparticle was 300-400, 25-35 of which were assigned to C,,
dithiol molecules.

After cross-linking, large agglomerates were observed, as
shown in Fig. 2(a). The well-packed nanoparticles are visible
in the agglomerate in Fig. 2(b). Moreover, the number of
neighbouring nanoparticles surrounding a nanoparticle was
roughly estimated as 6-8 from several enlarged TEM images for
nanoparticles cross-linked with both OPE diethanethiolate and
C,o dithiol. Fig. 3 shows optical microscope images of the
sample dropped on a glass substrate with Au electrodes.

The magnetic moment was estimated as 340 ug/particle for
the Co-Pd (Co 16 at%) nanoparticles without cross-linking
from the saturation magnetisation at 2 K, whereas that of the
nonmagnetic Pd nanoparticles was 2.3 ug/particle.’>'® Fig. 4
shows the magnetisation (M) of the Co-Pd particles cross-
linked with OPE diethanethiolate (abbreviated as Co-Pd/OPE)

0.12
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02 -+ Co-Pd/C20
5 e
[ s N
_0.08f s0
o o
g 0.2
(0] 1 1 : B, K
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N L 1 . 1 . 1 iy
0 5 10 15 20 25
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Fig. 4 Temperature dependence of magnetisation M. Circles and trian-
gles represent Co—Pd/OPE and Co-Pd/C,g network samples, respectively.
Open and closed symbols denote ZFC and FC at 0.01 T, respectively. Inset
shows d(MT)/dT under ZFC.

Phys. Chem. Chem. Phys., 2014, 16, 288-296 | 291


http://dx.doi.org/10.1039/c3cp53689k

Published on 30 October 2013. Downloaded on 02/12/2013 04:55:30.

PCCP

and with C,, dithiol (abbreviated as Co-Pd/C,,) under ZFC and
FC, together with the temperature dependence of the derivative
d(MT)/dT. Both derivatives decrease as the temperature is
lowered below ca. 10 K, and then it increases after a minimum
at ca. 7 K. The upward change in d(M7T)/dT below 7 K suggests
the onset of ferromagnetic ordering. The difference in the
behaviour between the zero-field cooled and field cooled conditions
and the appearance of a peak in the magnetisation at 4-5 K in the
zero field process indicate a blocking phenomenon occurring at
4-5 K. The occurrence of a blocking phenomenon is important
evidence that the nanoparticles are well separated from each other,
proving that they are not fused to each other.”

The resistance of the Co-Pd/C,, network sample without
m-conjugation was ~0.5 MQ at room temperature, which is
three to four orders of magnitude larger than that of the Co-Pd/
OPE network sample. This suggests that the m-conjugation in
the linker molecules plays an essential role in electron trans-
port. Fig. 5(a) shows the typical temperature dependence of the
resistance for the Co-Pd/C,, and Co-Pd/OPE network samples,
where the resistance value is normalized with respect to the
value at room temperature. In the Co-Pd/OPE network sample,
the absolute value of the resistance changes in a wide range of
10-300 Q at room temperature depending on the samples, as
the shape and amount of the network sample dropped on the
electrodes varied widely by chance. This behaviour was repro-
duced, and we found that both Pd and Co-Pd nanoparticles
show a similar tendency.

Note, however, that the temperature dependence of the
normalized resistance value has no sample dependence. The
resistance measured from 2.6 to 300 K with V=7.5 x 10°* vV
shows no difference between the cooling and heating processes
in the Co-Pd/OPE network sample. The resistance decreases
linearly as the temperature is lowered to ca. 20 K, and below
that temperature it becomes less temperature dependent, with
a residual resistivity of R(0 K)/R(300 K) = 0.31. The linear
temperature dependence of the resistance suggests apparently
metallic transport in the Co-Pd metallic nanoparticles bridged
by OPE dithiolate linker molecules. Fig. 5(b) shows the I-V
characteristic of the Co-Pd/OPE network samples measured at
4.2 K, 126 K, and 300 K. It confirms the Ohmic behaviour
between —0.1 and +0.1 V at temperatures of 4.2-300 K. Taking
into account the number of units present between the electrodes
(see Fig. 1), the effective applied voltage to each unit is simply
calculated as ca. 0.1 mV. At this small voltage magnitude, the I-V
curve of OPE dithiol in single molecular conductivity reportedly
exhibits linearity.*® This is in good agreement with the behaviour
observed in Fig. 5(b).

The resistance behaviour in the Pd/OPE network samples is
almost the same as that in the Co-Pd/OPE network samples
except at low temperatures. Fig. 5(c) and (d) show close-ups of
the temperature dependence of the resistance at low tempera-
tures for the Co-Pd/OPE and Pd/OPE network samples, respec-
tively, without applied magnetic fields. A specific difference
between the Co-Pd/OPE and Pd/OPE network samples is
observed in the resistance behaviour. The Co-Pd/OPE network
sample has a resistance minimum at around 7-8 K, whereas the
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Fig. 5 Electron transport properties of Co-Pd/OPE (Co 16 at%),
Co-Pd/Cyo (Co 16 at%), and Pd/OPE network samples. (a) Temperature
dependence of resistance. Solid and dotted lines represent results of
measurement under cooling and heating processes, respectively. Circles
represent Co—Pd/Cyq. (b) -V curves of Co—Pd/OPE network sample.
Circles, triangles, and squares represent resistance at 4.2 K, 126 K, and
300 K, respectively. (c) and (d) close-ups of Co—Pd/OPE and Pd/OPE
network samples, respectively, at low temperatures. Theoretical result
(cross symbols) from wave-packet dynamics combined with MD calcula-
tion is also shown in (d). Error bars for calculated resistance correspond to
temperature fluctuations in MD calculations. Calculated resistance is fitted
with the experimental one by adding residual resistance R(0 K)/R(300 K) of
0.1758 to raw calculated values. The inset shows a magnified view of the
lower-temperature region.

Pd/OPE network shows only a plateau. In addition, the residual
resistance at T = 0 K is larger in the former than in the latter;
R(0 K)/R(300 K) = 0.31 and 0.18 for the Co-Pd/OPE and Pd/OPE
network samples, respectively.

The magnetic field dependence of the resistance appears for
the Co-Pd/OPE network sample in the low-temperature region
below ca. 20 K, in contrast to the negligible magnetoresistance
in the Pd/OPE network sample, as shown in Fig. 6. The change
between 0 T and 15 T in the Co-Pd/OPE network sample shows an
increase of 1.5% at 2.6 K. The magnitude of the magnetoresistance

0.015 T T T T T
e Co-Pd/OPE
s Pd/OPE
S 001f E
4
S
&
L
&, 0.005 E
2 > A
0
15 0 5 0 5 10 15
H(™

Fig. 6 Magnetic field dependence of resistance of Co—Pd/OPE (circles)
and Pd/OPE (triangles) network samples at 2.6 K.
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is smaller than that in the bulk analogue, which is reportedly
+5%/—1%.%*” In contrast, the resistance increase between 0 T and
15 T in Pd/OPE is only ~0.5% at 2.6 K.

4. Discussion

First, let us discuss the metallic-like behaviour of electron
transport in the high-temperature regime. A random network
of metallic domains generally shows simple variable-range
hopping or Coulomb-gap-type variable-range hopping,®™ in
which the resistance increases with decreasing temperature.
This disagrees entirely with our observation of metallic-like
resistance behaviour. Consequently, the origin of the metallic-like
electron transport needs to be discussed using another mechanism.
Here, the heterostructure of the nanoparticle and linker molecule
may be responsible for the metallic-like behaviour. However, there
have been no reports of metalliclike behaviour in nanoparticles
cross-linked by organic molecules, to the best of our knowledge.*°
A clue to finding a possible mechanism is offered by a recent
report,®® which demonstrates that the resistance of 10 nm Au
nanoparticles cross-linked with conjugated molecules is described
not by the Coulomb blockade, but in terms of a series of resistances
of nanoparticle-linker molecule units. In our case, elemental
analysis, TEM, and optical image observations indicate that the
nanoparticles are cross-linked by OPE diethanethiolate in the
aggregates placed on the electrodes, where 30-40 linker mole-
cules of OPE diethanethiolate per nanoparticle participate in the
cross-linkage. Thus, our cross-linkage system is thought to be
similar to the reported mechanism in terms of the resistance
series; further, such a cross-linked system can be modelled as a
random hetero-network of metal nanoparticles and linker mole-
cules, as shown in Fig. 1.

Here the metal nanoparticles cannot be responsible for the
observed metallic-like transport because there is no direct
contact between the nanoparticles owing to the presence of
linker molecules bridging them. This conjecture is experimentally
supported by the following findings: (i) the difference in the
resistance between the Co-Pd/C,, and Co-Pd/OPE samples and
(ii) the presence of a blocking phenomenon in the magnetic
behaviour. The resistance of the Co-Pd/C,, network sample with
no m-conjugation in the linker molecule is extremely high, in the
range of 0.5 MQ, whereas that of the Co-Pd/OPE sample with
n-conjugation is 10-300 Q. The extremely high resistance of the
former allows us to exclude the fusion of metal nanoparticles,
which might result in metallic conduction, and the low resistance
in the latter suggests that linker molecules in the Co-Pd/OPE
network are responsible for the high electrical conduction.

We can discuss the absence of fusion in another way
according to the observed magnetic properties. If the metallic-like
resistance in the Co-Pd/OPE network is a consequence of metallic
conduction in fused metal nanoparticles, the metallic conduction
network should be continuously extended with no region in which
fusion is absent between the two electrodes with an inter-electrode
distance of 5 um. According to percolation theory,">'* an extended
network can be possible if each nanoparticle is connected by
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metallic conduction paths with at least two of the neighbouring
nanoparticles. In the randomly packed nanoparticles, the
number of neighbouring nanoparticles is roughly estimated
as z ~ 6-8 (almost close packed). Accordingly, the percolation
threshold above which the metallic conduction network is
extended is estimated as 2/z = 2/(6-8) ~ 0.25-0.33. This means
that 25-33% of the nanoparticles should be fused to make the
metallic electrical conduction paths. However, this contradicts
the presence of a blocking phenomenon in the present experi-
ment. A large concentration of fused superparamagnetic nano-
particles cannot show any blocking phenomenon, as discussed
previously.”®

Therefore, we conclude that the linker molecules are the
origin of the metallic-like transport. In the linear linker mole-
cule consisting of alternating phenyl groups and acetylene
groups, the rotational degrees of freedom of the phenyl groups
significantly influence the electron transport across the n-conjugated
system.>**® Namely, the rotational motion excited at high
temperatures, which destroys the conjugated m-electronic system,
disturbs the electron transport in the linker molecule. In contrast,
the m-conjugated electronic state is formed in the entire linker
molecule at low temperatures, at which the rotational motion is
less excited, producing a coherent electron transport path in the
linker molecule. This can lead to the observed metallic-like
temperature dependence of the resistance.

To verify the validity of the above conduction mechanism
using MD theoretical approaches, let us simplify the network
structure as a hybrid unit consisting of a nanoparticle (3 nm)
and an OPE diethanethiolate (sulphur-to-sulphur distance: ca.
1.9 nm). When the units are assumed to be linearly aligned
inside the aggregates on the substrate, as shown in Fig. 1,
ca. 1000 units exist between the electrodes (gap: 5 pm). More-
over, owing to the rigid structure of the unit, it is conceivable
that the network structure is not altered by the application of a
magnetic field. This is justified by our previous work> and also
by the absence of hysteresis in the resistance in the field
sweeping process between —15 T and 15 T.

Here, we assume that the temperature dependence of the
resistance at high temperatures originates from the rotating
benzene rings in the OPE linker bridging the nanoparticles.
Namely, the resistance of the network system is negligible when
the n-conjugated system is intact along the linker molecule, in
addition to the negligible contribution of the tunnelling barrier
between the edge of the metal nanoparticle and the sulphur
atoms of the OPE diethanethiolate.”’ In other words, only the
rotation of benzene rings, which destroys the m-conjugated
system, 1is responsible for the observed temperature-
dependent behaviour of the resistance. In fact, the dihedral
angles between neighbouring benzene rings can be larger with
increasing temperature, significantly reducing the electron
transport. Here our previous work? and reports by Allara
et al.*>** provide evidence supporting the present model, in
which the rotational motion plays an essential role. In the former,
the acetylene and phenylene moiety covered by a-cyclodextrin was
significantly rotated at room temperature, whereas the latter
reported that the thermal-activation-type conductance of an OPE
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molecule with a NO, functional group in the centre benzene ring
surrounded by self-assembled monolayers demonstrated a mini-
mum resistance at 30 K, and it concluded that a rotation-induced
transition from incoherent to coherent conduction occurred.

Note that the intermolecular interaction of the OPE linker
molecule with surrounding molecules affects the activated
rotational motion of the phenylene units. To elucidate this
effect in the present system shown in Fig. 1(c), the total energy
calculation of the OPE linker molecule, in which the rotational
motions of the constituent phenyl groups are affected by
the surrounding alkane thiolate molecules, yields important
information. The total energies calculated with MP2/6-31G(d,p)
are shown in Fig. 7(a).

From the calculation results, the configuration with a rota-
tion angle of 30° is the most stable, as shown in Fig. 7(b). From
the calculated potential energy surface, the probability of each
configuration at room temperature is obtained by using
the Boltzmann factor, as listed in Table 1. The calculated
Boltzmann factors indicate that the configurations of the
rotated central benzene between —45° and 45° can be expected
to appear during the conductance measurements. In particular,
the three configurations with rotation angles of 15°, 30°, and
45° are the main OPE structures. To confirm the possibility of
orbital localisation/delocalisation by the benzene rotation, the
highest occupied molecular orbitals (HOMOs) in the three
main configurations are depicted in Fig. 7(c-e). The HOMOs
of the benzene rotated by 15° and 30° are delocalized well in the
OPE wire, but the HOMO with 45° rotation is localized, leading
to a broken path for electron transport. We also confirmed that
the lowest unoccupied molecular orbitals (LUMOSs) of the three
main configurations show similar localisation or delocalisation
of the orbitals. Therefore, the theoretical calculation, together
with the experimental observation, allows us to conclude that
the rotation of the phenylene units can be thermally activated,
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Fig. 7 (a) Calculated MP2 energies of rotating-phenylene configurations.
(b) Optimized structure for 30° rotation of central benzene fragment. (c—e)
HOMOs of the 30°-, 15°-, and 45°-rotated configurations. See Fig. 1(c) for
the definition of angle a.

294 | Phys. Chem. Chem. Phys., 2014, 16, 288-296

View Article Online

Paper

Table 2 Mobility and resistance calculated with the MD method and
observed resistance of Pd network samples at T K. Fitting the calculated
results with the experimental ones gives a residual resistivity of R(O K)/
R(300 K) of 0.1758 [see also Fig. 5(d)]

Temperature T (K)

10 15 25 50 70

Mobility (m* V™' s7) 20.96 13.05 5.34 1.39 0.67
Calculation of R(T K)/R(300 K) (10™%) 3.70 5.93 14.4 55.7 115.6
Experimental R(T K)/R(300 K) (10™*) 3.70 5.93 15.1 95.6 187.0
Difference in the resistance (%) 0 0 49 42 38

and in turn the rotation results in orbital localisation, which
reduces the electron transport probability. Moreover, the benzene
rotational motion is less activated owing to the presence of an
alkane chain near the OPE molecule, as shown by the comparison
in Table 1.

Now let us calculate the conductivity of the Co-Pd/
OPE network sample with rotating phenyl groups. In the MD
calculation, the metal nanoparticles are simplified as a one-
dimensional metallic n-conjugated carbon chain, as shown in
Fig. 1(d). This simplification makes the conductivity calculation
feasible using the wave-packet scattering method and MD
calculations in which hybrid units form a one-dimensional
chain, as shown in Fig. 1(d). In the wave-packet simulation,
we used a localized wave packet with the Fermi velocity of a
one-dimensional metallic chain and a half-width of 0.0157 as
the initial wave packet, where 7 is the transfer integral between
neighbouring carbon atoms in the metallic regions in Fig. 1(d).
Wave-packet simulations for 5 ps are sufficient to obtain
steady-state wave-packet diffusion (ie. a constant diffusion
coefficient D).*® Using the diffusion coefficients, we can calculate
the mobility u., and the resistance of the network samples from
eqn (1). Here we adopted typical values of 10~>* cm ™ for n, 5 pm
for L, 5 nm x 30 um for S, and 1/10 for F.*® The calculated
resistance is shown in Fig. 5(d) and summarized in Table 2,
which shows a negligibly small dependence on temperature up
to 15 K and an abrupt increase from 15 K, which is similar to the
experimentally observed changes in the resistance. Interestingly,
the calculated value of R(0 K)/R(300 K) and the temperature
dependence of the resistance are in good quantitative agreement
with those observed below 25 K, as confirmed in Table 2 and
Fig. 5(d). Accordingly, we can conclude that the metallic-like
temperature-dependent term can be explained by thermally
activated resistance caused by the changes in electron transport
due to rotation of the benzene rings in the OPE diethanethiolate.

Next, we discuss the contribution of metal nanoparticles to
the resistance. The large residual resistance (R(0 K)/R(300 K) =
0.31 and 0.18) for the Co-Pd/OPE and Pd/OPE network samples,
respectively, cannot depend solely on the contribution of the
linker molecules, as discussed above. Instead, the metal nano-
particles and the contact resistance between the nanoparticles
and the linker molecules are expected to contribute significantly.
Indeed, the differences in behaviour between the Co-Pd and Pd
nanoparticles cross-linked with the same OPE linker with regard
to the residual resistance confirms the contribution from the
nanoparticles used. Namely, the presence of a resistance minimum
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at 7 K, the large residual resistance, and the large magnetoresis-
tance in the Co-Pd network sample suggest a contribution from the
ferromagnetic state of the individual Co-Pd nanoparticles, consid-
ering that the Pd network sample does not show such behaviour.
The sharp increase in the value of d(MT)/dT below 7 K supports the
onset of ferromagnetic ordering, as shown in Fig. 4. At the same
temperature, a resistance minimum was also observed for the Co-
Pd/OPE network sample [Fig. 5(c)]. Accordingly, the resistance
minimum is considered to be related to the effect of ferromagnetic
ordering in the individual ferromagnetic Co-Pd nanoparticles
below that temperature. Note that the Co concentration (16%) in
the Co-Pd nanoparticles is just below the percolation threshold
concentration (16.7%). This means that the co-existence of direct
Co-Co exchange interactions and the interatomic-distance-
dependent RKKY interaction in the random network of Co atoms
produces a disordered ferromagnetic state in the individual nano-
particles. This ferromagnetic state has a spontaneous magnetiza-
tion (ferromagnetically aligned) but the directions of magnetic
moments of Co ions have random deviations. Consequently, the
randomness in the spin arrangement contributes to the electron
scattering in each nanoparticle in the conductive pathways, result-
ing in the increase in the resistance below 7 K in the conductive
hetero-network.

5. Conclusions

We demonstrated anomalous metallic-like transport behaviour in a
hetero-network constructed of Co-Pd ferromagnetic nanoparticles
bridged by OPE diethanethiolates having rotationally flexible phe-
nylene units. The conductivity shows metallic-like behaviour at
high temperatures and a large residual resistivity with a resistance
minimum at ca. 7 K at low temperatures. The metallic-like con-
ductivity can be understood in terms of thermally activated rotation
of the phenylene units of the OPE diethanethiolates, which leads to
a decrease in the electron conduction in the linker molecule
between the metal nanoparticles at high temperatures as a con-
sequence of degradation of the n-conjugated electronic system. The
resistance minimum in the residual resistance is concluded to be
due to the development of a random ferromagnetic state in the Co-
Pd ferromagnetic nanoparticles.
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