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Abstract

Quantum interference effects in single-molecule devices can significantly enhance the
thermoelectric properties of these devices. However, single-molecule systems have
limited utility for power conversion. In this work, we study the effects of destructive
quantum interference in molecular junctions on the thermoelectric properties of hybrid, 2-
dimensional molecule-nanoparticle monolayers. We study two isomers of Benzenedithiol
molecules, with either a para or meta configuration for the thiol groups, as molecular
interlinkers between gold nanoparticles in the structure. The asymmetrical structure in the
meta configuration significantly improves the Seebeck coefficient and power factor over
the para configuration. These results suggest that thermoelectric performance of
engineered, nanostructured material can be enhanced by harnessing quantum

interference effects in the substituent components.
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Introduction

Thermoelectric devices generate a voltage in response to an applied temperature
gradient. This effect was discovered by Thomas Seebeck in 1821 [1]. Today,
thermoelectric generators (TEGs) are increasingly being used to convert wasted heat
energy into electricity [2-7]. However, they have not garnered wide-spread use because
of the generally low-efficiency of these systems, the efficiency of thermoelectric
generators is described in terms of figure of merit (ZT) and given by [8]:

0S?T
ZT =

(1)

K

where o is electric conductivity, S is the Seebeck coefficient, T is the temperature, and k
is the thermal conductivity.

Over the last 2 decades, much of the work in thermoelectric systems has focused on
nanostructured materials, which provide opportunities for optimizing both the electrical
conductivity and thermal conductivity of the system beyond the limitations of bulk
materials [9-11]. Quantum confinement phenomena in nanomaterials can enhance the
Seebeck coefficient and surface and interface effects in nanomaterials can be used to
enhance the scattering of phonons that contribute strongly to the thermal conductivity
while attempting to maintain electrical conductivity [12-14].

In the hybrid nanostructured systems examined here, organic linkers on the surface
of the nanoparticles play an important role in the thermoelectric performance of the
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composite system through three effects. First, they limit phonon mode propagation
through the lattice due to the large mismatch in phonon modes between the molecules
and the nanoparticles [4, 13, 15-20]. Second, they play an important role in the electrical
conductivity of the system [21, 22]. Often, molecules act as simple tunneling barriers for
charges moving between the nanoparticles. However, these barriers can be tailored to
improve the electronic coupling between nanoparticles, and thus improve the electrical
conductivity [23-25]. Importantly, electrical conductivity in organic molecules is not simply
proportional to the length of the molecules but is a complex function of the electronic
structure [26-34]. As such, two molecules with similar atomic structure may present
completely different conductance behavior because of the change in electronic states of
the molecule and the molecule-nanoparticle interaction.

The third effect that molecules have on the thermoelectric performance relates to the
Seebeck coefficient. The Seebeck coefficient in nanoparticle array (NPA) is determined
by the slope of the transport probability of the charge carrier through the molecular
junction near the Fermi level (Figure 1) [8, 35].

m2kiT 9InT (E)
Snpa = — 3: OF |E=EF (2)

where kg is Boltzmann’s constant, e is the elementary charge, E is the energy of the
charge carrier, Er is the Fermi level, and T(E) is the transmission function. Thus, by
tuning the transmission function, one can improve both the conductance and the Seebeck
coefficient simultaneously in molecular transport-controlled systems.

One potential method of engineering the slope of the transmission function is to
take advantage of destructive quantum interference (DQI) in the molecular junctions to

create sharp anti-resonant features in the transmission function, which can result in



substantial increases in slope throughout the transmission function, and improve the
Seebeck coefficient almost regardless of the position of the Fermi energy [36-42]. Recent
advances in theoretical models focusing on the conductance behavior of common
molecules such as benzene-based molecules have yielded good agreement with
experimental results and additional insights into the transport behavior [36-39, 43-47]. In
addition, improvement in nanofabrication techniques now provide a suitable platform for
the realization of devices based on molecule-nanoparticle junctions [26, 48-50]. Since
computational studies show that significant improvement in thermoelectric performance
can be achieved in materials with quantum interference effects [21, 29, 51-54], and recent
experimental studies have verified this at the single-molecule level [52]. we here aim to
leverage these properties in 2D systems to explore the translation of enhanced

thermoelectric properties from single-molecule systems to larger scales.
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Figure 1. (a) Schematic overview of the gold nanoparticles array with molecule linker to examine the effects
of quantum interference at large scales for both symmetric (left figure) and asymmetric (right figure)
molecule linkers. (b) Schematic overview of the effect of DQI on the thermoelectric properties of a molecular
junction. Constructive interference (green line) in a symmetric molecule would results in a continuous
transmission function. This smooth change (low slope) would generate a low Seebeck coefficient.
Destructive interference (red line) near the Fermi level in an asymmetric molecule results in a noticeable
dip in the transmission. This significant changes in the transmission (high slope) would generate a high
Seebeck coefficient. (c) SEM image of a 2D array of gold nanoparticles.

In this paper, we investigate the effect of DQI in molecular junctions on the
thermoelectric properties of hybrid NPA monolayers consisting of molecules and Au

nanoparticles. In particular, we measure the Seebeck coefficient and power factor of
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monolayers of 1,3-benzenedithiol (1,3-BDT) capped gold nanoparticles and 1,4-
benzenedithiol (1,4-BDT) capped gold nanoparticles (Figure 1). The difference between
these two molecules is that the sulfur atoms are in different positions in benzene rings
resulting in a symmetric configuration for 1,4-BDT (para) and an asymmetric configuration
for 1,3-BDT (meta). The symmetric and asymmetric configurations provide distinctly
different energy-dependent transmission functions. In particular, in the meta case sharp
dips appear due to the phase difference of the charge carrier through the two paths
around the molecule resulting in DQI. The quantum interference node results in
significantly higher slopes in the transmission, which results in higher Seebeck

coefficients [52].
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Figure 2. Thermoelectric measurements of hybrid molecule-nanoparticle monolayers. (a) Optical image of
thermoelectric chip consisting of heaters, resistance thermometer devices (RTHDs), and microelectrodes
providing a suitable platform for measuring the Seebeck coefficient; (b) formation of a monolayer of
oleylamine capped gold nanoparticles on the surface of the water; (c) Monolayer transferred to the surface
of a PDMS stamp. (d) SEM image of the stamped monolayer on a thermoelectric chip in the open area
around the microelectrodes; (e) FTIR spectroscopy of 1,3 BDT-Au NPs (purple) and 1,4BDT-Au NPs (red)
showing the presence of the BDT molecules after the ligand exchange process; (f) molecular structure of
1,4 BDT, 1,3 BDT, and oleylamine. (g) Seebeck coefficient (blue) and conductivity (red) of the monolayers.

Results and discussion

The details of the Seebeck coefficient and conductivity measurement procedures are
described in a previous work [13]. The optical image of thermoelectric chip used for taking
the measurements is shown in Figure 2(a). The chip is fabricated using standard

photolithography processes and includes resistive heaters to create a thermal gradient,

7



resistance thermometer devices (RTHDs) for measuring the temperature gradient across
the device and calibrating the heater, and pairs of microelectrodes for measuring the
generated thermoelectric voltage and device conductivity. The surface of the chip is
covered with a thin silicon nitride insulator layer except for the area between and around
the microelectrodes. This opening allows electrical connection to the deposited materials
through the microelectrodes for measurement purposes while the rest of the chip remains
isolated. An instrumentation amplifier is used to measure the generated thermoelectric
voltage across two microelectrodes.

For characterizing the effect of the different isomers of BDT on the thermoelectric
performance, we first deposit a 2D monolayer of gold nanoparticles on the surface of the
thermoelectric chip. The gold nanoparticles are initially covered with oleylamine due to
the synthesis process [55]. The deposition process starts with the formation of self-
assembly of a monolayer of oleylamine capped gold nanoparticles on the surface of the
water, shown in Figure 2(b), followed by a microcontact transfer process using a small
Polydimethylsiloxane (PDMS) stamp to place the layer on to a thermoelectric chip, as
shown in Figure 2(c). Figure 2(d) shows an SEM image of the oleylamine capped gold
monolayer deposited on the insulation-free opening section of the chip. Oleylamine,
shown in Figure 2(f), is a long chain molecule and acts as an insulation layer in between
nanoparticles. After deposition, the long oleylamine chain can be replaced with either
1,3BDT or 1,4BDT, shown in Figure 2(f), using a solid-state ligand exchange process [49,
56]. The solid-state ligand exchange process was performed by immersing the entire chip
into the 1,3 BDT or 1,4 BDT solution (0.1% by volume in acetonitrile) overnight and then

rinsing three times with the same fresh solution. Figure 2(e) shows the Fourier transform



infrared spectroscopy (FTIR) spectra of 1,3 BDT and 1,4 BDT capped gold nanoparticles.
To investigate the presence of benzenedithiol on the surface of the Au NPs after the
ligand exchange process, we monitored the aromatic peaks at FTIR spectra of both
samples with 1,3BDT and 1,4BDT capped gold nanocrystals. The peaks associated to
the aromatic C-H out of plane bending at 780 cm! and 800 cm-" for 1,3 BDT-Au NPs and
1,4 BDT-Au-NPs as well as aromatic C-H stretch at 3060 cm™! for both samples signify
the existance of BDT on the surface of the Au NPs. Moreover, FTIR shows further
evidence of BDT with three aromatic peaks of C=C stretch in the spectrum range of 1380
cm™ and 1600 cm™'. The absence of amine N-H stretch peaks between 3300-3500 cm-"’
indicates efficient removal of oleylamine during the ligand exchange process. The sulfur
atoms on the BDT provide a strong coupling to the Au nanoparticles ensuring the
presence of the ligand for a long time and its stability during the Seebeck coefficient
measurements.

To measure the Seebeck coefficient, a thermal gradient ranging between 0 and 0.6 K
is applied across the molecule-Au monolayer by applying DC voltage to one of the
heaters. This in turn generates a thermovoltage which is used to calculate the Seebeck
coefficient for each device based on the applied thermal gradient. The Seebeck
coefficients extracted for each monolayer are presented in Figure 2(g). The Seebeck
coefficient for native hybrid films (monolayer of oleylamine capped Au nanoparticles) is a
low positive number (S = 3.36 yV/K)) indicating p-type (HOMO-dominated) transport, and
the resulting conductivity is o = 0.21 S/m. After replacing the oleylamine ligand with 1,4
BDT, the conductivity of the monolayer increases by more than 16 times to o = 3.5 S/m.

This conductivity improvement is another indicator of the success of the ligand exchange



process. The electric conductivity is greatly affected by the exchange to 1,4 BDT, but the
corresponding change in the Seebeck coefficient is smaller, with a 42% improvement (S
= 4.77 pVIK). The positive Seebeck coefficient indicates p-type transport and the major
contribution of holes in the conduction process of the thin film.

However, the observed behavior for the 1,3 BDT monolayers is strikingly different.
Replacing the oleylamine ligand with 1,3 BDT changes the sign of the Seebeck coefficient
from positive to negative, indicating a change in the transport to n-type with electrons
dominating the conduction process. The magnitude of the Seebeck coefficient increased
at least by a factor of 4.2 reaching S=-14.2 yV/K and at most by a factor of 30 reaching
S=-102.7 pV/K. Moreover, the electric conductivity measurement shows maximum 55-
fold improvement to 0=11.73 S/m and minimum 12-fold improvement to 0=2.5 S/m. The
simultaneous improvement of both the Seebeck coefficient and the electrical conductivity
demonstrate the importance of details of the electronic structure of the molecule on the
overall film properties. We should note that the major source of error in the measurements
for BDT molecules is the result of the ligand exchange process [48]. Since the size of the
BDT molecule is much smaller than OAM, the ligand exchange process degrades the
quality of the layer by dislocating the Au NPs and introducing cracks to the monolayer.

To understand the change in the dominant charge carrier and the conductance for
these systems it is useful to determine the location of the relevant energy levels for both
the 1,3BDT-Au and 1,4BDT-Au NP arrays. To achieve this, ultraviolet photoelectron
spectroscopy (UPS) and UV-VIS-NIR spectroscopy are utilized. Figure 3(a) and (b)
present the energetics from the UPS spectrum of 60-nm-thick films made of 1,3BDT-Au

NPs and 1,4BDT-Au NPs on a silicon substrate. The high binding energy cut-off, shown
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in Figure 3(a), reveals that the work functions of the 1,3BDT-Au and 1,4BDT-Au films are
@131 = 4.43 eV and Pi4epT = 4.87 €V, respectively. The low binding energy
measurement, shown in Figure 3(b), disclose that HOMO energy of 1,3BDT-Au NPs and
1,4BDT-Au NPs are located at EHomo,1,38DT7 = —=5.81 eV and at Exomo,1,48DT = —6.22 €V,
respectively. To determine the LUMO level, we measured optical band gap energy of a
thin layer deposited on a glass substrate. Figure 3(c) shows the UV-VIS-NIR absorption
spectra of 1,3BDT-Au NPs and 1,4BDT-Au NPs samples. The optical bandgap energy of
1,3BDT-Au NPs and 1,4BDT-Au NPs are 4.38 eV and 4.42 eV, respectively. Therefore,
LUMO energy is located at -1.43 eV for 1,3BDT-Au NPs and -1.8 eV for 1,4BDT-Au NPs.
The energy levels, shown in Figure 3(d), demonstrate that the bandgap and the relative
position of the Fermi level with respect to the HOMO for both type samples are similar.
Interestingly, although the measured Fermi level of both samples are closer to HOMO
rather than LUMO, the measured Seebeck coefficient in 1,3BDT-Au NPs sample is much

larger, and negative rather than positive.
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Figure 3. spectroscopy results of 60-nm-thick hybrid molecule-Au NPs thin film. (a) ultraviolet photoelectron
high-binding-energy cutoff spectra for 1,3BDT-capped Au NPs film (purple) and for 1,4BDT-capped Au NPs
film (red) on a silicon substrate used for work function calculation; (b) ultraviolet photoelectron low-binding-
energy cutoff spectra for 1,3BDT-capped Au NPs film (purple) and 1,4BDT-capped Au NPs film (red) on a
silicon substrate used for energy difference between valence band and Fermi level calculation; (c) optical
absorption spectrum of a thin film of 1,3BDT-capped Au NPs (purple), 1,4BDT-capped Au NPs (red); (d)
Energy level diagram of 1,3BDT-capped Au NPs and 1,4BDT-capped Au NPs. The first excitonic absorption
for each material is used to determine optical bandgap (Eg = 4.38 eV for 1,3BDT-capped Au NPs and Eg
=4.42 eV for 1,4BDT-capped Au NPs).

Beyond the Seebeck coefficient, the most important parameter for thermoelectric
materials is the efficiency. And, although the overall efficiency requires knowledge of the
electrical conductivity, thermal conductivity, and Seebeck coefficient, the numerator in the
expression for ZT (0S?), referred to as the power factor, is often used as a first-order
proxy for comparing the effective improvements of comparable systems and providing
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insights into the performance of thermoelectric devices. Because thermal conductivity
measurement is a challenging task for nanoparticle systems [22, 57, 58], the power factor
is frequently reported as an indicator of the performance of thermoelectric devices [8, 35,
48]. The mean value of the power factor for all three samples is shown in the inset of
Figure 4(a). Replacing oleylamine with 1,4BDT improves the power factor for more than
50 times from 2.67 pW/m.K? for oleylamine-Au NPs film to 142 pW/m.K? for 1,4BDT-Au
NPs film. This improvement comes mostly from the increase in the conductivity in the
BDT film. However, by replacing the oleylamine with 1,3BDT both the conductivity and
the Seebeck coefficient are enhanced leading to significant improvement in the power
factor. The power factor increases from 2.67 + 0.85 pW/m.K2 for oleylamine-Au NP films
to 21.3 £ 13.5 nW/m.K2 for 1,3BDT-Au NP films. The minimum improvement for all
samples was 340 times better for the 1,3BDT. In addition, comparison between 1,3BDT-
Au and 1,4BDT-Au NP films shows that although the conductance is similar in both cases,
the power factor of the 1,3BDT-Au NP thin film is at least ~4 times higher than that of the
1,4BDT-Au NPs thin film (comparing the poorest and best performing devices,
respectively), and the average improvement across all samples is 150 £ 94.9. All
uncertainty values are given by the standard error of the mean. A drastic increase in
performance with the small change in the isomeric formulation of the molecules.

The |-V characteristic, as shown in Figure 4(c), is used to measure the conductance
of the device for the power factor calculations. The current is measured over +/-0.2 V

range, and the |-V is linear over this range.
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Figure 4. experimental results. (a) power factor as a function of conductivity; (b) Seebeck coefficient as a
function of conductivity; (c) I-V characteristics of the monolayers.

To understand this range of observed phenomena we first note that in the case of
NPAs, where the individual nanoparticles can be considered essentially isothermal, it has

been established that Snpa = Sjunction [8, 13, 35]. And, as shown in Equation (2), the
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Seebeck coefficient in a molecular junction is proportional to the slope of the transmission
function when a charge carrier is tunneling between the particles. As such, the observed
behavior of our NPA systems must be attributed to the transmission properties of organic
linkers in the hybrid array. To that end, we reiterate that the asymmetric contact
configuration in 1,3-BDT results in DQI which yields nodes in the transmission plot [59-
61] as shown in the in Fig. 1b (red), while the symmetric contacts in 1,4BDT results in
constructive interference, and the transmission plot is continuous between the HOMO
and LUMO levels [60, 61] (Fig. 1b, green). The presence of DQI in the transmission
function yields several effects that provide insights into our experimental results. First, the
significant differences in slope between the DQI case and the non-DQI case result in a
significantly higher Seebeck coefficient for 1,3BDT. Secondly, we note that the position
of the node in the DQI case is located closer to the HOMO level than the LUMO level
indicating the possibility of observing a negative Seebeck coefficient even when the Fermi
energy of the system is closer to the HOMO level. More precisely, this indicates that the
large negative Seebeck coefficient observed for 1,3BDT indicates that the Fermi level is
located on the rising edge of the node in the transmission plot. And third, there can be a
wide range of values where the transmission probability in the DQI case is higher than,
or at least similar to, the non-DQI case [60, 61] as shown schematically in Fig. 1b, thus
resulting in potentially similar conductance values for the two films. This implies that in
nanoscale thermoelectric devices, using DQI can allow simultaneous improvements of
both the conductance and Seebeck coefficient of the system, greatly improving the overall

power factor of the system. Thus, all of our experimental observations can be attributed

15



to the presence of a DQI node near the Fermi level that arises due to the asymmetric
structure of the 1,3BDT molecule.

Although a lower conductance is generally anticipated for molecules showing a DQI
effect [62, 63], the location of the Fermi level and the linker chemistry have significant
effects on the conductance of the molecular junction [60, 61, 64, 65]. For single-molecule
conductance measurements 1,3BDT and 1,4BDT have been reported to have similar
conductance values of 0.004 +0.001 GO and 0.005 +0.001 GO respectively. These
differences are much smaller than the differences reported for similar molecules with
amine anchoring groups (0.005 +0.001 GO for 1,3-benzenediamine and 0.01 £0.003 GO
for 1,4-benzenediamine) [66]. In addition, in the case of nanoparticles, the Fermi energy
is sensitive to the binding of molecules and their anchoring groups [67-69]. Thus, the ~2x
improvement in the conductance of the 1,3BDT array may stem from the nanoparticle

Fermi energy alignment with the molecular junction.

Nanoparticle concentration is another factor that may affect the thermoelectric
properties of the hybrid molecule-NP structures. Since a monolayer of a superlattice of
molecule-Au NPs is deposited on the TEC chip, a higher concentration Au NPs is
attributed to the smaller size Au NPs. As long as the size of nanoparticles are large
enough to be beyond the coulomb-blockade threshold, their size (e.g. concentration)
should have little impact on thermoelectric values of the system. In general, if the Seebeck
coefficient for a molecular junction is much greater than the Seebeck coefficient for the

nanoparticles in the array, then it is expected that Snpa = SyuncTion [8, 35].
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Conclusion and outlook

In summary, we investigate the effect of molecular-scale, DQI on the thermoelectric
performance of BDT-Au, 2D monolayers. In this study, we used symmetric (para
configuration, 1,4BDT) and asymmetric BDT structures (meta configuration, 1,3BDT) to
show that quantum interference in the meta configuration can significantly enhance the
overall thermoelectric performance of the device and simultaneously drive increases in
both the electrical conductance and the Seebeck coefficient. The small, isomeric change
that occurs from the movement of a single substituent group in the interlinkers resulted in
an improvement of the power factor. The results show promising opportunities for the
design of high efficiency thermoelectric devices based on quantum interference effects in

nanoscale systems.
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Experimental section

Nanopatrticle synthesis

Inside the glovebox at inert condition, ~15 nm Au nanoparticles were synthesized by
rapidly injecting a solution of 150 mg of tetrachloroauric acid (HAuCl4) in 3.6 mL of
technical grade oleylamine and 3.0 mL of toluene into a boiling solution of 8.7 mL of
technical grade oleylamine in 147 mL of toluene. The color of the solution changed to
bright yellow and then gradually to deep red. Heating is stopped after 2 hours and 450
mL of methanol was added to precipitate the product. The particles were isolated by
centrifugation and washed at least two times to remove unreacted starting materials and
biproducts. Washing process involves dispersion in Toluene via vortex and precipitation
in methanol via centrifuge.

Thermoelectric chip fabrication process

The fabrication process started with a cleaning the silicon covered with nitride wafer. Then
1um-thick positive photoresist (S1813) was spin-coated on the wafer. Subsequently, after
soft baking, the wafer was exposed to the UV light to define the required pattern. The
process was continued by a brief soft baking and then developing in MF CD-26. Then
Si3N4 layer at defined areas was etched for 50nm with ICP etching method followed by
5/40-nm-thick Cr/Au metals metal deposition and lift-off processes. In order to have a
correct measurement, all the connections on the chip are required to be coated with an
isolating layer and only microelectrodes should be exposed to the monolayer. Therefore,
100-nm thick silicon nitride (Si3N4) was deposited on the whole surface of the chip with
PECVD method. Similar to the first layer process, standard photolithography method and

etching process were utilized to define opening areas and remove SisN4 at that areas.
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Monolayer preparation method

To perform the monolayer self-assembly, the prepared Au nanoparticle solution was
diluted with toluene in a 1:4 (Au NP:toluene) ratio to make a working solution. Next, for
each nano particle array, 12 mL of distilled water was poured in a 14 mL centrifuge tube
and placed in the fume hood. Then, 250 pL of working solution was deposited onto the
surface of the distilled water. The monolayer was formed in less than 4 hours. After that,
a cube of polymethyldisiloxane (PDMS) was pushed through the surface of the distilled
water to extract the Au arrays. The process followed by lightly spraying the cube with N2
to remove any excess air bubbles on the surface. Finally, the surface of the PDMS stamp
with the array was carefully rolled over the surface of the thermoelectric chip to transfer
the Au nano particle array to the chip.

Thermoelectric measurement process

An on-chip resistive heater generated a thermal gradient, and on-chip resistance
thermometer devices (RTHDs) were used to calibrate the temperature difference (AT). In
the calibration process, RTHDs are used to calculate the temperature gradient on the
device as a function of the voltage applied to the adjacent heaters. Then during the
Seebeck coefficient measurement, a voltage is applied to one of the heaters and the
generated voltage levels across the microelectrodes of the adjacent device are
measured. A differential instrumentation amplifier measured the thermovoltage (AV)
across the microelectrodes and based on these data the Seebeck coefficient (S=- AV/
AT) is calculated for each measurement. A range of thermal gradients between 0 to 0.6K
was applied to microelectrodes allowing the extraction of the Seebeck coefficient from a

plot of AV vs AT.
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Enerqy level calculations

UPS provides a measure of the energy distribution of occupied states. High binding
energy cut-off of the UPS spectrum referenced to EF=0 eV is shown in Figure 3(a). The
cut-off energy of the secondary electron determines from the data presented by the
intersection of the linear extrapolation of the cut-off region and the binding energy axis.
This is located at binding energy of Eg = -60.92 eV for 1,3BDT-Au NPs and Eg = -60.48
eV for 1,4BDT-Au NPs resulting the work function of ®1,3spt = hv - 60.92= 4.43 eV for
1,3BDT-Au NPs and ®1,48p7 = hu - 60.48 = 4.87 eV for 1,4BDT-Au NPA. The low binding
energy measurement of the HOMO energy is shown in Figure 3(b). HOMO also
referenced to Er= 0 eV was defined by the data provided from the intersection of the base
line to the linear extrapolation of the cut-off region. The intersections are located at 1.38
eV for 1,3BDT-Au NPs and at 1.35 eV for 1,4BDT-Au NPs relating to the distance
between the Fermi level and the HOMO. When referenced to the vacuum level (Evac= 0)
HOMO energy is located at Ewomo,138pTr = -5.81 eV for 1,3BDT-Au NPs and at
Enomo, 14807 = —6.22 eV for 1,4BDT-Au NPs. The energy of the LUMO, approximates the
sum of the HOMO energy level and optical bandgap energy. Optical band gap energy is
measured with UV-VIS-NIR spectroscopy on a thin layer of samples on glass substrate.
The optical bandgap energy equals Eg= 1.92 eV for 1,3BDT-Au NPs and Eg= 1.96 eV for
1,4BDT-Au NPs. Therefore, LUMO energy is located at ELumo,1,38p1 = -3.89 eV for
1,3BDT-Au NPs and at EHomo, 14801 = —4.26 eV for 1,4BDT-Au NPs.

UV=-VIS-NIR measurement

Optical absorption measurements were carried out in a Shimadzu UV/Vis/NIR

Spectrophotometer (350-1200 nm) at Center for Advanced Microstructures and Devices

20



(CAMD) at Louisiana State University (LSU). Multiple layers of Au nanoparticles were
spin coated on soda lime glass substrate. For 1,3BDT-Au NPs and 1,4BDT-Au NPs, the
layer-by-layer ligand exchange process was performed as described in the text.

Fourier Transform Infrared spectroscopy (FTIR) measurement

FTIR measurement was carried at the infrared micro spectroscopy endstation at the
CAMD synchrotron facility of LSU. The Thermo Nicolet Nexus 670 FT-IR spectrometer
was used to collect the IR spectra of the samples. The spectrometer is equipped with a
DTGS detector and a Globar source. The sample was prepared by multiple spin coating
oleylamine-Au NPs on a clean gold-coated mica substrate. After depositing each layer,
ligand exchange process was performed as described before to replace oleyalmine with
1,3BDT or 1,4BDT depending on the required molecule. The IR reflection spectra were
acquired with 45° incident angle by using VeeMaxll Variable Angle Specular Reflectance
box.

Ultraviolet photoelectron spectroscopy (UPS) measurement

UPS measurement was carried at the 5-meter toroidal grating monochromator (5m-TGM)
beamline at CAMD at LSU. The beamline is furnished with a photoemission endstation
using an Omicron EA125 hemispherical electron energy analyzer with five channel
detector and dual Mg/Al X-ray source. UPS measurements were acquired in an ultra-high
vacuum chamber (pressure of 107'° mbar) with a constant pass energy of 10 eV, at a
photon energy of 65.35 eV. All UPS spectra were collected in normal emission geometry
with a 45° incident angle to the surface normal. The binding energies are referenced with
gold Fermi level which is in electrical contact with the sample. The samples were 60-nm-

thick films made of 1,3BDT-Au NPs and 1,4BDT Au NPs on a 10 mm x 10 mm silicon
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substrate. High binding energy cut-off measurement was performed while the sample was

biased at —10.0 V to split the secondary edges of the analyzer.
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