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Abstract

A primary objective in the field of nanomaterials, especially nanoelectronic materials, is to
precisely control the geometry of metal-molecule interfaces at the single-molecule level. This is
because these interfaces significantly impact the physical properties of nanomaterials. Single-
molecule junctions (SMJs) are a model system for studying the structure-property relationship at
the single-molecule level because they are the basic units of metal-molecule-metal interfaces.
Recently, unique and efficient properties have been observed in SMJs. Despite the beneficial and
distinctive properties exhibited by SMJs, fabricating an SMJ with the desired structure remains a
notable challenge. Herein, we demonstrate the selective fabrication of two conductive states based
on a formation process. We focus on the Raman shift of the CN stretching mode in 1,4-phenylene
diisocyanide (PDI)-semiconductor junction (SMJ) structures, as this shift sensitively reflects the
contact geometry with which PDI bonds to the electrode. We study PDI SMJ formation during the
breaking and making nanocontact. The breaking process produces a low-conductive state, and the
making process generates a high-conductive state. Synchronized surface-enhanced Raman
scattering and current—voltage measurements reveal the conductance-dependent Raman shift of
the CN stretching mode. Density functional theory analysis of the vibrational shift shows that the
parallel and tilted configurations correspond to the low- and high-conductive states, respectively,
observed in the breaking and making processes. Rearrangement of the atomic configuration on the
electrode surface affects the preferred junction configuration. Consequently, we can selectively
fabricate two conductive states, as revealed by a spectroscopic technique. This contributes to
precise control of the physical properties of nanoelectronic materials through fabrication of metal—
molecule interface geometry at the single-molecule level. This development paves the way for

reliable molecular electronics.



[Introduction]

The metal-molecule interface geometry is significant important for the development and
improvement of nanomaterials.!® The atomic configuration of heterogeneous catalysts has been
demonstrated to affect reaction efficiencies,’® and charge injection, governed by the metal—
molecule interface, has been shown to considerably affect the performance of electronic
materials, including organic semiconductors.!* In essence, the precise regulation of the contact
geometry at metal-molecule interfaces on a single-molecule basis has been demonstrated to
markedly enhance the performance of nanomaterials.” *!° Single-molecule junctions (SMJs)
have garnered considerable attention as a platform for exploring and elucidating the unique
properties of nanomaterials at the single-molecule level.!!"!* Until now, unique physical

1419 or chemical reactions'® 17->2 have been investigated using SMJs.!'"! In order to

property
evaluate physical properties or chemical reactions, it is essential to fabricate the desired contact
geometry, such as an adsorption site or a molecular orientation. This is due to the fact that the

contact geometry notably affects the electronic states of SMJs.” 13- Although SMIJs can be

fabricated using different methods, typical methods are derived from two processes: the

10, 13,23 13,23-24

breaking or making of a nanocontact.!'"'* 3 In previous studies, the dynamic
geometric change induced in the formation of SMJs was studied by monitoring conductance as a
function of the separation distance between the electrodes for the breaking and making
processes.” 1¥2% 25 In the process of fracture, metal nanocontacts are subjected to persistent
tensile forces. The thickness of the metal nanocontact undergoes a progressive decrease,
ultimately resulting in the formation of a metal atomic contact. In this configuration, a single

metal atom is connected to the protruded region of the electrodes, which is referred to as the

"neck region."?¢ The neck region is formed by extracting metal atoms from bulk electrodes



through an external force, and its size is estimated to be 5-10 A.2326 The target molecule
migrates to the atomic contact and bridges over the atomic contact, and an SMJ is formed after

t.23

the rupture of the metal atomic contact.”” Eventually, an SMJ ruptures under additional tensile

tension, concomitant with the shrinkage of the neck region, which is referred to as snap back.?* 26
Concurrently, as the electrodes approach one another, the capture of molecules on one side
occurs at an optimal gap size. As the separation between the electrodes is reduced, a complete
metal nanocontact is eventually established.?> 22" The atomic configuration in which a molecule
is connected to the electrodes differs from the formation process, i.e., the presence of the neck
region.?® 26 This discrepancy suggests the hypothesis that distinct structures emerge during the
processes of breaking and making. However, the effect of the formation process on the contact
geometry remains ambiguous. The uncertainty surrounding the dependence of the formation
process on the contact geometry hinders the sophistication of the SMJ fabrication process, which

is essential for regulating the physical properties attributable to the contact geometry at the

single-molecule level.

In this study, we present a novel methodology for the selective fabrication of the contact
geometry of a 1,4-phenylene diisocyanide (PDI) SMJ formed during the breaking and making
processes. This methodology employs a combination of current—voltage (I-V) response and
surface-enhanced Raman scattering (SERS) measurements, which is a unique method for
identifying the geometry of SMJs. In the nanogap, the strong electromagnetic field is enhanced,
and the SERS signal is significantly amplified at atomic contact.?’-* In SMIJs, a strong SERS
signal is attributed to the charge transfer triggered by the formation of SMJs, which enables the
detection of vibrational modes in them.?*33 The change in the Raman shift and fluctuation of the

SERS intensity synchronized with the abrupt conductance change resulting from the formation of



an SM1J enables the detection of the signal from SMJs.?*3* A vibrational shift observed in their
SERS spectra corresponds to changes in the contact geometry which is not fully investigated via
conductance measurements alone.>*!>*3 In particular, the vibrational peak originating from the
CN stretching mode of PDI is considered a reliable marker because it is a prominent peak
appearing around 2000 cm™'. This peak is observed in an energy region that differs from the
region where peaks attributed to the other functional groups appear, facilitating the clear
identification of the CN stretching mode.*-*” Moreover, the vibrational shift of the CN stretching
mode is sensitive to the contact geometry where a molecule connects.*>*® These spectroscopic
advantages of PDI are expected to provide insights into the contact geometry at the single-

molecule level.

Thus, in this study, we applied a combined SERS and /-}' measurement system to a PDI SMJ.
Initially, the conductive states of PDI SMJs were investigated based on conventional statistical
conductance measurements'? 2°-26 during the breaking and making processes in the nanocontact.
The results revealed a distinct low-conductive state (L state) and a broad high-conductive state
(H state) in the breaking and making processes, respectively. In accordance with the definition of
the conductive state, the combination of SERS with /-J measurements effectively detected the
vibrational mode of PDI for the H and L states. A discernible shift was observed in the Raman
shift of the CN stretching mode, which effectively distinguished the two states based on the
Raman shift. The H state was characterized by a smaller Raman shift, whereas the L state
exhibited a higher Raman shift. Compared with the spectra calculated based on density
functional theory (DFT), PDI was bound to the atop site, with its molecular axis parallel to the
junction configuration in the L state, while the tilted configuration was dominant for the H states.

The degree of m back donation for the H state and that of ¢ donation for the L state, regulated by



the contact geometry, play a crucial role in the Raman shift of the CN stretching mode. This shift
allows for the detection of even minute changes in contact geometry. Consequently, SERS
combined with the /-V measurements of PDI distinguished the contact geometry of PDI SMJ.
Furthermore, the results demonstrated that the two conductive states could be selectively
produced by choosing the appropriate formation process, which contributes to the precise control
of the physical property of the nanoelectronic materials by the fabrication of the metal-molecule
interface geometry at the single-molecule level. This development paves the way to the

realization of reliable molecular electronics.

[Experimental section]

SM1Js were fabricated using mechanically controllable break junction (MCBJ) technique. The
electrode was fabricated on a phosphor bronze substrate using electron beam lithography and
lift-off processes.>33:3 Further details are presented in the Supporting Information Section S1.>
12 Briefly, the MCBIJ substrate was mounted in a three-point bending stage, comprising a stacked
piezo element and two fixed counter supports (Figure 1(a)). A 3 mM tetrahydrofuran solution of
PDI was deposited on the substrate and dried in air. The conductance of the Au nanocontact was
monitored during the breaking and making processes of the nanocontact at a constant bias of 100
mV (Figure S1). During the breaking process, the Au nanocontact underwent gradual stretching
through substrate bending, ultimately rupturing the Au nanocontact after SMJ formation (Figure
1(a)). During the making process, the two separated electrodes were brought closer through the
restoring force of the substrate, ultimately connecting the Au nanocontact after SMJ formation

(Figure 1(d)). The substrate was repeatedly bent and unbent in a controlled manner to facilitate



the making and breaking of the nanocontact, allowing statistical analysis of the conductance

value during the making and breaking process. The SERS spectra of PDI SMJ were measured

using a conventional Raman system (Nanofinder 30A, Tokyo Instruments, Japan). The

wavelength and intensity of excitation energy were 785 nm and 4.4 mW, respectively. The SERS

spectra were acquired every 1 s. When the conductance under consideration was obtained, the

movement of the piezo was halted. The SERS spectra and conductance were simultaneously

measured. The detailed measurement protocol is provided in the Supporting Information—

Sections S1 and S2.
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Figure 1. Conductance measurements of SMJs using MCBJ technique. (a, d) Schematic of

SMJ formation during the (a) breaking and (d) making processes. (b, €) Conductance traces

for the (b) breaking and (e) making processes. Black and colored lines represent the trace of

the Au contact without and with PDI. Bias was 100 mV. (c, f) 2D and 1D conductance

histograms for the (c¢) breaking and (f) making processes.



Theoretical calculations began by building a geometric model of the contact geometry (details
are presented in Supporting Information Section S3). The pyramidal Au tip was fabricated using
a stacked Au (111) surface and attached to PDI via an adsorption structure. The contact geometry
was fabricated as a function of the separation distance between the two electrodes. The contact
geometry at the separation distance that yielded the local energy minimum was optimized using
DFT with B3PW91 functional. The basis functions were LanL.2DZ for Au and 6-31 G (d, p) for
carbon, hydrogen, and nitrogen atoms. The Raman shift of the PDI junction was calculated using

Gaussian 16 after geometric optimization.

[Results and Discussion]

First, we investigated the conductance properties during the breaking and making processes of
the nanocontact. In the breaking process, conductance traces obtained with a clean Au electrode
showed clear plateaus around 1 Go (Go = 2¢*/h, where e and & denote elementary charge and the
Planck constant, respectively) due to the formation of metal atomic contacts (black curves in
Figure 1(b), Figure S2 in the Supporting Information Section S2).2® In contrast, in the presence
of PDI, additional plateaus below 1 Gy appeared (blue curves in Figure 1(b)), indicating the
formation of PDI SMIJs after the rupture of metal atomic contacts. The two-dimensional (2D)
conductance histogram in Figure 1(c), constructed by superimposing 1249 conductance traces,
showed a distinct state at 10~ Go, which was comparable to previously reported conductance for
PDI.*° In the making process, conductivity gradually increased, exhibiting small plateaus for
clean Au electrodes (black curves in Figure 1(e), Figure S2); however, a distinct plateau around
10! Go was observed in the presence of PDI (red curves in Figure 1(e)). The corresponding 1D
and 2D conductance histograms, constructed by superimposing 1199 conductance traces,

demonstrated prominent peaks or states around 10" Go (Figure 1(f)). The small satellite peak



around 107> Gy was attributed to a junction of a dimer or oligomers.*’ To define the conductance
region, the 1D histogram was fitted by the gaussian function. The conductance of the L state was
102307 Gy, and that of the H state was 107-!¢%9 G,. Conductance measurements clearly

showed that the preferred conductance state differed depending on the SMJ formation process.

To clarify the contact geometry of each conductive state, the SERS and /-V curves were
measured in the two states, which are defined by fitting the 1D conductance histogram. It was
observed that the effect of the external bias on the contact geometry was negligible (Supporting
Information Fig. S7). Figures 2(a) and (b) illustrate the time course of conductance (Figure 2(a))
and SERS intensity (Figure 2(b)) for PDI SMJ in the L state (another example is displayed in
Figure S6 in Supporting Information Section S4). During measurements, the conductive state
kept 1072 Go, and the vibrational modes attributed to PDI were observed. The intensity
modulation of the peaks or change in the Raman shift originated from the geometry change at the
contact.*!"* It is noticeable that the fluctuation of the SERS intensity is correlated with the
fluctuation of the conductance. Figure 2(c) shows the spectra of the H and L states. Both states
exhibited typical vibrational modes, such as the CH bending (dcu), C=C stretching (vcc), and
C=N stretching (ven), which were observed at 1171, 1601, and 2124 cm ™! in the spectra of PDI
powder measured as the reference sample marked as triangle in Figure 2(c).>® **6 Another
examples and histogram of the Raman shift are displayed in Figures S7 and S8. The detailed
assignment for the peaks is presented in Table S1 (Supporting Information Section S5). For the
H state, the Raman shift of the CN stretching mode, observed at 2067 cm ™!, was smaller than that
for the reference powder sample (2124 cm™). In contrast, the Raman shift of the CN stretching
mode for the L state was observed at 2200 cm™', was higher than that for the reference powder

sample. The difference in the Raman shifts between the H and L states was 133 cm ™, indicating



that the CN stretching mode served as a marker of conducting states. The significant change in
the Raman shift for the CN stretching mode was due to a change in the electron density of the

CN induced by electron transfer between PDI and the Au electrode,

following section.

The relationship between the Raman shift of the CN stretching mode and conductance was

investigated by measuring the /-J and SERS spectra for 39 distinct trials, amounting to 1252

36-37

as discussed in the

spectra in total, which allows statical analysis in the conductance region determined by the break
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junction measurement in the previous paragraph. Figure 3(a) shows correlations among
conductance, Raman shift, and SERS intensity. The SERS intensities and Raman shifts were
estimated through the automatic fitting of the SERS spectra with the Lorentz function (Figure S1
in the Supporting Information S1).2%3%47 At the horizontal dotted line is the border of the H and
L states which is defined by the conductance histogram. The vertical dotted line is the Raman
shift of the CN stretching mode of the powder sample. The tendency of the Raman shift of the
CN stretching mode was consistent with that observed in Figure 2(c). The Raman shift of the H
state was smaller than that of the powder sample; furthermore, the Raman shift observed in the L
state showed an opposite tendency to that noticed in the H state. In addition, the SERS intensity
of the CN stretching mode was higher in the H state than in the L state. Although the tendency
was also observed in another vibrational mode (Figure S10 in Supporting Information section
S6), the Raman shifts of the CN stretching mode were more significant because the carbon atom
is directly bonded to the electrode surface, as we mentioned in the previous section. Therefore,
the correlation between conductance and Raman shift indicates that the conductive states
observed in the breaking and making processes are due to the different geometry of the SM1Js,

which induces the difference in Raman shift of the CN stretching mode.

To elucidate the geometry change depending on Raman shift, five geometrical models with
different adsorption sites or orientations were considered using DFT (Figures S3 in Supporting
Information Section S3), which covers possible atomic configurations in the PDI junction. Since
thermodynamically stable states predominantly contribute to the SERS spectrum, we revealed
the geometry with a local energy minimum for each geometry by modulating the separation
distance (Figure S4, S5 in Supporting Information Section S3). The results revealed that the

contact geometry in which PDI was connected via the atop site of the electrode was
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thermodynamically preferable among all geometries considered, which was consistent with
previous studies (Supporting Information Section S3).2%*® In the case of nitrogen protonation,
the SERS spectra are significantly different from the case of the other geometric changes. The
peak of the CN stretching mode could not be observed in the region of 1800-2000 cm™ (Figure
S7), indicating that the observed change in the Raman shift of the CN stretching mode is due to
the contact geometry. The calculated spectra showed that when PDI adopted a tilted
configuration, the CN stretching mode had smaller Raman shift. In contrast, when PDI took a
parallel configuration, the CN stretching mode exhibited higher Raman shift (Figure 3(b)). The
calculated spectra of all models are shown in Figure S9 in the Supporting Information Section
S5. The calculated trend of the Raman shift of the CN stretching mode indicates that the L state
observed in the breaking process is derived from a parallel configuration, while the H state
observed in the making process is derived from a tilted configuration. It is noteworthy that the
effect of the dynamic motion of the Au atoms can be observed in the low-frequency region of ca.
100 cm™!, which is different from the Raman shift of the CN stretching mode.*~° Moreover,
conductance dependence of the Raman shift of the CN stretching mode observed in Figure 3(a)
agreed well with the separation distance dependence of the conductivity, supporting the
geometry assessment mentioned above.>!: 33312 In the tilted configuration, the n—electrode

interaction contributed more effectively to electron transport, increasing conductivity, which is

12



typical of aromatic molecules bonded to a metal electrodes.?!>** 12 In contrast, conductivity

was reduced in the parallel configuration because the & orbital was orthogonal to the Au—CN

bond 31, 33,51-52

The geometry dependence of Raman shift could be predominantly interpreted in terms of

electron transfer between PDI and the Au electrodes. A detailed discussion is provided in

Supporting Information Sections S7 and S8. The bonding states of PDI SMJ comprised the d—m*

and d—o states created by ¢ donation and m back donation (Figure S11).37-33 In the parallel

configuration, the lone pair of PDI, which had an antibonding character of the CN bond,
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Figure 3. (a) Correlation histogram for the conductance and vibrational energy of the CN
stretching mode. Histogram was constructed from 1252 spectra obtained from 39 distinct
trials. Color intensity represents the average SERS intensity in a bin size of 1 cm™' x 0.001.
Vertical dotted line represents the vibrational energy of the CN stretching mode for the powder
sample. Horizontal dotted line denotes the limit of the conductance of the L state estimated by
the full width at half maximum of the Gaussian function described in Figure 1(c). (b) The
calculated PDI spectra with the CN stretching mode. Red curve represents the tilted
configuration, blue curve denotes PDI SMJ with the parallel configuration, and black curve

indicates an isolated PDI molecule.
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dominantly interacted with the d states of Au via ¢ donation, forming the d—o state.

37,53-54

Electron transfer from PDI to Au reduced the electron density of the antibonding states of CN,

strengthening the CN bond via ¢ donation and
thus increasing the Raman shift of the CN
stretching mode. Meanwhile, in the tilted
configuration, the n* state more contributes to
bonding states than that in the parallel
configuration, and electron transfer from the
electronic state of Au to the unoccupied n* state
of PDI enhanced via m back donation. The
weakened CN bonds via  back donation
decreases the vibrational energy of the CN
stretching modes.**! Consequently, the Raman

shift of the CN stretching mode of the H state
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Figure 4. Coupling energy (/") dependency
of SERS intensity. SERS intensity was
averaged every 0.01 eV. Vertical dotted
line represents the border between the H

and L state.

diminished and that of the L state increased. Minute geometry changes modulated the degree of

electron transfer, which affected the observed Raman shift in each conductive state. The decrease

in electron transfer induced by the stretching of the Au—C bond leads to a decrease in the

vibrational energy of the CN stretching mode, as shown in Figure S12. On the other hand, the

increase in the interaction between PDI and electrodes induced by the tilting leads to a decrease

in the vibrational energy of the CN stretching mode as shown in Fig. S13, as discussed in

Supporting Information section S8.

The SERS intensity of the CN stretching mode as a function of the conductive states was

discussed in terms of the charge-transfer effects in SERS signal enhancement. The coupling
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energy between the molecular orbital and metal electronic states was estimated by analyzing the
I-V curves observed synchronously with SERS measurements. The I~V curves were fitted using

the Landauer and the Breit—Wigner formula,** 3

which estimated the coupling energy between
the PDI molecular orbital and Au electronic states (Figure S14 in Supporting Information
Section S9). Figure 4 shows the relationship between the coupling energy and SERS intensity of
the CN stretching mode. The border at the L and H states was estimated by the relationship
between conductance and coupling energy (details are provided in Supporting Information
Section S9). The SERS intensity increased with increasing coupling energy, which was attributed
to the enhancement of charge-transfer resonance.*!>**> The other possibility for enhancing SERS
intensity is the locally enhanced electromagnetic field at the atomically protruding electrodes.>*"
58 At the atomically protruding electrodes, such as metal adatoms, the confined optical field is
localized to the pico-sized space, resulting in extreme field gradients.’>>® The additional contact
with the protuberance increases the SERS intensity and the coupling. In fact, in the H state
geometry, the molecule has more atomic contact with the surface, which is consistent with the
geometry where the PDI & surface connects to the metal surface, although the exact atomic
configuration of the Au surface still remains unclear. Therefore, this increase in SERS intensity

was consistent with the conclusion that PDI was tilted in the H state, while it was in a parallel

state in the L states.

Finally, the preferred contact geometry depending on the formation process of SMJs was
discussed. As discussed above, synchronized measurements of SERS and /-V revealed that the
parallel configuration was dominant in the breaking process. In contrast, the tilted configuration
was dominant in the making process, which was reasonable considering the dynamic motion of

the electrode atoms.*° In the breaking process, PDI tended to be connected via the atop site at the

15



apex of the protruded neck region on the electrode due to tensile tension.*’ The strong ¢ bond
between CN and Au atoms facilitated parallel configuration formation in the breaking process.
Upon bond breakage, atoms comprising the neck region immediately shrunk via snap back.?* 26
During the making process, PDI adhered via the n—electrode interaction in a tilted configuration
to a flat surface that emerged following snap back. This selectivity of the geometry depending on
the formation process is due to a non-reversible geometrical change rather than a reversible one
owing to the snap back. In fact, the selectivity is considered to be based on kinetic control rather
than thermodynamic control. The presence of metastable states with minute geometry
differences, such as varying adsorption sites, could be observed in the H state. This is discussed
in more detail in Supporting Information Sections S5 and S8. Therefore, the H state exhibited a
broad distribution of conductance in the conductance histogram. Conversely, the geometry
configuration was constrained in the L state because possible bonding site is limited to the atop

site due to the strong c-donation, resulting in a narrow distribution in the conductance histogram,

as discussed in Supporting Section S8.

[Conclusion]

In conclusion, the present study demonstrated the selective fabrication of SMJs via the
formation process, which was elucidated by a combination of -V and SERS measurements. A
thorough statistical analysis of the breaking and making processes revealed a significant
discrepancy. The L state was only observed during the breaking process, while the H state was
predominant during the making process. Synchronized conductance and SERS measurements

revealed a prominent change in the Raman shift in the CN stretching mode between the H and L

16



states. A subsequent analysis of the SERS spectra using DFT calculation enabled the geometry
assignment of the H and L states. The L state demonstrated the parallel configuration, while the
H state exhibited the tilted configuration via the n—electrode interaction. This finding suggests
that the preferred geometry is contingent upon the formation process, with the contact geometry
being determined by the atomic configuration of the electrode during the formation process. This
indicates that the SMJ structure can be controlled by the formation process. The findings of this
study contributed to the control of the contact geometry of the metal-molecule interface, paving
the way to regulate the precise physical properties of the nanoelectronic materials, such as

molecular devices.
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