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Advancing nanoscience demands precise control of molecules at the nanoscale, particularly under ambient
conditions where Brownian motion predominates. Plasmonic fields can generate optical forces strong
enough to overcome thermal fluctuations at the single-molecule level, even under ambient conditions.
This enables spatially and temporally precise control over molecular condensates through the inherently
selective, non-destructive, remote, and energy-efficient nature. Here, we utilize 4,4'-bipyridine (44bpy)
as a target system and monitor its two-dimensional diffusion using surface-enhanced Raman scattering
(SERS) under the influence of optical forces generated at the plasmon field. Systematic variations in
solvents and ion-mediated interactions reveal critical factors for achieving plasmon-induced molecular
condensations at room temperature. The resulting condensed phase exhibits higher density than that
formed under conventional thermodynamic equilibrium, highlighting the emergence of a distinct

adsorption phase driven by highly localized field perturbations. These findings demonstrate that
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Accepted 18th October 2025 plasmonic fields possess the capacity to regulate cooperative molecular behavior via modulations of
solvation and electrostatic interactions. This study establishes plasmonic trapping as a formidable
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Introduction

Optical tweezers have been utilized in a wide range of applica-
tions, including the isolation of molecules in the gas phase or
the manipulation of living cells by using the confocal laser."” In
the current manipulation technique, both the diffraction limit
and the limited laser power restrict the accessible target range
to a sub-micron scale.*® Despite this fact, recent theoretical and
experimental approaches have demonstrated that molecular
manipulation at metal interfaces under plasmon resonance
conditions could be a breakthrough for addressing these
inherent limitations.’®** Recent studies indicate that, in
contrast to traditional optical trapping methods, plasmon-
driven molecular manipulations exhibit distinctive features
originating from the intrinsic properties of plasmon resonance,
including local heating, the transfer of hot electrons, or
a nonlinear response to propagating light."*™° In plasmonic
molecular trapping, various factors, such as an optical pressure

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo, Hokkaido
060-0810, Japan. E-mail: kei@sci. hokudai.ac.jp

+ Present address: Institute of Physics, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Lausanne, CH-1015, Switzerland.

} Present address: Department of Chemical Science and Engineering, Graduate
School of Engineering, Kobe University, Rokkodai-cho 1-1, Nada-ku, Kobe,
657-850, Japan.

© 2025 The Author(s). Published by the Royal Society of Chemistry

development of innovative strategies for molecular manipulations.

from the enhanced electromagnetic field, a localized thermal
elevation, interfacial chemical reactions, and intermolecular
interactions, have been proposed as mechanisms.**** However,
the thermophoresis effects induced by plasmonic heating and
optical forces acting on non-resonant targets with approxi-
mately 10 nm in size are typically inadequate for retaining
molecules within the hotspot.***** Thus, many aspects of
plasmon-assisted molecular trapping, especially those related
to the adsorption and diffusion of individual molecules, remain
unexamined.

We recently demonstrated that organic molecules, approxi-
mately 1 nm in size, can be condensed within the plasmon-
enhanced electric field at the interface between water and
metal at ambient temperature. This phenomenon occurs
despite the fact that the local optical force on non-resonant
molecules is weaker than the force required to trap individual
molecules within the hotspot.™**** This fact suggests that
intermolecular interactions play a critical role in determining
the optical potential, facilitating efficient molecular condensa-
tions.”®*” Moreover, it is essential to emphasize that the stron-
gest optical trapping force was found to act on 44bpy molecules
with a distinct molecular configuration, which has a distinct
polarizability in response to an optical field. We found that
plasmonic manipulation can induce highly packed molecular
domains that are unattainable under conventional optical
trapping conditions. However, the underlying factors governing
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molecular condensations, such as dynamic solvation interac-
tions with solvent molecules and the physicochemical behavior
of adsorbates at metal interfaces, are yet to be fully elucidated.

From such backgrounds, this study elucidated key physico-
chemical parameters that govern plasmon-driven molecular
condensation at metal interfaces under ambient conditions
through SERS measurements, which offer enhancement factors
of the Raman signal up to 10° via both electromagnetic and
chemical mechanisms."**3° Specifically, we revealed how
solvent species and the presence of co-adsorbed ions critically
influence the adsorption equilibrium and two-dimensional (2D)
diffusion of physisorbed molecules in the plasmonic field.**-**
For the investigation of the molecular interactions involving
solvents or ion pairing, we have utilized five different solvents,
with and without the electrolyte. Systematic variations of each
solvent environment revealed that water uniquely facilitates
molecular condensations beyond thermal equilibrium, owing
to its reduced solvation energy and suppressed thermal diffu-
sion, because of its high molarity and thermal conductivity.***”
Furthermore, we identified that cation-m interactions play
a central role in stabilizing localized adsorption domains,
where the tuning of ionic concentration enabled control over
intermolecular electrostatic interactions. These static forces
synergistically act with the plasmon-induced optical force to
cooperatively form highly ordered molecular condensed phases.
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Our findings thus establish solvent selection and ion concen-
tration as decisive parameters for engineering molecular trap-
ping at plasmonic interfaces, offering a new platform for
dynamic and spatially resolved chemical control in
nanoscience.

Results and discussion

Vibrational features of adsorbed 44bpy in each solvent probed
by SERS

The Au nanoprism array substrates prepared using the template
method exhibited a resonance wavelength of approximately
780 nm, which led to SERS enhancement under 785 nm laser
illumination (see Fig. SI-1).>**** Using this substrate, we per-
formed SERS measurements of 1 mmol L™' 4,4"-bipyridine
(44bpy) in various solvents: ultrapure H,O, N,N-di-
methylformamide (DMF), acetonitrile (AN), isopropanol (IPA),
and n-hexane (Hex). Under the present experimental condi-
tions, approximately 100 nanoprism dimers were present within
the laser spot with a spot diameter of around 3 pum. It is
important to note that, due to the similar refractive index values
for all solvents, the wavelength of plasmon resonance may
exhibit independence on solvents. Also, we carefully considered
the plasmon modulation by solvent, known as chemical
damping, but we concluded that its effect could be ignored
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Fig. 1 SERS spectra of 1 mmol L™ 44bpy in various solvents with a Au dimer nanoprism array. All spectra are obtained with 1 s under a 140 pW
um~2 laser at room temperature. (a) The spectra of each solution at initial illumination are indicated in red, purple, blue, green, and brown,
corresponding to H,O, DMF, AN, IPA, and Hex, respectively. (b—f) Time-series SERS spectra under 60 s continuous illumination are obtained in
each solution with different solvents: (b) H,O, (c) DMF, (d) AN, (e) IPA, and (f) Hex.
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based on the deviation of the plasmon background in SERS
(discussed in Fig. SI-2).* Fig. 1a shows SERS spectra of 44bpy
adsorbed on the Au nanoprism array immersed in each solvent.
Note that no spectrum of 44bpy was obtained when the focus
was defocused from the interface. The vibrational modes at
1020, 1223, 1293, and 1610 cm™ ' were assigned to the ring
breathing, the C-H in-plane deformation, the C-C inter-ring
stretching, and C-C/C-N ring stretching, respectively.’’” The
oscillating vertical electric field at the metal interface, induced
by plasmon resonance, enables to enhance SERS scattering
intensities to reveal the molecular adsorption orientation.
When the peak intensity ratio of C-C inter-ring stretching at
1293 cm ™' to C-H in-plane deformation at 1223 cm™ ' exceeds
1.5, the adsorbed 44bpy shows a vertical orientation with a sin-
gle N atom attached to the Au surface, referred as the stand-up
orientation.*****® Thus, the spectra of 44bpy in H,O, AN, IPA,
and Hex show nearly identical spectral shapes, indicating
a consistent adsorbed orientation against the Au surface. On the
other hand, in DMF, the intensity ratio of C-C inter-ring
stretching at 1293 cm™' to C-H in-plane deformation at
1223 cm™" was relatively smaller, indicating more tilted orien-
tations via dipole modulations by anisotropic solvation of DMF
(the correlation plots are provided in Fig. SI-3a and b).*”?®
Importantly, variations in the Raman intensities of molecules
were observed depending on the solvent species. The signal
intensity in H,O was the highest, while that in Hex was the
lowest. Since the molecular Raman signal originates from the
surface species on Au, these differences clearly show that the
average number of molecules undergoing surface diffusion at
the hot spots varies with the choice of solvent.*

Time-serie changes in SERS intensity are shown from the
bottom to the top in Fig. 1b-f. All SERS spectra of 44bpy
adsorbed on Au exhibited consistent Raman features over time.
Notably, in the case of H,O, the SERS intensity exhibited
a nearly monotonic increase from 1 to 60 seconds. In contrast,
the scattering intensities in other solvents remained relatively
constant over the same time frame. Note that, due to the non-
uniformity of the Au nanoprisms prepared by the template
method, the SERS intensity was dependent on the observation
sites even under identical optical set-up conditions. To prevent
the structure dependences, we recorded averaged Raman
intensities over more than five different sites. From this,
a consistent evaluation of solvent-dependent tendencies
became possible. Essentially, the scattering intensity reflects
the number of target molecules at the observation site. The
observed increase in H,O suggests a gradual accumulation of
molecules within the plasmonic field, resulting from two-
dimensional diffusion under continuous illumination. This
gradual increase in the total number of molecules has also been
observed and discussed in our previous reports.*** Notably, the
SERS spectral shapes and the peak positions remained
unchanged during continuous illumination in every solvent
(further discussion in Fig. SI-3c and d), confirming that the
adsorption orientation was stable throughout measurements.
Considering the molecular orientation, a key factor in deter-
mining the anisotropic molecular polarizability tensor and,
consequently, the optical gradient force, helps to elucidate the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed solvent dependence. In our measurements, the stand-
up orientation of 44bpy in H,O feels a greater optical trapping
force compared to the more tilted configuration observed in
DMF, likely due to anisotropic solvation effects. Together with
the intensity variations shown in Fig. 1, this result indicates that
the solvent dictates not only the preferred adsorption geometry
but also the rate of 2D diffusions. Although further quantitative
investigation is warranted, these results imply that the choice of
solvent affects the optical force exerted on adsorbates at the
metal interface. It should also be noted that, although some
organic solvents are highly volatile, the solution volume in the
cell remained essentially unchanged after SERS measurements,
indicating a quasi-steady state. Thus, the volatilization of the
solvent would not affect the analyses.

Time-resolved plasmon-induced molecular motions in five
solvents

In Fig. 2a-e, the average peak intensities at 1610 cm™ " () in
each solvent, along with their standard deviations (o) repre-
sented as error bars, are plotted against the laser illumination
time. The values are normalized by the Raman intensity (o/I,).
Among the solvents, only the H,O solution exhibits an apparent
increase in average Raman intensity over time, whereas the
intensities in other solvents remain relatively constant (Fig. 2a-
d). Based on these average results, the Raman intensity of 44bpy
is considered to be closely related to the number of molecules
adsorbed in each solvent. As expected from the results in Fig. 1,
high intensities were observed in H,O, DMF, and AN, while low
intensities were confirmed in IPA and Hex. While the SERS
intensity depends on both the number of adsorbed molecules
and the site-specific enhancement, the oy mainly reflects the
inhomogeneity of SERS enhancement among hotspots. As
shown in Fig. 2a-d, the deviation observed at the initial stage of
irradiation reflects the magnitude of molecular response fluc-
tuations within the plasmonic field. For most solvents, the
initial normalized deviation is approximately 0.5, demon-
strating that the nanoprism array substrate provides sufficient
homogeneity across different solutions. In contrast, H,O
exhibits a larger value (—0.7). These deviations are influenced by
the specific enhancement at the hot spot during the early phase
(1-30 seconds), highlighting the interplay between the plas-
monic electric field and molecular response. In contrast, the
standard deviation in DMF increases over time, suggesting that
heat generation and molecular diffusion vary significantly
across different sites, an inverse trend compared to that
observed in H,O.

In the case of H,0O, the scattering intensity increased to 1.5
times its initial value in about 50 seconds, while remaining
almost constant in other solutions. The molecular condensa-
tion of 44bpy could be attributed to a modulated equilibrium of
motions associated with Brownian motion, such as lateral
hopping and thermal fluctuations at the interface caused by
plasmon excitations. Additionally, it can be expected that the
outflow of molecules from hotspots would be further acceler-
ated by thermal diffusion, facilitating the movement of mole-
cules away from the hotspot through thermophoresis.**** The
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Fig.2 Average SERS spectral intensities of the vibrational peak at 1608 cm™ of 1 mmol L™ 44bpy in various solvents with a Au dimer nanoprism

array. All original spectra are obtained under 140 pW pm~2 laser power at room temperature. (a—e) Average Raman intensity plots at 1608 cm

-1

are plotted as a function of time, which were derived from more than 5 trials for each different solvent. The standard deviation is displayed as
colored bars and in the form of normalized deviation plots based on Raman intensity for the right axis with a black fitted line. These plots are
colored with red, purple, blue, green, and brown for (a) H,O, (b) DMF, (c) AN, (d) IPA, and (e) Hex, respectively. (f) The mean intensity at 1 s for each
solvent (same color manner as in panels a—e) is summarized together with its standard deviation. Black circles represent the relative surface
coverage of 44bpy in each solvent, estimated from the SERS intensities.

similarity in 2D diffusion velocities suggests that the Brownian
motion of 44bpy on the Au surface is primarily governed by
interfacial conditions, which remain consistent across the
solvents due to the identical substrate structure and compa-
rable temperature. However, the thermal diffusion velocity in
H,O0 is relatively smaller than that in others, as H,O possesses
the highest thermal conductivity. Assuming a local temperature
gradient of 5 x 10° K m™" near a hotspot, the thermal drift
velocity of 44bpy in H,O was estimated to be 1.3 x 10 > m s™*
along with the thermal gradient from the plasmon heating spot
to solvent, while in DMF, the velocity is calculated to be 3.0 x
10> m s~ " (based on our previous investigation using a similar
setup; details of the estimation are provided in SI Section 4).
This variation in thermal drift velocity across different solvents
appears to play an important role in determining molecular
condensation behavior under illumination. The calculated
effective thermal potential for the 44bpy molecule along the
thermal drift coordinate is —0.15 k] mol™* in H,O, which is
comparable to the estimated plasmon-induced optical potential
of —0.2 k] mol " for 44bpy.** On the other hand, the effective
thermal potential in other solvents is than
—0.35 k] mol ", which exceeds the optical potential and pushes
molecules outside.

Based on the above investigations, it was suggested that
factors such as surface coverage and 2D diffusion behavior,
which depend on the solvent species, are crucial factors that
trigger molecular condensation within the plasmonic field. We
estimated the relative coverage (6) from the SERS intensity at the
initial state, which corresponds to the adsorption amount of
solvated 44bpy on the Au surface from the Temkin model
adsorption isotherm as in eqn (1) (Fig. 2f).*

lower

Lexp(—Zaé’) =exp(—AG’/RT)ay (1)

1-0
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where the standard adsorption free energy AG® is defined by the
difference in chemical potential between the adsorbed and di-
ssolved state: AG® = md,. — ml ;. The constant a, is defined as
the ratio of the molar concentrations of 4,4"-bipyridine and the
solvent: o1 = Ca4bpy/Csolvent- R is the universal gas constant with
a value of 8.314 J mol™" K~". T corresponds to the solution
temperature (298 K). The typical value of AG® for 44bpy on Au in
water is —35.0 k] mol ™", and the molecular-interaction coeffi-
cient o was estimated to be 1.3 from experimental fitting.**
From the equation, the # of 1 mol L ™" 44bpy on the Au surface in
H,O is estimated to be 99.7%. Based on these isotherms, the ¢
in various solvents can also be roughly estimated as follows:
67% in DMF, 71% in AN, 35% in IPA, and 28% in Hex, as
indicated by the SERS intensity difference shown in Fig. 2f. The
surface coverage of 44bpy is strongly dependent on solvent
species, as the definition of Gibbs energy from the dissolved
states to the adsorbed states. This can be attributed to the
greater stabilization of 44bpy in organic solvents compared to
H,0, resulting in a smaller Gibbs energy change.*»** For
example, IPA has the highest solubility or solvation energy for
44bpy, which results in the adsorption of 44bpy being
depressed. After 60 seconds of laser illumination in water
(Fig. 2a), the estimated surface coverage reached 167% of the
equilibrium monolayer value under the simple model. It is
noteworthy that the relatively high surface coverage would
reduce the intermolecular distance or disorder among well-
aligned domain parts, leading to a high density above the ex-
pected coverage of the Temkin model. This arises from the
different packing structure induced by optical condensation, as
generally discussed in the context of optical tweezers.*** It
should be noted that this condensed structure at the nano-
structured interfaces would result in changes in the solvation
and adsorption Gibbs energies from the idealized model via the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polariton-induced detuning of molecular states, or localized
heat generation.*** In other words, the thermodynamic
parameters governing adsorption, such as AG® in the Temkin
isotherm, may not directly reflect bulk-phase values but repre-
sent an optically perturbed interfacial regime.

Electrolyte-mediated enhancement and suppression of
plasmon-induced molecular condensation via cation-
interactions

For further understanding of molecular condensation behavior,
we investigated the effect of an electrolyte on plasmonic
molecular condensation. Based on the thermal diffusion model,
the electrolyte concentration modulates the drift velocity and
the effective potential on the surface.” In the present experi-
ments, we added the supporting electrolyte (NaClO,) to H,O
and AN with different concentrations. By changing the
concentration, the molecular interaction can be tuned through
the cation (Na')-7 interaction. In Fig. 3a and b, the ratios of
SERS intensity at 1610 cm™ " at a specific laser illumination time
against the initial intensity are plotted. Here, the time-
dependent SERS intensities were normalized using the initial
value at 1 s, and the normalized traces from several measure-
ments were then averaged. Fig. 3a, obtained in H,O, shows
a continuous increment in scattering intensity, corresponding
to molecular condensations, during a 60 second laser exposure
time across all concentration conditions. On the other hand, for
the AN case (Fig. 3b), rapid intensity increments were observed

View Article Online
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within the initial 30 seconds in the 100 mmol L' NaClO,
solution, whereas no increments were observed at 0 mmol L™*
NaClO,. As discussed above, no condensation behavior was
observed in the absence of the electrolyte (Fig. 2) due to the
relatively high diffusion velocity associated with the thermal
gradient. The dependence of the intensity ratio on the electro-
Iyte concentration is depicted in Fig. 3c. These results
confirmed that, in both H,O and AN cases, distinct condensa-
tions could be triggered in the presence of 100 mmol L™ elec-
trolyte, while the condensation of 44bpy was prohibited at
higher concentrations exceeding 300 mmol L~'. This local
maximum cannot be explained by the contribution of thermo-
phoresis, which is monotonously suppressed by electrolyte
concentration.”® Importantly, in H,O, we found that the addi-
tion of electrolytes increased the molecular coverage estimated
from the intensity ratio. These results suggest that the molec-
ular aggregation process is influenced not only by the optical
modulation of 2D diffusion but also by the intermolecular
attraction among adsorbates. This phenomenon is thought to
originate from cation binding to 44bpy, which introduces an
attractive interaction to the adsorbed molecules. Consequently,
it can be inferred that higher electrolyte concentrations above
100 mmol L™ would lead to the distinct electrical repulsion of
the cations, which inhibits condensation.

To verify the interaction of 44bpy and NaClO, in solution, we
examined the chemical shift in "H NMR spectra at various
electrolyte concentrations. The position of the chemical shift in
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"H NMR spectra of 44bpy in Fig. 3d shows that the amount of
Na' binding to 44bpy causes a linear increase in the shift to
a higher value as a function of electrolyte concentration. The
trend of deshielding effects observed for 44bpy is evident for
both hydrogen atoms at the a- and B-positions, as shown in the
inset figure (NMR spectra in Fig. SI-4).*° The electrostatic
interaction between Na' ions and aromatic rings, particularly
those with electron-donating groups, is referred to as “cation-m
interaction”. This interaction results in a Gibbs energy change;
for instance, a change of —88 k] mol " for Na* with benzene.>
This stabilization energy is comparable to the Gibbs free-energy
change associated with transferring 44bpy from solution to the
adsorbed stand-up state (about —35 kJ mol %). It is an order of
magnitude larger than the estimated van der Waals interaction
between neighboring 44bpy molecules (up to —3.5 k] mol )34
In addition, we estimated the Debye length (ip) of a Na' cation
under 100 mmol L™ " conditions using the following equation.

ereokg T 12
=|l7—7=—— 2
D <2NA€2 Z ciziz) ( )

where ¢, and ¢, are the relative permittivity of the solvent and
the vacuum (8.854 x 10> Fm™ "), kg is the Boltzmann constant
(1.381 x 107> J K "), T is the solution temperature (298 K), N,
is Avogadro's number (6.022 x 10> mol %), ¢ is the elementary
charge (1.602 x 10~ '° C), and ¢; and z; represent the concen-
tration and valency of ion species i, respectively.>** From eqn
(2), the estimated Debye length of the Na" cation is approxi-
mately 1 nm. This scale is comparable to the molecular
dimensions of 44bpy (0.3-0.8 nm) and the intermolecular
spacing within the stand-up adlayer (about 0.4 nm) observed by
STM.* Because Ay, is inversely proportional to the square root of
the ionic strength, it decreases with increasing electrolyte
concentration. In water (¢, = 80.1), the Debye lengths at 10, 100,
and 1000 mmol L™" of NaClO, are approximately 3.1, 0.97, and
0.31 nm, respectively. In contrast, AN with & = 36.64, yields
shorter Debye lengths under equivalent ionic conditions,
approximately 2.1, 0.66, and 0.21 nm. Therefore, the efficient
interaction between Na" and 44bpy, especially under 100 mmol
L' NaClO, conditions, is supported. The 44bpy molecule
mainly acts as a Lewis base that interacts with cations or
protons, while halide anions such as Cl™ are unfavorable for
forming m-interactions with the pyridyl ring (+8.4 k] mol™").** In
particular, at NaClO, concentrations below 1 mol L', it is
difficult to attribute the observed behavior to direct anion-m
interaction. Here, ClO,” mainly behaves as a weakly coordi-
nating anion, similar to the role of water molecules as previ-
ously reported.””*® Our SERS measurements further show no
distinct vibrational feature of ClO,  at around 940 cm !
(spectral identification in Fig. SI-5).*

Moreover, because ClO,  is a weak base, it may form
hydrogen bonds with the C-H groups of the pyridyl skeleton,
whereas Na' preferentially associates with the r-electron cloud.
Consequently, both Na“ and ClO,~ can contribute to the
deshielding of the 'H NMR peaks, although their individual
effects cannot be clearly distinguished in this study. At higher
NaClO, concentrations (>100 mmol L"), the ionic atmosphere
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becomes sterically crowded and electrostatically screened, as
the Debye length approaches the molecular dimensions of
44bpy (around 1 nm). Such crowding is likely to perturb the
interfacial domain structure by enhancing steric and electro-
static repulsion, thereby disrupting molecular ordering.
Considering the dimensions of the plasmonic field (approxi-
mately 500 nm?), it is essential to highlight that the current
technique for plasmonic molecular manipulation facilitates the
cooperative control of multiple molecular-ion pairs. This
observation represents a foundational insight into the realm of
plasmonic molecular manipulations, underscoring the poten-
tial for enhanced molecular interactions at the nanoscale.

Formation of a distinct adsorbed phase driven by plasmonic
retardation and ion-induced interactions beyond isothermal
conditions

Finally, we summarized the condensed coverage of 44bpy in
different solutions and electrolyte concentrations as shown in
Fig. 4 (Table SI-3). The coverages were estimated from the
density of the tightly packed stand-up 44bpy, which was deter-
mined to be 6.9 x 107" mol cm™?, as revealed by a previous
STM study.>*® The experimental estimation coverage in H,O
from Raman intensity, without the electrolyte, is 8.0 x
10'° mol cm™?, assuming the initial coverage of 100%. This
discrepancy implies that the plasmon local electric field not
only facilitates molecular condensation in the hotspot by
slowing diffusion velocity but also promotes a tightly packed
arrangement through the entire domain structure beyond the
thermal isotherm as estimated from electrochemical measure-
ments.***** On the other hand, the estimated coverages after
illumination in other solutions without electrolytes show lower
values, indicating a more spatially dispersed distribution due to
a reduced adsorption amount. It should be noted that the
difference in coverage primarily arises from the amount of
adsorption, which correlates with the variation in the Gibbs free
energy change between the solvated and adsorbed states, an
essential aspect of interfacial phenomena. This is supported by
the fact that their intensities vary depending on the solvent
from initial illumination, although the adsorbed 44bpy mole-
cules are all assigned as standing upright based on the spectral
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Fig. 4 Estimated coverages from the SERS intensity after 60 s illumi-
nation are shown as brown, green, purple, blue, and red color bars for
Hex, IPA, DMF, AN, and H,O, respectively. In the 100 mM NaClO4
solution H>O (blue) and AN (red) are shown as shaded bars. Black lines
correspond to deviations of those estimated coverages.
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(b) AG~ -3.5 kJ/mol
>

Fig. 5 Schematic illustration of plasmon-driven optical condensation of 44bpy molecules at the hotspot between Au nanoprisms with elec-
trolyte (NaClO,); (a) Arrows indicate molecular fluxes arising from adsorption/desorption equilibrium (grey), thermophoretic migration induced
by plasmonic heating (black), and optically modulated two-dimensional diffusion along the electric field gradient (red). Black dots represent
thermal contours generated by localized surface plasmon resonance. (b) Schematic illustration of a loosely packed 44bpy domain stabilized by
van der Waals interactions between 44bpy molecules in a planar configuration. (c) Upon addition of an appropriate concentration of electrolyte,
surface packing is enhanced via cation—m interactions, resulting in a distinct phase with increased molecular density and improved lateral
ordering. The values of Gibbs free energy change are taken from the main text.

shapes in H,0, AN, IPA, and Hex, as discussed in Fig. 1. Upon
introduction of the electrolyte, the displacement before and
after illumination increased to 10 x 10~ *° mol cm™? for H,O0,
indicating that the static interactions of ions in the 100 mmol
L' electrolyte strongly promote molecular packing or the
organization of larger domains. In the case of AN, the addition
of 100 mmol L™ electrolyte significantly modulated the initial
coverage and enhanced the intensity under light illumination,
resulting in the values of 8.6 and 12 x 10~ ' mol cm 2,
respectively. This might be due to the lower volume concen-
tration of AN compared to H,O, with H,O at 55.3 mol L™* and
AN at 19.0 mol L', which effectively affects the cation-7
interaction of 44bpy and Na" at the interface.

From these observations, the overall mechanism of
plasmon-induced molecular condensation is proposed as
illustrated in Fig. 5a, which shows the dynamic interfacial
behavior of 44bpy molecules under illumination. Continuous
adsorption and desorption occur between the bulk solution and
the Au surface. Localized heating generates thermophoretic
flows that drive molecules outward from the hotspot. Simulta-
neously, optical field gradients enhance inward 2D diffusion
toward the hotspot center and suppress outward migration,
resulting in an asymmetric lateral diffusion profile. This
nonequilibrium molecular transport leads to localized accu-
mulations, particularly in solvents with lower thermal diffusion
such as H,0. Otherwise, in solvents with higher thermal diffu-
sivity, the effective thermal potential of 44bpy, exceeding
—0.35 LkJ] mol !, overcomes the optical potential
(=0.20 kJ mol™'), thereby preventing accumulations at the
hotspot. Fig. 5b depicts the formation of packed molecular
domains driven by plasmon-induced optical force defined by
electric field gradients. Upon addition of electrolytes, Fig. 5c
shows that cation-m interactions between Na' and 44bpy
promote lateral intermolecular attraction, leading to more
compact packing and increased surface coverage up to 12 x
107'° mol em ™ in the presence of 100 mmol L' NaClO, in
H,0. This organized domain surpasses the level of condensa-
tion achieved under optical fields alone or thermal equilibrium
without illumination. Together, these schematics demonstrate

© 2025 The Author(s). Published by the Royal Society of Chemistry

that interfacial molecular condensation is not governed solely
by optical force. Instead, it emerges from a complex interplay
among optical forces, thermophoresis, solvation dynamics, and
static ion-molecule interactions. The result is the formation of
a distinct, non-isothermal condensed molecular phase at
interfaces.

Conclusions

We have successfully achieved plasmonic molecular conden-
sations under various solution conditions at room temperature.
This study identifies key factors influencing plasmonic molec-
ular trapping, including adsorption equilibrium determined by
solvation, thermophoresis, 2D diffusion retardation, and elec-
trostatic interaction mediated by ions. In the present system,
Na' is expected to bridge the 44bpy molecules, thereby stabi-
lizing their adsorption at the interface and counteracting the
drawbacks of thermal diffusion in the AN solution. This insight
provides a much more precise direction for controlling elec-
trochemistry or interfacial science, especially combined with
nanostructure design. In addition, as the side effect of optical
perturbation force, it is suggested that there is additional
condensation or formation of higher packed states up to 12 x
107"° mol cm ™2 under the present condition beyond the ther-
modynamic equilibrium value of 6.9 x 107'° mol cm 2%
While our study demonstrates the formation of nonequilibrium
molecular condensates under plasmonic excitation,
emphasize that several limitations are remained. The relaxation
dynamics after stopping illumination suggest partial but not
complete recovery to the initial state, reflecting the persistence
of intermolecular interactions observed in present experiments
and the previous report." In addition, our estimation of
thermal diffusion velocity was based on bulk solvent parame-
ters, which may not fully capture the interfacial behavior at
metal-solution interfaces. These limitations underscore the
need for future investigations that integrate molecular-scale
thermal transport and microfluidic dynamics at solid-liquid
interfaces, where plasmonic devices will also play a crucial role
in controlling and probing molecular dynamics. Recent studies

we
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indicate that optical pressure or electric fields can induce
a specific structure in trapped molecules by promoting inter-
actions between them.**** Importantly, with the presence of
ions, the enhanced intermolecular forces and the plasmon-
induced electric field cooperatively drive the system into
a new steady state of adsorption and desorption that differs
from that under the conventional thermal equilibrium. This
cooperative effect enables the selective condensation and
separation of target molecules in solution that could not be
achieved by either chemical or optical means. While our present
analysis referenced the Temkin isotherm for estimating initial
coverage, the observed nonequilibrium steady states under
illumination highlight the need for future theoretical frame-
works that incorporate optical forces, dissipative dynamics, and
thermophoretic transport beyond conventional equilibrium
adsorption models. Consequently, our findings contribute not
only to provide a deeper understanding of light-induced
chemical interactions but also to open new avenues for molec-
ular manipulation, interfacial control, and plasmonic
nanoscience.

Methods

Sample solution preparation

4,4'-Bipyridine was chosen as the trapping target molecule,
which was known to be physically adsorbed on the Au surface as
a single monolayer in solution.*** All chemicals were
purchased from FUJIFILM Wako Pure Chemical Corp., Japan.
The powder of 1 mM 44bpy (97.0%) was dissolved in various
solvents, ultrapure H,O (>18.2 MQ grade; Milli-Q Advantage,
Merck KGaA), N,N'-dimethylformamide (99.5%), acetonitrile
(99.5%), isopropanol (99.7%), or n-hexane (96.0%). All solvents
were used without any purification. The solutions were stored in
a temperature- and humidity-controlled darkroom, where the
Raman measurements were also performed. Before each
measurement, approximately 5 mL of solution was immediately
transferred into the cell, and each spectrum was acquired
within a few minutes.

Fabrication of the plasmon-active Au substrate

The plasmon-active Au nanoprisms were prepared by the
template method as in our previous reports.>***** A 400 pL
solution of polystyrene bead (Polyscience, Inc., 200 nm diam-
eter) was centrifuged to remove the supernatant. Then, 100 uL
of Milli-Q water and 150 pL ethanol were added. After preparing
polystyrene bead solutions, the self-assembled monolayer of
polystyrene beads was prepared on the surface of ITO glass.
Then 30 nm of Au was deposited onto the polystyrene bead
monolayer by electron beam deposition for each +10° tilt with
a crystal rate thickness monitor (ULVAC, Inc.). After the depo-
sition, all the polystyrene beads were removed by sonication in
tetrahydrofuran (FUJIFILM Wako Pure Chemical Corporation)
and Milli-Q water. Overall, the fabricated Au structure features
an array of nanoprism dimers with triangular shapes approxi-
mately 60 nm in size.
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Optical setup for Raman measurement

The polarized Raman measurement is conducted under exci-
tation with 785 nm continuous laser. The detailed setup is
provided in our previous report.'*® The laser power at the
sample position was set to 1.0-2.0 mW through a water
immersion objective lens (x100, N. A. = 1.00, W. D. = 1.5 mm,
OLYMPUS). Since the laser spot size at the ITO glass/liquid
interface reaches up to 3 um, the incident laser intensities
(Ix) were estimated as 140/280 uW pm™>. All spectra were
acquired with an acquisition time of 1 s and a number of
acquisitions of 1-120 during continuous laser exposure. The
substrate was at the bottom of the solution in a glass container.
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