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ABSTRACT: The characterization of single-molecule structures Raman Scattering ve  sp
could provide significant insights into the operation mechanisms of \ ol s ’
functional devices. Structural transformation via isomerization has § € e '
been extensively employed to implement device functionalities. 8

Although single-molecule identification has recently been achieved t\\ 'sms— D

using near-field spectroscopy, discrimination between isomeric ¢ / / ' 9

forms remains challenging. Further, the structure—function - \ 4 PCAOScore 4
relationship at the single-molecule scale remains unclear. Herein, T~

we report the observation of the isomerization of spiropyran in a - CA
single-molecule junction (SM]J) using simultaneous surface- 1500 1550 1600 1650

enhanced Raman scattering (SERS) and conductance measure- Raman Shift (cm™) (;)

ments. SERS spectra were used to discriminate between isomers
based on characteristic peaks. Moreover, conductance measurements, in conjunction with the principal component analysis of the
SERS spectra, clearly showed the isomeric effect on the conductance of the SMJ.

B INTRODUCTION Structural changes in an SMJ are highly important because
even minute changes, such as chemical transformations,
changes in the adsorption state, or conformational changes
of a molecule, can severely alter the electron transport
properties.””'°~"® This effect causes large fluctuations in the
measured single-molecule conductance because the signals
from individual molecules are directly detected in the single-
molecule measurements, unlike in conventional ensemble

Single-molecule studies have elucidated fundamental chemical
processes such as catalytic reactions and mechanisms under-
lying device operation.”” The identification of molecular
structures provides critical clues for evaluating reaction
mechanisms and the performance of devices composed of
organic semiconductors. Surface-enhanced Raman scattering

(SERS) is a promising means for the identification of single measurements. The resulting dispersion in the data set hinders
molecules, by taking advantage of the structural fingerprint of addressing the structure—function relationship, which neces-
molecules in Raman spectra, without using chemical sitates a spectroscopic characterization simultaneously with
probes.2_° Meanwhile, recent developments in micro- and conductance measurements. Despite the recent extensive
nanofabrication techniques have enabled the fabrication of efforts to observe SERS in SMJs, the detection of chemical
single-molecule junctions (SMJs), wherein a single molecule transformations such as isomerization in an SM]J remains
bridges over a metal nanogap.”” It has been demonstrated that challenging. This difficulty arises because the spectral changes
SMJs are an ideal platform to investigate functionalities and stemming from such a chemical transformation are indis-
physical phenomena at the single-molecule level. Recently, tinguishable from those caused by structural changes such as

. . 23
SERS has been applied to the observation of a single molecule adsorption and conformational changes.

in an SMJ, thereby enabling single-molecule identification.*™ "

However, relatively little experimental evidence has emerged Received: December 16, 2021
regarding structural effects on the transport properties of an Accepted: January 19, 2022
SMJ. We have thus developed SMJ SERS measurement Published: February 2, 2022

techniques capable of the concurrent detection of electron
transport, thereby revealing the interplay between structural
and electronic properties.' "' >'¢
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In the present study, we successfully identified the isomeric
forms of a single molecule in an SMJ and revealed the intrinsic
electronic properties of each isomeric form based on
simultaneous SERS and current—voltage (I—V) measurements.
Spiropyran (SP), which possesses advantageous photochromic
characteristics associated with the isomerization between the
SP and merocyanine (MC) forms,'” was used to create the
SMJ. Although the electrical switching of SP-SMJs owing to
external stimuli can potentially be applied to fabricating
molecular switches or memories,”* >* the effect of isomer-
ization on the alteration of electron transport properties
remains unclear, and a multiparametric study is desirable to
assess the isomeric effect. This is primarily because subtle
changes in the conformation or adsorption sites of a molecule
in an SMé] can significantly modulate the electrical con-
ductance.'®** To overcome this problem, we first discriminate
the two aforenoted isomers based on SERS. Principal
component analysis (PCA)-based spectral analysis was
performed on the SERS data for the extraction of SERS
features from spectral fluctuations. Furthermore, I-V
responses acquired concurrently with SERS spectra revealed
the electronic properties of each isomer, showing the
underlying relationship between conductance and the molec-
ular structure in diverse junction structures. The methodology
proposed in this paper reveals the origin of electrical
functionalities, which was difficult to assess via conventional
SERS owing to spectral fluctuations. These findings will
promote the establishment of optimal nanoscale systems for
electronic devices or chemical catalysis.

B EXPERIMENTAL SECTION

The electron transport and SERS measurements were
performed using the mechanically controllable break junction
(MCBJ) method (Figure 1a).'®**** The electrode was
fabricated using the following procedure. A 1 pum thick SiO,
film was deposited on the polished 0.5 mm phosphor bronze
substrate. The nanosized MCBJ electrode was fabricated using
electron-beam lithography and the lift-off process. The
narrowest structure of the electrode had dimensions of 300
nm X 150 nm with a thickness of 133.5 nm (Cr: 3.5 nm, Au:
130 nm). Free-standing Au nanobridges were fabricated using
O, dry plasma etching. SP with two protected thiol groups
(RS-SP-SR, R = 2-ethylhexyl-3-mercaptopropionate) was
prepared following previously reported procedures™ and
deprotected immediately before the measurements. A tetrahy-
drofuran (THF)/ethanol/toluene solution of SP (1 mM) was
drop-casted onto the electrode. Electron transport measure-
ments were performed using a programmable amplifier (CA
5350, NF Corporation). First, the conductance of SP was
determined using the MCBJ method. In this method, we
repeated the formation and disconnection of the junction 4077
times at a frequency of 3 Hz under a bias voltage of 100 mV
and constructed a conductance histogram based on the
disconnecting process. SERS spectra were recorded using a
NanoFinder 30A microscopic Raman spectrometer (Tokyo
Instruments) with a 633 nm excitation laser. The laser beam
was focused on the SMJs using a 50X objective lens. The
Raman shift was calibrated with a symmetric vibrational mode
of the Si single crystal observed at 520 cm™". The SERS spectra
and I-V response were continuously recorded in the
conductance regime of the SMJs as determined by electron
transport measurements. The trigger signal from the Raman
spectrometer was recorded during the Raman measurement to
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Figure 1. (a) Schematic of the experimental setup and conceptual
image showing isomerization between spiropyran (SP) and
merocyanine (MC). (b) Typical conductance trace of the break
junction experiment for the SP single-molecule junction. (c) Two-
dimensional (2D) conductance histogram. (d) One-dimensional
(1D) conductance histogram. The bias voltage is 100 mV.

correlate the Raman spectra with the I—V response. The SERS
spectra were recorded every 1 s. The bias voltage of the -V
measurement was scanned between —1 and +1 V within 5 ms
every 1 s. The number of traces was 156, which included
27 348 I-V data points and SERS spectra. Of all the data, we
analyzed 213S$ data points and spectra that corresponded to at
least two peak structures. We assigned the vibrational modes of
the SP and MC forms by simulating the spectra of each form
using Gaussian 16 with the B3LYP/6-31++G(d,p) method
(Section 1 in the Supporting Information).

B RESULTS AND DISCUSSION

The SMJ was fabricated using the mechanically controllable
break junction (MCBJ) technique (Figure la). First, the
conductance of the SP-SMJ was investigated by monitoring the
conductance of the disconnection process without laser
irradiation. Figure 1b shows the typical conductance—distance
traces obtained during stretching in the MCBJ measurements.
Each curve represents the change in conductance during the
disconnection process of the gold electrodes in the presence of
SP.”'>?26 The plateaus in these traces indicate the formation
of SMJs with stable structures.”® The corresponding 2D and
1D histograms constructed using 4077 conductance traces
(Figure lc,d, respectively) show broadly distributed con-
ductance states of the SMJs located within the 107°—107> G,
region, which is consistent with the conductance of the SMJs
of the SP and MC forms calculated in a previous study.””
Because some traces, such as the 3rd—S5th traces shown in
Figure 1b, show abrupt changes during the plateau regions, the
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isomerization might be induced during stretching, and the
broad distribution in the conductance histograms in Figure
Ic,d can be attributed to the isomerization effect owing to the
mechanical stimuli and/or thermodynamic stabilization on the
gold surface.””*” However, this discrimination is hampered by
the conductance fluctuation originating from the variation in
the configurations of the constituent molecules of the SMJ.'***
Notably, the conductance value obtained in the present study
is greater than that reported in the previous study,”"”* where
the conductance was measured by the break junction (BJ)
technique based on scanning tunneling microscopy (STM)
measurements at 100 K. In the previously reported study, the
authors focused on the low-conductive state just before the
disconnection of the SMJ.”"** In the present study, the main
focus is on the discrimination of the isomeric forms in the
highly conductive region where discrimination has not been
achieved solely by conductance measurements.'>**

To identify the two isomers and discriminate between these,
SERS with simultaneous I—V measurements was applied to the
SMJs under the condition that the interelectrode distance of
the SMJs was fixed. Figure 2a,b shows the SERS and I-V
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Figure 2. (a, b) Typical surface-enhanced Raman scattering (SERS)
spectrum and current—voltage (I—V) curve of the single-molecule
junction of the SP form. (c, d) Typical SERS and I-V curve of the
single-molecule junction of the MC form. Conductance values are 3.0

mG, (b) and 4.6 mG, (d).

response curves, respectively, obtained at a conductance value
of 3 mG,. In the SERS spectrum, a prominent peak is observed
at 1541 cm™, accompanied by an additional peak at 1639
cm™!. When similar measurements were performed at a
conductance value of 4.6 mG, (Figure 2c,d), the prominent
peak shifted to 1505 cm™" and additional peaks were observed
at 1155 and 1597 cm™.

The peaks observed for different conduction states were
analyzed by comparing the spectra calculated by density
functional theory (Section 1 in the Supporting Information)
and the literature.””** It was concluded that the SMJs in
Figure 2a,c corresponded to the SP and MC forms,
respectively (Section 2 in the Supporting Information). In
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the SP form (Figure 2a), the vibrations at 1541 and 1639 cm™!
were assigned to the C—C stretching vibration of the benzene
ring in the benzopyran substructure and the C=C stretching
vibration of the pyran ring, respectively. In the MC form
(Figure 2c), the vibration at 1505 cm™, which originated from
the cyclohexadiene ring, was assigned to the C—C and C=0
stretching and C—H bending of the alkene substructure. The
vibration at 1155 cm™' was attributed to the ring breathing
mode of the indole part. The peak at 1597 cm™" was correlated
to the C—C stretching vibration. We note that an SMJ is
retained during the SERS measurements (Section 3 in the
Supporting Information). Other examples of the I-V response
and SERS spectra are shown in Figure SS (Section 4 in the
Supporting Information). The asymmetric characteristics of
the I-V curve of SP are observed in Figure 2b. This behavior is
consistent with the previous observations made by the STM-BJ
measurements and is attributed to the energy-level shift due to
the asymmetric molecular orbital*” In the present MCB]J
studies, asymmetric I-V curves were also obtained for the SMJ
of the MC form, and the aszfmmetric geometries at the
molecule/electrode interfaces®>>* in addition to the afore-
mentioned asymmetric orbital of SP are the possible origins of
asymmetry. Notably, although SP was initially introduced in
the electrode, the formation of the SMJs of both SP and MC
was observed, which was attributed to the thermal isomer-
ization of the MC form, as mentioned below.'”?” The
coexistence of the two isomers could be presumed from the
conductance measured by the MCBJ technique (see above).
The SERS spectra allow the identification of each isomer, as
shown in Figure 2a,c. A combination of the vibrational
characteristics of either SP or MC was utilized as a marker
(Section 2 in the Supporting Information) to automatically
classify all of the SERS spectra obtained in the current
experiments. Based on the classification, the observation
probabilities of the SP- and MC-SMJs were estimated to be
13 and 40%, respectively (Table S3). Notably, 47% of the
measured spectra concurrently showed markers of SP and MC,
which represented the time-averaged behavior of the ring-
closing/opening reaction during spectral acquisition. The
interconversion between the two isomers is evidenced by the
synchronized signal between SERS and the I—V response, as
shown in Figure S6 (Section S in the Supporting Information).
The preferable formation of the MC state was attributed to the
thermodynamic stability of the isomers on the metal surface.
According to the STM data obtained by Piantek et al., the MC
form predominantly existed on the Au(111) surface at 300
K.*” As MC is more conformationally flexible than SP, MC
adopted a planar conjugated conformation upon adsorption,
leading to the high stability of MC on the surface. In addition,
the high dipole moment and hydrogen bond of zwitterions also
stabilized the adsorbed states.”” Thus, the SERS technique
allowed the identification of MC and SP, revealing the
populations of the two isomers, thereby reflecting their
thermodynamic stabilities on the surface.

After successfully identifying SP and MC using the SERS
data, the I-V characteristics were analyzed to determine the
effect of the molecular structures of the isomers on the
electronic properties. The classifications by SERS were adapted
to the simultaneously measured I-V curves, and isomer-
resolved conductance histograms were constructed (Figures 3a
and S8 (Section 7 in the Supporting Information)). Although
the histograms indicated the tendency of the MC-SMJ to show
a higher conductance than the SP counterpart, the difference in
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Figure 3. (a) Conductance histogram of the spiropyran (SP) single-molecule junction obtained by categorization based on the vibration mode of
SERS spectra. (b) Loading of the 3rd principal component (PC3). (c) 1D histogram for the score of PC3. The red bar represents SP and the blue
bar represents merocyanine (MC) in (a, b). The counts of the histogram were normalized by dividing by the total counts of each SP and MC form

for (a, c), respectively.

the conductance between SP and MC was small compared to
the distribution widths of the conductance histograms, which
hampered the extraction of the intrinsic isomeric effects on the
electronic properties. The minute fluctuations in the SM-SERS
spectra, likely caused by structural changes without isomer-
ization, inhibited the accurate identification of the isomers.
The use of spectral features over the whole range, rather than
the marker vibrations, can improve the accuracy of isomer
assignment. Thereafter, the SERS spectra were analyzed using
PCA to determine the relationship between the molecular
structures of the isomers and conductance. PCA is a
multivariate statistical analysis technique that can identify the
major directions of variation in a given data set.” "
Intercorrelated quantitative dependent variables can be
extracted from complex data by PCs.”**” Through the PCA
of the SERS spectra, it was found that the third principal
component (PC3) suitably reflected the isomerization
behavior (Figure 3b,c), whereas PC1 and PC2 reflected the
spectral background and the dominant MC isomer, respec-
tively (Section 8 in the Supporting Information). The
prominent peak at 1610 cm™" in the loading vector of PC3,
corresponding to the indole C—C stretching vibration of SP, is
shown in Figure 3b, indicating that the discrimination between
the SP- and MC-SMJs can be achieved via PC3.

To prove this, histograms of the PC3 scores for SP and MC,
classified according to the vibrational modes (see above), were
constructed (Figure 3c). Clearly distinct distribution was
observed between SP and MC; the scores of SP and MC were
distributed around +1.0 and —1.5, respectively. Thus, the
isomeric form in the SMJs could be identified by PC3, and
consequently, the relationship between the PC3 score,
calculated using the SERS spectrum, and the conductance
value, determined by the simultaneously acquired I-V curve
(Figure 4), could reveal the isomeric effects on the transport
properties of the SMJs. The PC3—conductance 2D histogram
shown in Figure 4 clearly exhibits anticorrelation and reveals
that the MC-SMJ has a higher conductivity than SP-SMJ. This
enhanced conductance value for MC is consistent with the
previously reported conductance measurements.”’">> The
extended conjugation along the entire MC molecule induces
a small energy gap between the Fermi energy and the
conduction orbital**~>* Therefore, the PCA of SERS spectra
characterized the conductance change due to isomerization,
which is otherwise difficult to determine because of
conductance fluctuation concomitant with the structural
changes without isomerization. As previously described,
SERS in conjunction with I—V measurements is useful for
chemical identification and investigation of the electronic
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Figure 4. Two-dimensional histogram of the PC3 score and
conductance. Data with conductance in the range of 107*—107" G,
and score values ranging from —4 to 4 are displayed. The bin size for
conductance and score value is defined by dividing each region into
30 parts.

properties of SMJs. The present study demonstrates that PCA
in conjunction with SERS spectral analyses is a novel method
to detect subtle chemical transformations such as the
isomerization between SP and MC and investigate the
relationship between the molecular structure and electronic
properties, both of which are difficult to determine solely by
conductance or spectroscopic measurements.

B CONCLUSIONS

In this study, the SERS and I-V properties of a thiol-anchored
SP in an SMJ were investigated. The SERS spectra allowed the
isomeric discrimination of the target molecule, which is
generally difficult because of the conductance fluctuation of
the SMJs. The relative populations of the SP and MC species
were determined, which indicated their thermodynamic
stability on the metal surface. Furthermore, PCA allowed the
analysis of the SERS spectra based on the whole spectral
features, as well as the correlation of the electron transport
properties to the isomeric structures. The conductance
dependence of the PC score highlighted the effect of the
isomerization in the SMJs; the conductance of the MC form
was higher than that of the SP form. SERS and electron
transport measurements in conjunction with the PCA data can
allow the determination of the effect of chemical trans-
formations on the electrical properties of an SMJ.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c07105.
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