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ABSTRACT

Self-assembled monolayers (SAMs) of thiolates on metal surfaces are of key importance for
engineering surfaces with tunable properties. However, it remains challenging to understand
binary thiolate SAMs on metals at the nanoscale under ambient conditions. Here we employ
tip-enhanced Raman spectroscopy (TERS) and density functional theory (DFT) calculations to
investigate local information of binary SAMs on Au(111) coadsorbed from an equimolar
mixture of p-cyanobenzenethiol (pCTP) and p-aminothiophenol (pATP), including chemical
composition, coadsorption behavior, phase segregation, plasmon-induced photocatalysis, and
solvation effects. We found that upon competitive adsorption of pCTP and pATP on Au(111)
from a methanolic solution, the coadsorption initially occurs randomly and homogeneously;
eventually, pATP is replaced by pCTP through gradual growth of pCTP nanodomains. TERS
imaging also allows for visualization of the plasmon-induced coupling of pATP to p,p -
dimercaptoazobenzene (DMAB) and the solvation-induced phase segregation of the binary
SAMs into nanodomains, with a spatial resolution of ~9 nm under ambient conditions.
According to DFT calculations, these aromatic thiolates differing only in their functional

groups, -CN versus —NH>, show different adsorption energy on Au(111) in vacuum and
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methanol, and thus the solvation effect on adsorption energy of these thiolates in methanol can

determine the dispersion state and replacement order of the binary thiolates on Au(111).

INTRODUCTION

Formation of self-assembled monolayers (SAMs) provide a flexible and convenient strategy to
tailor interfacial properties of metals or metal oxides,* which is crucial in various research fields,
e.g., molecular biology, interface chemistry, organic electronics, and materials science.? 3 In
particular, the S-Au covalent bond between gold and sulfur makes thiolate SAMSs inherently
robust but modifiable on Au surfaces, and thus thiolate SAMs technologically become an
attractive method for tunable surface engineering.? 2 The coadsorption of binary thiolate SAMs
on Au surfaces, either with homogeneously mixed dispersions or with locally separated
domains, is able to facilitate the further tuning of surface work function, resonance features,
electrical transport, thermal conductance, and catalytic activities.*® For example, by changing
their mixture ratios, the homogeneously mixed binary SAMs of non-substituted (H-BPT) and
fluorine-substituted (F-BPT) mercaptobiphenyls on Au(111) enable alterable-charge tunneling
rates in molecular junctions.® If 1-octanethiol and 6-mercaptohexanol binary SAMs form
nanodomains on flat Au surfaces, their interfacial energies show a significant dependence on
average composition.® Moreover, for molecular electronics, the mixing of components in
SAMs will result in more diversity and complexity of molecular-scale electronic devices, and
thus their structures and functions may be extended in a nearly unlimited fashion.'° An in-depth
understanding of binary thiolate SAMs on metals will help us design thiolates with desired
functional groups, mixture ratios, assembly behavior, and displacement order, which in turn

extends these SAMs to more customized applications.



Conventional spectroscopic methods, such as X-ray photoelectron spectroscopy (XPS) and
near-edge X-ray absorption fine structure (NEXAFS) spectroscopy,'*™® have been used to
deduce surface composition and charge states of binary SAMs, and to assess orientation
differences between pure and mixed thiolate SAMSs. Although rich chemical information is
available, these spectroscopic approaches fail to provide sufficient lateral resolution to
distinguish separation phases within binary SAMs at the nanoscale. Alternatively, scanning
probe microscopy (SPM), such as scanning tunnelling microscopy (STM) and atomic force
microscopy (AFM),'41° are able to clearly reveal assembly patterns, domain boundaries,
striped phases, and steric interactions of SAMs with (near-)atomic resolution.!”° However,
these methods fail to discern different SAMSs based on their chemical composition; and even

monothiolate SAMs can form various patterns on Au(111).%°

Tip-enhanced Raman spectroscopy (TERS) has emerged as a promising tool for the
investigation of thiolate SAMs, by integrating Raman spectroscopy with SPM to allow for
acquiring Raman fingerprint information and nanometer spatial resolution simultaneously.?!-24
Early studies on SAMs were reported by Picardi et al.,? where TERS signals of an azobenzene
thiol monolayer on Au(111) were found to be strongly dependent on the tunneling parameters
and incident light polarization. Further investigations of binary thiolate SAMs by TERS
imaging were carried out on isomeric 2-mercaptopyridine/4-mercaptopyridine,?® 1-
decanethiol/[4-(phenylazo)phenoxy]hexane-1-thiol,?”  benzenethiol/oligomeric  phenylene-
ethynylene thiol,2® and benzenethiol/benzenemethanethiol mixed systems.?® *° Localized
information of these mixed thiolate SAMs, e.g., specific relative composition, molecular
replacement behavior, surface morphological changes, and phase segregation, could generally
be observed. However, the best spatial resolution of TERS imaging for binary SAMs is still
limited to larger than 15 nanometres under ambient conditions,?® 2° which is not adequate for
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chemically resolving smaller nanodomains and thus providing more insights into the behavior
of coadsorption on Au(111).2>% Besides, previous TERS studies did not provide suggestion
on how solvents affect adsorption energy of thiolates and induce phase segregation (i.e.,

solvation effects) during binary SAMs formation on Au(111).2>%

In this study, we present full spectroscopic TERS imaging of coadsorbed binary thiolate SAMs
on Au(111) with a spatial resolution ~9 nm under ambient conditions. Two structurally similar
but spectrally identifiable aromatic thiolates, p-cyanobenzenethiol (pCTP) and p-
aminothiophenol (pATP), are chosen as coadsorption competitors on Au(111l) from an
equimolar solution. Although their close molecular lengths hinder them from being
distinguished by STM imaging, their different tail groups (—CN versus -NH) facilitate TERS
analysis of the chemical composition, such that information about coadsorption behavior,
phase segregation, solvation effect, and plasmon-induced photocatalysis of the mixed SAMs
on Au(111) can be obtained. Additionally, TERS imaging visualizes the coadsorption
competition over time and discerns pure pCTP nanodomains and binary nanodomains formed
in the mixed SAMs, with a domain size down to <10 nm. Combined with density functional
theory (DFT) calculations, we found that solvation effects can alter the thiolate adsorption
energies on Au(111),33 and thus pCTP would gradually replace pATP on the surface during
the coadsorption time. Our findings indicate that TERS appears to be an attractive method for
studying binary SAMs on atomically flat surfaces at the nanometer scale and molecular level

under ambient conditions.

EXPERIMENTAL SECTION

Chemicals and Materials



Clean Au(111l) on mica (4x4 mm, Phasis, Switzerland) was used as received. p-

cyanobenzenethiol (pCTP, = 95.0%, Apollo Scientific Ltd, UK) and p-aminothiophenol
(pPATP, =97.0%, Sigma-Aldrich, Switzerland) were used as received without any further

purification. The single-component solutions (1.0 mM) of pCTP and pATP were prepared in
methanol (99.9%, Sigma-Aldrich, Switzerland). The mixed solution was prepared with an
equimolar mixture (1:1) of the above pure pCTP and pATP solutions. Silver wires (diameter
0.25 mm, 99.9985%, Alfa Aesar, Germany) were electrochemically etched as STM/TERS
probes. A 3:1 (v/v) mixture of ethanol (absolute, Sigma-Aldrich, Switzerland) and perchloric
acid (70%, Sigma-Aldrich, Switzerland) was used as the etchant. A potential of 8 VV was applied,
and a current of =10 mA was measured during the etching process, as described in our previous
work.>*%¢ Note that the etchant is potentially a highly explosive mixture under heat if metal
traces are present. A laboratory fume hood and personal protective equipment (PPE) are

required at work.

Preparation of SAMs

Pure SAMs of either pCTP or pATP were prepared by immersing the clean Au(111) into
corresponding methanol solutions (1.0 mM) for 10 min. Binary SAMs of pCTP/pATP were
prepared by a coadsorption method. The individual Au(111) substrates were immersed into the
mixed solution with an equimolar mixture (1:1) for different times: 10 min, 1 h, 2 h, and 6 h.
Before ex-situ SEM and TERS imaging, all the corresponding SAMs/Au(111) surfaces were
thoroughly washed by pure methanol to remove the physically adsorbed molecules, and then

were dried under nitrogen blow.



STM and TERS Measurements

All ex-situ STM and TERS images were acquired on a combined STM/Raman microscope
(Ntegra Spectra, NT-MDT, Zelenograd, Russia) which was enclosed by a homemade acoustic
isolation box and operated under ambient conditions.3**® The instrument is equipped with an
air objective (100 x , NA = 0.7, Mitutoyo, Japan) and an electron-multiplying charge-coupled
device (EMCCD, Newton 971 UVB, Andor, Belfast, UK). The spectrometer was calibrated by
a standard neon lamp (Renishaw, UK). TERS maps were collected in the STM feedback
(constant current mode), with the sample surface moved by the piezo stage in the x, Yy,
and z directions while keeping the relative laser-to-tip position fixed. The dynamic range of the
piezo scanner (6.0 pm X 6.0 pm in Xy and 2.0 um in z with 220 V) is small, which ensures
highly precise control of the tip—substrate gap and xy coordinate with a < 0.1 nm step size. An
exposure time of 1 s and 1 accumulation were used for all spectra and images collection. A
632.8 nm HeNe laser at an incident power of 0.5 mW was used to illuminate the Ag tip/Au(111)
substrate configuration. This gap-mode TERS geometry enables higher field enhancement due
to electromagnetic coupling between the Ag tip and the Au substrate under 632.8 nm laser
excitation.®*” During TERS measurements, the bias voltage was set to 0.1 V, and the tunneling
current was kept at 1.0 nA. In order to obtain STM images with higher resolution, 256 x 256
line scans were applied before TERS mapping. All TERS images (over a 100 x 100 nm? area
with 32 x 32 pixels) were obtained after overnight measurements (continuous laser illumination
and data recording) to minimize the thermal drift of the system. The cleanliness of the Ag tip
was examined with a fresh Au(111) surface after imaging to ensure that the obtained TERS
signals come from the SAMs instead of coming from molecules adsorbed on the tip. Spectral

processing followed previously described procedures.34-3



DFT calculations

Theoretical Raman spectra were calculated using the Gaussian 09 software (Gaussian,
Wallingford, USA) based on the DFT method.®® 3 All calculations, including full geometry
optimizations and frequency predictions, were performed using the B3LYP/6-311+G(d) basis
set. While for Au metal atoms, the valence electrons and the inner shells were described by the
LANL2DZ basis set.® All calculated frequencies were scaled with proper factors (ca. 0.98)
compared to confocal Raman spectra. The optimized geometries and the calculated vibrational

modes were visualized using the Gaussview 6 package.*®

Adsorption energy (AE,q4s) Of the thiolates on Au(111) were calculated by using the CP2K
package.*® 4 The PBE exchange functional*? with Grimme D3 correction* was used to
describe the interfacial system. Kohn-Sham DFT was used as the electronic structure method
in the framework of the Gaussian and plane-wave (GPW) method.** The Goedecker-Teter-
Hutter (GTH) pseudopotentials and DZVP-MOLOPT-SR-GTH basis sets were utilized to
describe the surfaces and molecules, as well as to treat valence-core interactions with 11, 6, 5,
4, and 1 valence electrons for Au, S, N, C, and H, respectively.*> 46 A plane-wave energy
CUTOFF with 400 Rydberg have been employed. Fermi-Dirac smearing was applied to study
the metallic system, the electron temperature was set to 300 K. Au metal slab containing 144
metal atoms was shaped to obtain (111) surfaces with four (6 x 6) atomic layers, and the 1/4
monolayer coverage (3 x 3) of thiolates was used for the calculations. To decouple the
interaction between two neighboring images along the Z-direction,*” a 15 A of vacuum layer
was placed on top of the studied surface slabs (Figure S1). In order to take solvation effects
into account, the self-consistent continuum solvation (SCCS) model was applied for

comparison.®®% As an implicit solvation method that treats solvent as a structureless



continuous medium, the SCCS model can provide a statistical and average effect of the bulk
solvent and improve piecewise defined dielectric model function.***¢ A CD5 method was used
to calculate the numerical derivatives on the real-space grids. An ANDREUSSI method was
used to define the maximum and minimum density values of the dielectric smoothing function,
representing the dielectric constant.*® A dielectric constant (g) of 32.7 was used in the bulk
solvent.®* All geometries and configurations were fully relaxed and optimized until the
maximum force on each atom was less than 0.05 eV/A. All of the simulations were carried out
by keeping the two bottom metal layers fixed at the initial coordinates to maintain the bulk
behavior of the inner part of the slab. The adsorption energy (AE,4s) of individual pCTP and
pATP molecules on Au(111), both in vacuum and methanol at various coverages, was

calculated using Equation (1):%2

1
AE 45 = n (Ecomplex — Eglab — M X Epjol — EEHZ) 1)

where Ecompiex 1S the total energy of the thiol-Au(111) complex models, Eg,, is the total
energy of the optimized Au(111) slab, E ;01 IS the energy of the optimized thiol molecules,

Ey, is the H2 formation energy, and n is the number of the thiol molecules in the system.

RESULTS AND DISCUSSION

1. The choice of pATP and pCTP

Two structurally similar aromatic thiolates, pCTP and pATP, were chosen to form binary
SAMs on Au(111) (Figure S2, see Supplementary Information) based on the coadsorption
method, as shown in Figure 1a. They both have a benzenethiol skeleton functionalized with
slightly different tail groups, —CN versus -NH>. This results in a very close molecular length

for pCTP (7.178 A) and pATP (6.538 A, Figure S3), respectively. In contrast to previous



alkanethiol binary SAMs with distinctly different lengths,?6-? topographic imaging by AFM
or STM can hardly identify the pCTP/pATP components in a mixed SAMs under ambient
conditions. However, their -CN and —NH: tail groups are chemically distinct, such that
differences in the vibrational spectroscopy, photocatalytic activity, and solvation effect are
expected. Accordingly, TERS imaging is capable of overcoming the aforementioned technical

hurdle since it simultaneously provides Raman fingerprint information and nanometer spatial

resolution (Figure 1b).
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Figure 1. (a) Schematic illustration of gap-mode TERS study of a pATP/pCTP binary SAM
on Au(111). (b) Representative experimental (lower half) and calculated (upper half) spectra
of pCTP (red curves), pATP (blue curves), and DMAB (purple curves).

In the gap-mode TERS configuration (Figure S4), the Ag tip plays a triple role: (i) as Raman
signal booster enabling highly sensitive detection of the different chemical entities in a binary
SAMs; (ii) as tunneling probe enabling high spatial resolution imaging of the surface
topography; and (iii) as single-particle photocatalyst enabling plasmon-mediated coupling
reaction of pATP.5® The plasmon-driven conversion of pATP to p,p -dimercaptoazobenzene
(DMAB) is one of the most well studied model reactions in thiolate SAMs.>* Compared to the
initial pATP peaks at 1080, 1182, and 1586 cm™ (Figure 1b), three characteristic Raman peaks

at 1144, 1395, and 1440 cm™ present in the new DMAB spectrum after extending the laser



irradiation time to ca. 5 s (for more details, see Figure S5). Notably, the appearance of DMAB
signals implies the surrounding condition of pATP within the binary SAMs on Au(111). This
is because the formation of DMAB needs the plasmon-induced coupling between two
atomically adjacent pATP molecules, while two neighbouring pATP and pCTP molecules
cannot react with each other. Moreover, due to the stability of the -CN group in plasmon

hotspots and the explicit C=N stretching mode at 2230 cm™, pCTP has been selected as

another participant in our binary SAMs. All of the Raman peak assignments were supported
by DFT calculations (Figure S6 and Table S1), which are in good agreement with the
experimental spectra (Figure 1b). Note that the relative intensities of simulated spectra are
different from the corresponding TERS results, which is probably due to a lack of consideration
of charge transfer effects and surface selection rules in the simplified DFT calculations (Figure

S6 and Table S1).%7 5%

2. STM and TERS imaging of single-component SAMs

Pure SAMs on Au(111) were prepared by chemisorption of either pCPT or pATP thiolates
(Figures 2a, d). Individual, fresh Au(111) substrates were immersed into corresponding
methanol solutions (1.0 mM) for 10 min at room temperature. Before TERS imaging, the
morphologies of these pure SAMs on Au(111) were determined by STM at ambient conditions.
By selecting Ag tips and controlling the STM parameters (Figure S7), Au(111) atomic terraces
can be observed from both substrates with pCTP or pATP pure SAMs under ambient conditions
(Figures 2a, d). However, compared to high-resolution STM imaging of a bare Au(111) using
a Pt-Ir tip (Figure S2), these substrates become rougher even only after 10 mins immersion in
the thiolate solutions. This stems from the fact that thiolates are able to strongly modify the

initial surface and pull out Au atoms during their self-assembling on Au(111).%8
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To offset fluctuations (e.g., due to variations in laser power or tip-sample distance) in the
TERS enhancement during the imaging, TERS intensity ratio maps were evaluated to assess
the molecular component and orientation distribution of the pure SAMs,** as reported

in Figures 2b, e. The intensities of the representative C=N stretching mode at 2230 cm for

pCTP and the N=N stretching mode at 1440 cm™* for DMAB, respectively, were divided by the
intensity of the 1586 cm™ band, which is the shared benzene ring deformation mode (Table
S1). These maps were obtained from a 100 x 100 nm? area with 3.1 x 3.1 nm? pixels resolution
(Figures 2b, e). Except for a few unoccupied or unreacted sites (dark blue pixels in Figures 2b,
e), the Au(111) surface was completely covered by pCTP or pATP SAMs after a 10-min
immersion time. Furthermore, changes in molecular orientation are revealed by the intensity
ratio maps (Figures 2b, e), since the TERS intensity ratio is sensitive to the molecular
adsorption configuration and orientation on a flat metal substrate.3* In particular, pATP will
quickly convert into DMAB (ca. 5 s, Figure S5) during TERS mapping through plasmon-
induced photocatalysis, and the pATP signal is only visible at the beginning of the mapping,
as indicated by the dark blue pixels in Figure 2e. However, the "hot™ pixels with a peak ratio
(11440 to l15g6) greater than 0.3 suggest the generation of DMAB on Au(111) (for more details,
see Figure S5). Note that since the TERS maps are recorded from bottom to top (Figure 2e),
the upper half part of the map allows for the photocatalytic conversion even longer, and thus
stronger DMAB peak ratios (l1440 to l1586) at the latter half of the map can be observed (Figure

S4).

Typical TERS spectra of pCTP and pATP/DMAB were recorded at the locations in the maps

marked with numbers (Figures 2c, f). The color coding in Figure 2 represents how frequently

11



each type of spectrum appears in the maps. The vibrational modes of these thiolates on Au(111)
were simulated and assigned via DFT calculations (Table S1). Besides the benzene ring in-
plane stretching mode at 1586 cm™, the two thiolates have two more common vibrational
modes: the C—S stretching mode (v) at 1080 cm™ and the in-plane C-H bending mode (§) at
1182 cm* (Figure 2¢).® Three feature peaks at 1144, 1395, and 1440 cm™* appear, which can
be ascribed to the C—N stretching mode (1144 cm™?) and the N=N stretching mode (1395 and
1440 cm™) of DMAB, respectively (Table S1). In contrast, the C=N stretching mode at 2230
cm* provides an unequivocal marker band for pCTP to chemically distinguish it from pATP

or DMAB in the mixed thiolate adlayers by TERS.
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Figure 2. (a, d) Ex-situ STM images of (a) pCTP and (d) pATP pure SAMs on Au(111). (b, e)
TERS intensity ratio images of (b) pCTP (12230 to l1s86) and () DMAB (l1440 t0 l1586) With
different molecular components and orientation distributions. The dark blue pixels in (b, €)
represent unoccupied Au sites and/or unreacted pATP sites. All the maps were recorded over
a 100 x 100 nm? area with 32 x 32 pixels on Au(111) from bottom to top. (c, f) Typical TERS
spectra of (¢) pCTP and (f) pATP/DMAB adsorbed in the locations marked with numbers in
(b) and (e), respectively. The color coding in (c) and (f) represents how frequently each type of
spectrum appears in the maps (b) and (e), respectively.
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3. STM and TERS imaging of the binary SAMs

The binary SAMs on Au(111) were prepared by coadsorption of pCPT and pATP (Figures 2a,
d). Individual, fresh Au(111) substrates were immersed into an equimolar (1:1) mixed solution
of these two thiolates at room temperature for different times: 10 min, 1 h, 2 h, and 6 h (Figure
3). The morphologies of the binary SAMs on Au(111) were determined by STM under ambient
conditions before TERS imaging (Figures 3a, c, e, g). Formation of a rougher surface and of
vacancy islands can be observed on the binary SAMs covered Au(111) as the coadsorption
time progresses; this is due to the extraction and mobility of surface Au atoms when thiolates
assemble chemically into saturated SAMs towards the thermodynamically stable states.3% 3
Compared to our previous work for benzenethiol/oligomeric phenylene-ethynylene thiol binary
SAMs, % the upgraded TERS system with the acoustic isolation box that was used here clearly
contributed to better STM/TERS imaging under ambient conditions (Figure S8). In addition,
higher resolution STM imaging with mechanically cut Pt-Ir tips was capable of confirming the
gradual changes of the surface morphology on Au(111) over time (Figure S9). Nevertheless,
such STM imaging relying only on the height images cannot distinguish between pATP and

pCTP on Au(111).
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Figure 3. (a, ¢, e, g) Ex-situ STM images of pCTP/pATP binary SAMs on Au(111) over
different coadsorption time. (a) 10 min; (b) 1 h; (c) 2 h; (d) 6 h. (b, d, f, h) Corresponding ex-
situ TERS intensity ratio images of DMAB/pCTP (l1440 t0 I2230) with different molecular
components and ratio distributions. The dark blue pixels represent the only pCTP and the hot
pixels suggest both thiolates on Au(111). All the maps were recorded over a 100 x 100 nm? area
with 32 x 32 pixels. The black circle in (d) indicates a pure pCTP nanodomain (~10 nm). The
white circles in (f) indicate the binary nanodomains (~10 nm). The stars marked with numbers
in (d, f) are used for the spatial resolution analysis in Figure 4.

TERS intensity ratio (li440 t0 l2230) maps were also evaluated to assess the molecular
component and spatial distribution of the binary SAMSs,3* as depicted in Figures 3b, d, f, and h.

Since the C=N stretching mode at 2230 cm for pCTP was visible in all the binary SAMs at

all times, it was used as a standard peak to produce the intensity ratio maps. When the intensity
ratio (l1440 to l2230) dropped to less than ca. 0.2 (for more details, see Figure S10), these
locations in the maps were assumed to be fully occupied by pCTP (Figures 3h). Otherwise, a
mixed SAMs on Au(111) is present (Figure S10). Initially, after the first 10 min of coadsorption,
both pCTP and pATP/DMAB can be found in the binary SAMs on Au(111) (Figure 3b). These
binary thiolates are homogeneously mixed and randomly distributed on the surface via S-Au
bonds, since the intensity ratios (l144o to I2230) all lie in the 0.6-0.8 range. Fluctuations can be
attributed to the variance of molecular orientation at room temperature.®* After 1 h
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coadsorption, a pure pCTP nanodomain (e.g., <10 nm, indicated by the dark blue pixels) was
identified in Figure 3d, marked with a black circle, revealing that the binary SAM becomes
segregated rather than intermixed at this stage. That is probably due to the different adsorption
energy and subtle replacement competition between pCTP and pATP on Au(111) in methanol.
Smaller and smaller binary nanodomains (e.g., <10 nm, indicated by the "hot" pixels) appeared
in the TERS image after 2 h coadsorption (Figure 3f). The increase of blue pixels in the map
suggests the decrease of the surface coverage of pATP on Au(111) over time, i.e., pCTP
gradually becomes the dominant adsorption species in the SAM during a longer coadsorption.
Consequently, the replacement of pATP by pCTP on Au(111) occurs through the nucleation
and extension of pCTP nanodomains over time (Figures 3b, d, f, h). Finally, as expected, no
more pATP/DMAB (indicated by the hot pixels) was visible in the TERS map since adsorbed

pATP has been fully replaced by pCTP after 6 h coadsorption (Figure 3h).
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Figure 4. (a, ¢) Line-trace TERS spectra acquired from the (a) pure pCTP and (c) binary
nanodomains along the black (Figure 3d) and white (Figure 3f) star lines, respectively. The
color coding of the spectra in (a) and (c) is in line with their pixel colors in Figures 3d, f,
respectively. (b, d) Corresponding TERS intensity and Gaussian fitting of the band at 1440
cm ™t in Figures 3d, f, respectively. The spatial resolution is estimated using a 10-90% contrast
criterion or using a full-width at half maximum (FWHM) analysis.

In order to estimate the spatial resolution under ambient conditions, visible nanodomains were
chosen and extracted from the TERS maps of the binary SAM, as shown in Figures 3d, f,
indicated by black and white circles. The corresponding line-trace TERS spectra (black and
white asterisks marked with numbers) acquired from these nanodomains indicate the TERS
intensity variation of the 1440 cm™ peak, offering an apparent contrast between the full pCTP
areas and mixed pCTP/DMAB areas (Figures 4a, c). For the pure pCTP nanodomain in Figure
3d, the line profile analysis suggests a spatial resolution of ~7.2 nm using the 10-90% criterion

or ~8.8 nm using the full-width at half maximum (FWHM) analysis (Figure 4b), respectively.
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For the binary nanodomains in Figure 3f, the spatial resolutions are estimated to be ~7.8 nm
and ~9.1 nm using the same methods, respectively. However, the real spatial resolution of our
TERS imaging may in fact be underestimated because there are even smaller binary

nanodomains that become discernible in the TERS map (Figure 3f).

4. Adsorption energy in vacuum and solvent

To further explore the coadsorption competition within the binary SAMs, we calculated the
adsorption energy of pCTP and pATP on Au(111) using the DFT method, as depicted in Figure
5. Unlike a saturated surface coverage of benzenthiol (benzenthiol molecules : Au atoms =
0.31) on Au(111) estimated by STM imaging,*® a lower surface coverage (1/4) of pCTP and
pATP on Au(111) was applied in the current calculations due to a shorter coadsorption time.
Namely, uniformly distributed pCTP or pATP molecules (3 x 3) were placed on the Au(111)
surface (6 x 6, Figures S11, 12). When pCTP and pATP adsorb on Au(111) in vacuum, they
energetically prefer the bridge-site binding with a S-Au bond length of 2.476 A and 2.493 A,
respectively (Figures 5¢, d), similarly to previous reported DFT calculations.®® ¢ Moreover,
due to the intermolecular and thiol/substrate interactions,®? the calculated lowest-energy
structures suggest that their molecular planes tilted away by around 58° (pCTP) and 55° (pATP)
from the surface normal (Figures 5c, d), respectively. Importantly, these energy calculations
also reveal that pATP (-0.82 eV, Table S2) anchors on Au(111) with lower adsorption energy
than that of pCTP (-0.62 eV, Tables S2, 3) in vacuum. Such calculated energies are also close
to the reported S—Au binding energies for the alkanethiol (74 kJ/mol, 0.77 eV) and arenethiol
(46 kJ/mol, 0.48 eV).%® The more negative adsorption energy of pATP implies that it is

supposed to have stronger binding than pCTP on Au(111) in vacuum, and thus pATP would
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prevail in the coadsorption competition.%* However, this assumption is in contrast to our

experimental observations (Figure 3).
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Figure 5. (a, b) Chemical structures of (a) pCTP and (b) pATP adsorbed on Au(111). (c, d)
Optimized configurations of (c) pCTP and (d) pATP adsorbed on Au(111) in vacuum. (e, f)
Optimized configurations of (e) pCTP and (f) pATP adsorbed on Au(111) in methanol. The
corresponding adsorption energies for individual thiolates, the S-Au bond distances, and the
relative angles between the molecular plane and the surface normal are marked in the respective
systems.

To understand this discrepancy between the experimental and calculated results, implicit
solvation models have been taken into account in further calculations. In the continuum SCCS
models, the solvent effects are included implicitly as a dielectric medium.** Compared to the
adsorption in vacuum (Figures 5c¢, d), pCTP and pATP share similar S-Au bond lengths and
molecule-surface tilted angles on Au(111) in methanol (Figures 5e, f). On the contrary, they
tend to adsorb on Au (111) with different adsorption energies of -0.92 eV (pCTP) and -0.84
eV (pATP) in methanol (Tables S2, S3), respectively. These results suggest that pCTP has

stronger binding than pATP on Au(111) in methanol, thereby gradually replacing pATP SAMs
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during their coadsorption under the same conditions, which is in good agreement with the
TERS observations (Figure 3). One straightforward explanation is that the solvation effect
plays a crucial role in the coadsorption competition of the thiolate SAMs. Moreover, owing to
the different polarity and dipole moment between benzonitrile (PhCN) and aniline (PhNH2),%>
% the polar solvent (e.g., methanol) shows more significant solvation effects on pATP with
higher polarity and thus better ability to dissolve pATP to the bulk solvent. Alternatively,
dissolved pCTP with lower polarity is likely to adsorb and form nucleations on Au(111) and
then extend these nanodomains over time. Consequently, pCTP can gradually replace pATP

on Au(111) during the coadsorption.

CONCLUSIONS

In summary, we utilized TERS to provide spectroscopic imaging of binary thiolate SAMs on
Au(111) at the nanometer scale and molecular level under ambient conditions, and the
experimental results were further supported by DFT calculations. Two structurally similar
aromatic thiolates (pCTP and pATP) with different tail groups (-CN versus —NH,) were
selected as coadsorption competitors on Au(111) in an equimolar mixed methanol solution.
TERS mapping revealed that pCTP and pATP can initially coadsorb on Au(111) randomly and
homogeneously; then pCTP will gradually replace pATP through the extension of pCTP
nanodomains as the immersion time progresses, in the case where STM images were only
visible for the change in surface topography but “blind” for the change in chemical information.
Additionally, under the STM-TERS with the Ag tip/Au substrate configuration, TERS imaging
also allowed for visualization of the plasmon-induced photocatalysis of pATP to DMAB and
the phase segregation within the mixed SAMs with a spatial resolution of less than 9 nm under

ambient conditions. Combined with DFT calculations that take implicit solvation into account,
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we found out that the adsorption energy of individual pCTP and pATP on Au(111) in vacuum
was estimated to be ca. -0.62 eV and -0.82 eV, respectively. However, this energy contrast was
reversed for pCTP (-0.92 eV) and pATP (-0.84 eV) in methanol, suggesting that pCTP exhibits
stronger adsorption than pATP at the Au(111)/methanol interface, and the solvation effect
plays a vital role in coadsorption behavior of the binary SAMs. This work offers a viable way
to chemically distinguish mixed SAMs at the nanoscale and opens prospects for a better
understanding of the roles, effects, and importance of molecular level mixing in components

for molecular electronics and heterogeneous catalysis.
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