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ABSTRACT 

For the motion control of individual molecules at room temperature, optical tweezers 

could be one of the best approaches to realize desirable selectivity with high resolution in time 

and space. Because of physical limitations due to the thermal fluctuation, optical manipulation 

of small molecules at room temperature is still a challenging subject. The difficulty of the 

manipulation also emerged from the variation of molecular polarizability depending on the 

choice of molecules as well as the molecular orientation to the optical field. In this article, we 

have demonstrated plasmonic optical trapping of small size molecules with less than 1 nm at 
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the gap of a single metal nanodimer immersed in an electrolyte solution. In situ electrochemical 

surface-enhanced Raman scattering measurements prove that a plasmonic structure under 

electrochemical potential control realizes not only the selective molecular condensation but 

also the formation of unique mixed molecular phases which is distinct from those under a 

thermodynamic equilibrium. Through detailed analyses of optical trapping behavior, we 

established the methodology of plasmonic optical trapping to create the novel adsorption 

isotherm under applying an optical force at electrified interfaces.  

 

 

INTRODUCTION 

The enhancement of the light-molecular interaction could open various possibilities of 

the novel applications at photoscience for energy conversion, ultra-sensitive detection, and 

material manipulation. The excitation of localized surface plasmon resonance (LSPR) at the 

metal nanostructures, leading to the formation of the localized strong electric field, can improve 

the light-molecular responses. LSPR is the collective oscillation of the free electrons in the 

metal nanostructures triggered by the visible light illumination. Thus, optical properties of 

metal nanostructures are precisely tuned by the control of their sizes, shapes, or metal species.1,2 

For example, the bowtie structure with the gap distance of less than 5 nm generates the 

relatively strong optical field (hot spot) at the gap.3–5 Within such plasmonic field, various 

unique photo response phenomena, e.g. the formation of the new hybridized state, the 

enhancement of Raman scattering, or efficient photochemical reactions, can be induced.6–10 

Our previous works have revealed that the selection rule of the electronic excitation  is modified 

by the strong localization of the light field, leading to the formation of the novel excited states 

which are not produced by the normal light illumination.11–15 In addition, very recently, we 

have found that the unique molecular selective condensation was observed at the hot spots 
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under the condition of the resonant electronic excitation at electrified interface.16 This 

molecular condensation would be resulted from the improvement of the light-molecular 

interaction under the resonant condition.  

It is well known that the focused light could manipulate small materials. This technique 

is recognized as the laser trapping which has the potential for the ultimate manipulation of 

chemicals.2,17–22 The optical force (Fopt) under the laser light illumination can be described as 

follows.17,23,24 

< 𝑭𝑭𝒐𝒐𝒐𝒐𝒐𝒐 > =  𝐼𝐼0n
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}   (eq. 1) 

where n, ε0, c, I0, Eloc, and E0 are the refractive index of the surrounding media, permittivity, 

the velocity of the light, incident light intensity, the intensity of the localized electric field, and 

the intensity of the electric field for the far field, respectively. The  𝛼𝛼′and 𝛼𝛼′′ are the real and 

imaginary polarizabilities of the targets. The former and latter parts of the right side of the eq. 

1 indicate the gradient and dispersion forces, respectively. The strong gradient force results in 

the efficient light-induced trapping. Generally, the efficient trapping by the focused laser is 

limited to the micrometer scale-materials. This is because that the relatively small polarizability 

of the small size materials and the diffraction limit of the light prevent the Fopt to overcome the 

Brownian motion (~kBT).25–27 However, because the metal nanostructures can enhance the Eloc 

up to 1000 times under the plasmon excitation, the strong light (~10 mW cm–2) illuminations 

onto the material at the hot spot can achieve the relatively strong Fopt (~ 0.1 pN (= optical 

potential of 1 kBT ( 4.1 × 10−21 J at 298 K)).24 In fact, recent efforts demonstrate the trapping 

of relatively small materials, such as metal particles,28,29 polystyrene beads,26,30,31 protein,32,33 

dye molecules,34,35 or quantum dots36,37, at the plasmonic field. It is emphasized here that the 

target materials should still have the larger size or polarizability than 50 nm and ~2.0 × 10−38 

C2 m J−1, respectively. 29 However, the several small size molecules, e.g. Rhodamin-6G, Crystal 
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Violet, or other fluorescent molecules, have been applied to the molecular trapping because 

they show the improved 𝛼𝛼′under the resonant condition, leading to ten times larger than that 

under the non-resonant condition.24,38 Because of these facts, it can be said that the plasmon 

induced optical manipulation of small size molecules is still a big challenge.  

 As the evaluation tool for the plasmon-induced optical trapping, surface enhanced 

Raman scattering (SERS) can be applicated to observe molecular condensations due to its high 

resolution.39–42 In this article, we report the results about the observations of the suppression of 

the molecular diffusion and formation of the unique condensed phase within the plasmonic 

field immersed in the bi-analyte aqueous solution of 4,4'-bipyridine (44bpy) and 2,2'-bipyridine 

(22bpy). In our previous study, we have observed the evolution of resonant state of 44bpy 

depending on the molecule orientation, which is expected for the increment in the optical 

force.16,43 To evaluate the molecular manipulations induced by the optical force at the 

plasmonic field, SERS measurements have been conducted under the electrochemical potential 

control. Electrochemical method makes it possible to control not only the orientation of 

molecules adsorbed onto the metal surface but also the resonance state of molecules as we 

reported before.16 Thus, in-situ electrochemical SERS observations directly allow us to 

distinguish the adsorbing species, amount, configuration, and interaction among molecules.42,44 

The results strongly support the occurrence of the molecular selective manipulation leading to 

the formation of the novel condensed state which cannot be obtained under the normal 

condition. As the important point for the current achievements, we have proved that the unique 

interaction between adsorbing molecules under the optical manipulation can help to realize the 

behaviors of the small size molecule condensation  

  

EXPERIMENTAL SECTION 

Preparation of plasmonic structures 
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For in-situ electrochemical SERS measurements of plasmon induced optical 

manipulation, a plasmonic structures were prepared on the conductive by electron beam 

drawing at the Open Facility, Global Facility Center, Creative Research Institution, Hokkaido 

University.45 After spin-coating a resist solution (ZEP520A: ZEPA = 2: 1) on the cleaned 

indium tin oxide (ITO) glass surface, it was heated at 140 °C for 3 min. The electron beam 

lithography has been performed with electron source scanning electron microscopy (ELS-

F125: Elionix) with the applied voltage of 125 kV and the current of 50 pA under less than 

10−4 Pa. The design for electron beam irradiation was same as that in our previous paper but 

triangles are made with three types: 100 nm×120 nm for Fig 2 and Fig.3, 100 nm×150 nm for 

Fig. 4, and 100 nm×200 nm for Fig. 5 in here.16 After electron beam irradiations, substrates 

were immersed in ZED-N50 for 60 sec and rinsed in ZMD-B for 10 sec. Using a sputtering 

machine (PMS-4000C1/HC1: ULVAC), 30 nm Au layer were deposited on an ITO surface and 

the resist layer after the deposition of 3 nm Ti layer as the adhesive layer.  Then, the resist layer 

was removed in ZDMAC solution for 3 min and sonicating for 10 sec, afterwards, substrates 

was cleaned in acetone and methanol each for 10 sec. The prepared Au structures were 

examined by scanning electron microscopy (ELS-F125: Elionix). 

 

Electrochemical SERS measurements 

For evaluating molecular dynamics, electrochemical SERS measurements have been 

conducted using a home-made three electrodes electrochemical Raman cell as shown in Fig. 

1a, the three electrode electrochemical cell was composed of Au bowtie / Ti / ITO substrate, 

Pt wire, and Ag / AgCl electrodes as the working electrode and counter electrode, and a 

reference electrode, respectively.46 Electrochemical potential of the Au-bowtie structures were 

controlled by a potentiostat (HZ-5000: Hokuto Denko). The electrolyte solution was 0.1 M 

NaClO4 aq. containing 4,4'-bipyridine (44bpy) and / or 2,2'-bipyridine (22bpy). The 
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concentrations of 44bpy and 22bpy were set to 1 µM or 1 mM. Raman spectra were collected 

by the 785 nm laser polarized parallel to the long axis of the bowtie structures. The significantly 

enhanced electric field strength at the gap is given only when a liner polarized light illuminates 

with parallel direction of long axis.4,16,34 In addition, since there is such single structure in the 

laser west of incident light, it is thought that all SERS signal is originated from one hot spot in 

gap. All experiments were conducted under the ambient condition. 

 

 

RESULTS AND DISCUSSION 

The electrochemical SERS measurements have been performed using a three-electrode 

cell and the confocal Raman microscope system with the incident laser of λex = 785 nm as 

illustrated in Fig. 1a and S1a. The plat form of the SERS substrate was the Au-bowtie which 

has the LSPR energy at around 785 nm depending on the polarized direction of the incident 

light. The calculated absorption/scattering spectra were provided in Fig. S1c. At the present 

study, we have used the structural isomers of bipyridine molecules (44bpy and 22bpy) which 

are shown in Fig. 1b. Theoretically estimated values of the polarizability depending on the 

molecular orientations are also shown. These estimated values are comparable to those in 

previous report.47 Typical SERS spectra of 44bpy and 22bpy obtained from the single hot spot 

at the gap of bowtie structure (Fig. S1b) kept with a constant potential of −0.8 V are shown in 

the upper part of Fig. 1c and d, respectively. In the present electrochemical potential range, 

both bpy molecules are electrochemically stable without any redox reactions.  The Raman band 

at 1597 cm−1 in Fig. 1c was assigned to the ring stretching mode of 44bpy. Appearance of this 

band at −0.8 V has been proved due to the effect of resonant excitation between electrode 

surface and adsorbed molecules, i.e., under the charge transfer condition.43,48–50 Other bands at 

1478 and 1550 cm−1 in Fig. 1d are corresponding to the ring stretching and in-plain bending 
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modes of 22bpy, respectively.16,43,49 The orientation of molecular absorption is different for 

each other. Previous investigations using the infrared absorption, scanning tunneling 

microscope, or SERS have revealed that 44bpy molecules adsorb vertically to the plane of the 

benzene ring with the tilted orientation via the single nitrogen atom to the negatively polarized 

Au surface while 22bpy molecules are also adsorbed with the edge-on orientation via two 

nitrogen atoms of respective two benzene rings in the cis orientation at this potential region 

under both light illumination and dark conditions. 49–52 Our previous study about 

electrochemical SERS measurements for 22bpy and 44bpy molecules also confirmed each 

orientation under the full coverage condition.16  

We have obtained time-series SERS spectra of each bpy molecule (not bi-analyte 

condition) as in the bottom of Fig. 1c and d. The concentrations of each molecule were 1 µM, 

corresponding to the condition for the unsaturated coverage of molecules at the metal 

surface.48,53,54 The red and blue plots in bottom columns of Fig. 1c and d indicate the relative 

scattering intensities ratios at 1597 (44bpy: red) and 1478 (22bpy: blue) cm−1 estimated by 

dividing the given intensity at a specific time (It) by the initial intensity at 1 sec (I1s) as the 

function of the laser illumination time (bottom column of the Fig. 1c and d). The original 

spectra are given in Fig. S2 and S3. As can be found in the original SERS spectra and plots, 

Raman spectra for both molecules showed the fluctuation behavior during laser illumination 

time of 60 sec. Because the SERS intensity directly reflects the number of molecules at the hot 

spot, the present intensity fluctuations would indicate the molecular hopping in/out at SERS 

hot spot due to the thermal equilibrium condition. It could be mentioned that under the present 

laser condition (λex = 785 nm, incident intensity below 140 µW µm−2), the plasmonic structure 

is relatively stable. We have revealed that the elevation of temperature by electron damping is 

less than 10 K under the present light intensity condition.55 Therefore, it can be defined as that 

the present fluctuation of scattering intensity reflects the molecular hopping. In both molecular 
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cases, although the number of the molecules seems to be increased during observations, the 

plasmonic molecular trapping is not apparent because of the almost same intensity rations at 

the initial and final points. Finite-Difference Time-Domain (FDTD) calculations give an 

optical force value of 4.29 fN per single 44bpy molecule with edge-on orientation (αzz) and 

optical potential of −0.07 kBT at a 1 nm gap of Au bowtie structure under the present 

experimental condition (λex = 785 nm with 140 µW µm−2. The optical forces to 22bpy with the 

cis edge-on orientation (αzz) can be calculated as 4.72 fN with edge-on orientation (details are 

given in Supporting Information). These values are relatively small compared to the threshold 

(0.1 pN) of the molecular trapping at room temprature.24 Therefore, the present tendency in 

Fig. 1c and 1d would be reasonable. It should be noted that these estimations were based on 

the polarizability obtained from a simple isolated molecule model. In other words, we did not 

consider about the effect of the adsorption onto the metal surface as well as the interaction 

between molecules and metals to induce the charge transfer effect based on the resonant 

electronic excitation, leading to the increase of the polarizability. At the present dilute condition, 

the molecules have the less chance for the interaction because of the low coverage.48 In addition, 

the previous effort revealed that the difference of theoretically estimated polarizabilities for 

both isolated and adsorbed molecules were less than 10%.56 Therefore, our present estimation 

seems to be reasonable. 

As the next step, time series SERS spectra have been obtained by using the different 

light intensity in the bi-analyte solution of 1 μM 44bpy and 1 µM 22bpy in 0.1 M NaClO4 aq. 

under the constant potential at −0.8 V. Raman spectra were collected with the CCD detection 

time of 1 sec during 60 sec illumination corresponding to from bottom spectra to top ones in 

Fig. 2. In the bottom columns of figure, the time series changes in the Raman intensity at 1597 

cm−1 (44bpy) and 1478 (22bpy) cm−1 are plotted as the function of the laser illumination time. 

For the discussion about the incident light intensity dependence, intensity plots have been 
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standardized by dividing scattering intensity with incident intensity based on the assumption 

that Stokes Raman intensities linearly increase with increasing the incident intensity.57,58, In 

the bi-analyte solution, the 22bpy is preferably adsorbed to the Au surface but, considering the 

present low concentration, the Au surface is not fully covered with 22bpy and slight amounts 

of 44bpy also exist at the surface.16,48,51,53,59 It is important that the orientations for 22bpy and 

44bpy were same as for the single component cases (Fig. 1). Interestingly, not only the increase 

of number of molecules with the time for the illumination, but also the selective increase of 

22bpy were clearly observed under the relatively stronger light illumination. It is noted that 

such SERS intensity increments were not observed under the lower intensity than 35 μW μm−2. 

Such molecular selective condensation could not be explained by simple thermal diffusion 

because these two isomers show almost same thermophoresis behavior, especially under the 

present concentration condition.60,61 Even if thermophoresis effect contributed to trapping 

phenomena, the thermal force would be expected as relatively small since Solet coefficient 

depends on mainly molecular size.62,63 Therefore, this SERS intensity increase would imply 

the changes in the number of molecules at the observation site induced by the light illumination. 

Note that observed molecule selectivity depending on the light intensity is characteristics to 

the case of the bi-analyte system. Considering this fact and the light intensity dependence, it 

can be expected that observed results would be correlated with the effect of the plasmonic field 

because the Fopt is linearly increasing depending on the incident light intensity (eq. 1).  

 With the aim of quantitative analyses of the molecular number changes, the histogram 

of the SERS intensities at the specific Raman band under different light intensity were shown 

as in Fig. 3. The x-axis in Fig. 3 represents the Raman intensity of the specific Raman band 

and the y-axis indicates that how many times the specific intensity were observed. In Fig. 3a 

and b, the Raman band intensities at 1478 cm−1 (22bpy: top) are dispersed at around 20 and 30 

cps with the intensity of 35 and 70 µW µm−2, respectively. On the other hand, in the case for 
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the relatively strong intensity with 140 µW µm−2 (Fig. 3c), the two dispersion centers were 

observed at around 10 and 45 cps corresponding to the initial and latter parts of observations 

(Fig. 2c). The number of molecule can be estimated from the Raman intensity (𝐼𝐼 𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) as 

described in the following equation:64,65  

𝐼𝐼 𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  =  C × M × ( 𝜔𝜔0 −  𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)4𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝐼𝐼𝑖𝑖𝑖𝑖�𝜌𝜌𝛼𝛼𝜌𝜌𝜌𝜌𝜎𝜎�
2
 (eq. 2) 

where C is the constant defined by the cell condition, optical set up, and some physical 

constants while the M is the magnitude of plasmon enhanced electric field intensity determined 

by substrate.66 The term of 𝛼𝛼𝜌𝜌𝜌𝜌  is the scattering tensor which is the static at the present  

electrochemical potential.67 All spectra were obtained with the same CCD detection time (𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑) 

of 1 sec under continuous exposure for 30 to120 sec. Since the incident intensity (𝐼𝐼𝑖𝑖𝑖𝑖) has been 

kept constant during laser illumination, the 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 can be given as the number of molecules at 

the hot spot. From the above calculations and the Lorentz fitting shown as the black lines, it 

was found that about 5 counts for each peak were equivalent to the signal from the single 

molecule. Thus, it allows us to evaluate that the number of 22bpy molecules verified from 4 to 

9 as intensity changes from 35 to 140 µW µm−2. At the same time, the slight increment of the 

number of 44bpy molecules at observation sites can be recognized from the same estimation 

(bottom panels). At the present experiments, we have observed the small size region with 

around 100 nm2, which was estimated from the FDTD calculations, Previously documented 

results showed the respective surface coverage of 22bpy and 44bpy was less than 10% in 1 µM 

solution at room temperature under the dark condition.48,53 Thus, considering the concentration, 

size of molecules, and the Langmuir adsorption isotherm, the number of molecules at 100 nm2 

region could be estimated as around 1 molecule, promised by the estimated number of 

increased molecules in experimental results. It is noteworthy that the standard deviations of the 

background intensity for each molecule normalized by the incident intensity have been taken 

into consideration at the present case (see in Table S1). From these quantitative estimations of 
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number of molecules at the hot spot, the occurrence of selective 22bpy condensations in the bi-

analyte solution under the electrochemical potential control was successfully implied.  

The spectral analyses of the molecule condensation during the long-time light exposure 

were conducted through two-dimensional time series SERS spectra under the illumination with 

distinct light intensities as in Fig. 4a, b, and c. As discussed above, the gradual increase of the 

scattering intensity, indicating the increment of the changes in the number of molecules at the 

hot spot, were confirmed in both bpy cases especially under the stronger light intensity 

condition. The increase of scattering intensity at 1478cm−1 is corresponding to the selectively 

condensation of 22bpy. In Fig. 4d, typical SERS spectra collected at 100 s with different laser 

intensity were depicted. In the case for 22bpy molecules, the spectrum shape was independent 

on the laser intensity while the Raman band for 44bpy at 1600 cm−1 became broaden with 

increasing light intensity. This broadening peak can be deconvoluted into two peaks, 

corresponding to 1608 cm−1 (brown area) and 1597 cm−1 (red area) assigned to ring stretching 

(C-C, C-N) modes.68 The former and latter bands indicate the vertical and declined orientations 

of 44bpy against the negatively charged surface.43,52,69  

Especially, the non-totally symmetric mode at 1597 cm−1 is the characteristics to the 

occurrence of the resonant charge transfer (CT) between the Fermi level of Au and 

molecules.43,70–72 From Fig. 4d, it was found that the light illumination with the relatively strong 

intensity leads to the effective CT condition. According to the previous report, the 𝛼𝛼′ of the 

molecule under the resonant condition is almost ten times larger than that with the non-resonant 

state, resulting in ten times higher efficiency of molecular trapping.24 Taking above facts into 

considerations, it can be summarized that, when the distinct condensation of 22bpy occurs, the 

Fopt to 44bpy is enhanced up to ten times because of the CT state. In other words, 22bpy 

molecules which preferably absorbed to the negatively charged surface were condensed with 

the help by 44bpy molecules feeling much stronger Fopt. These facts would imply that the actual 
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Fopt applied to respective 22bpy and 44bpy molecules in the mixed solution could be higher 

than those estimated from the values of polarizability of isolated molecules (given above). 

Considering the characteristics to the bi-analyte condition and the spectrum analyses, the 

presence of the isomer molecules ant interaction between them must be the conceivable factors 

to modify the Fopt.  

When the molecules interact each other, the domain like structure often forms. In the 

case for the bipyridine molecules, the relatively strong π-π stacking results in the formation of 

the molecular layer.73,74 The well-defined molecular orientation kept by the electrochemical 

potential can accelerate such formation at interface.51 It is known that the domain structures 

lead to the improvement of the 𝛼𝛼′  compared to that of single molecule, leading to the 

relatively large trapping potential. 19,24,75,76 In our previous study, we have observed that the 

formation of the unique domain structures in the present bi-analyte solution could modulate 

the surface diffusion process especially under the CT state.46 The similar domain like structure 

formation can be expected to occur during the condensation. Note that, because of the present 

dilute condition, the molecular interaction would be less at the initial stage of the light 

illumination. Thus, based on these facts, it can be assumed that such domain structure formation 

after the selective molecular condensation was assisted by the molecular interaction. In order 

to prove this assumption, we have done the repetitive long-time exposure experiment with dark 

interval. Because the surface diffusion of the domain structure is much suppressed under the 

thermal equilibrium condition, the repetitive light illumination with the dark interval enables 

us to vitalize the effect of the domain structures on the molecular condensation.  

The upper parts of Fig. 5a show the two-dimensional SERS intensity collected by the 

four times continuous laser illumination for 60 seconds with the dark interval of 60 sec, which 

images is colored with respective intensity at each illumination. The electrochemical potential 

was kept at −0.8 V, enabling the resonant charge transfer. The black parts of figure are 
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corresponding to the dark condition. The bottom parts of Fig. 5a indicate the scattering 

intensities at 1478 (blue bars) and 1597 (red bars) cm−1. The band intensities at 1608 cm−1 

(brown bars) are also indicated at the opposite sides to them for the comparison of changing 

the adsorbed molecules under illumination. In the left column of Fig. 5a, corresponding to the 

first time illumination, 22bpy molecules seem to be selectively trapped, which is good 

agreement with above results. In the dark condition, the condensed 22bpy molecules formed 

by the light illuminations would be partially dispersed from hot spot and 44bpy molecules get 

the space. Thus, early parts in the second illumination, both 22bpy and 44bpy are few on the 

SERS hot spot as can be found in 2D image and intensity. On the other hands, in the latter parts 

of the second panel, the intensities for both molecules become gradually stronger than those in 

the first time illuminations, originating from the increments of the molecular interactions at the 

hot spot under the CT condition. At around 45 to 55 sec, the number of 22bpy at the hot spots 

rapidly increased, then both molecules are simultaneously condensed after that. This 

phenomenon would imply the formation of the relatively large domain structure consisting of 

22bpy and 44bpy by the interaction between them after the condensation of 22bpy, leading to 

the efficient trapping. As the proof for the formation of the domain structure, the SERS 

intensities for both 22bpy and 44bpy are maintained at the biggening of the third time laser 

illumination even after dark interval. In the third and fourth illuminations, it was clearly 

vitalized that the repeated light and dark process gave father condensation. Especially for the 

44bpy molecule, although the 44bpy is fluctuating, the intrinsic vibration of the 44bpy 

molecule (1597 cm−1) excited under the CT resonance mainly appears in the condensed phase 

at fourth illumination comparing to before, leading to the suppression of the surface diffusion 

because of the large dipole and large polarizability as can be seen in the intensities plots. 

Incidentally, the fourth time illumination, although the number of molecules were dispersed, 

around 40 or 90 molecules were condensed at the hot spot in both cases of 22bpy and 44bpy 
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(see in Fig. S4). Therefore, from the investigations of Fig. 5a, it can be said that the molecular 

behavior in the bi-analyte solution is regulated by not only the effect of Fopt to each molecule 

but also the interaction between the molecules in the domain structures, resulting in the stable 

adsorption, and / or the polarizability changes under the CT resonance. This means that the 

unique molecular condensation was achieved by the synergistic influence of Fopt and attractive 

force between molecules at the electrified interface.  

As the further analyses for the molecular behavior at the hot spot, the synchronous 

intensity correlations of the vibration modes were prepared as shown in Fig. 5b. This kind of 

synchronous correlation plot enables to visualize the molecular switching at the observation 

site because the red and blue areas correlated to intersection of vibration modes means positive 

and negative fluctuations, respectively.49,77,78  Asynchronous analyses were also provided in 

Fig. S5. At the initial region, any cross-peaks at one of 44bpy and 22bpy vibrations did not 

appear and correlate there but the cross-peak at 1550 cm–1 of against 1478 cm−1 of 22bpy give 

sharp red spots. This implies that almost all 22bpy molecules are kept with a certain orientation 

during first illumination because all vibration mode intensities are increased / decreased at the 

same time. When the correlation between the charge transfer mode of 44bpy at 1597 cm−1 vs 

vibrational modes of 22bpy at 1478 cm–1 show relatively positive in the third column, this can 

be said as that both 44bpy with the declined orientation and cis oriented 22bpy were gradually 

condensed as in the same way. When we focus on the vibration mode of 44bpy at around 1600 

cm−1, in the fourth column of Fig. 5b, the red spot is widely split to 1597 cm–1 and 1608cm−1 

because of the fluctuating the molecules. Hence, the correlation between around 1600 cm–1 and 

1478 cm−1, corresponding to 44bpy and 22bpy, shows negative behavior (blue spot). This is 

derived from the fact that each molecule alternately comes in and out the hot spot. It is 

important that, when the concentration of molecules is much higher (~ 1mM), such molecular 

hopping behavior is difficult to observed because the surface is fully covered by the 
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molecules.16 These correlation plots strongly insist that the number of molecules at the surface 

reached almost saturated conditions even under the lower concentration of 1 µM. Although the 

optical potential could only retard the Brownian motion of the molecule during the illumination 

condition, it was clear that the molecular condensation states at the electrified Au surface would 

keep the effect of the laser illumination even after turning off the light due to the strong 

molecular interaction because of the formation of the domain structure. These phenomena 

would provide a new concentration equilibrium state or dissipative structure via light-matter 

interaction.  

Consequently, we have proposed that it is possible to achieve the small size molecular 

trapping under the ambient condition especially under the bi-analyte and electrochemical 

conditions. The number of molecules achieved up to 90 times larger than that for the single 

component case as can be found from Fig. S4. For that, the interaction between the molecules 

is quite important. Considering the fact that the binding energy of π-π stacking in pyridine 

dimer reached the 32 and 16 kJ mol−1 for antiparallel and parallel configuration, 

respectively,73,74 the control of the molecular orientation by the electrochemical potential 

control should be the key factor for the realization of the small size molecular trapping. As the 

proof of this point, we have achieved the clear molecular trapping behavior in the single 

component solution under the much higher concentration condition (1 mM) as shown in Fig. 

S6. This is because that, under such higher concentration condition, the metal surface is fully 

covered with the molecular, leading to the strong interaction with each other.16,51  

The charge transfer process induced by the electrochemical potential scan between the 

metal and molecules also plays an important role within the domain structure to enhance the 

optical force. The 44bpy showing charge transfer resonant state can trigger the neighboring 

isomers to order more effectively by molecular interaction beyond the thermal isotherm under 

the specific electrochemical potential. By the accurate control of these factors, this plasmon 
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advanced molecular selective condensation can overcome the isothermal limitation and reveal 

the unrecognized molecular interactions.  

 

CONCLUSIONS 

Unique molecular condensation phenomena have been successfully observed in the bi-

analyte solution under electrochemical potential control. As the effect of the optical force at 

the plasmonic field, the gradual increments of the molecules have been observed. It was found 

that the charge transfer resonance triggered by the electrochemical potential scan played 

important role for the molecular condensation. It has been also firstly revealed that the 

molecular interaction between the neighboring molecules affects to the additional contribution 

of the molecular selective condensation. Plasmon triggered molecular condensation is 

obviously overcome adsorption equilibrium defined by thermal isotherm. In other words, the 

plasmon-assisted molecular condensation under the ambient condition is established by present 

way. Moreover, curious behaviors are observed for binary mixture system as unique 

condensation phase, where much effectively break the physical limitation for molecular 

manipulation. We are sure that the above results provide the important information about the 

plasmonic optical trapping and, further, improve the possibility of the molecular manipulation 

technology for the application to the desirable chemical reaction control.  
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Figure 1 | (a) Schematic illustration of electrochemical SERS measurement system. The 

working, counter, and reference electrodes were Au bowtie / Ti / ITO, Pt plate, and Ag / AgCl, 

respectively. The electrolyte was 0.1 M NaClO4.  (b) Target molecules of 4,4’-bipyridine and 

2,2’-bipyridine are shown with the values of static polarizability estimated from the density 

function theory by gaussian16, B3LYP, 6-31g(d,p)). Typical SERS spectra from (c) 1 µM 

44bpy in 0.1 M NaClO4 aq. and (d) 1 µM 22bpy in 0.1 M NaClO4 aq. obtained at –0.8 V in 

upper panels. The laser intensity was set to 140 μW μm−2.  Raman scattering intensity change 

in time were plotted using the intrinsic vibration modes (c) for 44bpy: 1597 cm–1 (a red line) 

and (d) for 22bpy: 1478 cm–1 (a blue line) in lower panels.  
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Figure 2 | Time series spectra of 1 µM 44bpy and 1 µM 22bpy in 0.1 M NaClO4 aq. obtained 

in each laser illumination time of 1 s during 60sec from bottom to top. The electrode potential 

was set to –0.8 V vs. Ag / AgCl. The incident intensity for each were (a) 35, (b) 70, and (c) 

140 μW μm−2. Bottom inset plots for 44bpy at 1597 cm−1(red line) and 22bpy at 1478 cm–1 

extracted from these spectra with standardization by incident laser intensity.  
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Figure 3 | Intensity histograms are estimated from time series SERS spectra of 1 µM 44bpy 

and 1 µM 22bpy in 0.1 M NaClO4 aq. at –0.8 V with schematic picture of number of bpys. The 

blue and red bars are corresponding to the normalized peak intensity at 1597 cm–1 (44bpy; 

bottom panels) and 1478 cm–1 (22bpy; top panels), respectively. Panels are arranged in order 

of incident intensity: (a) 35, (b) 70, and (c) 140 μW μm−2, from left to right.  The black lines 

show intensity dispersion plotted with Lorentz fitting. 
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Figure 4 | 2D-image of time series SERS spectra of 1 µM 44bpy and 1 µM 22bpy in 0.1M 

NaClO4 aq. collected at −0.8 V. The incident laser intensities were (a) 35, (b) 70, and (c) 140 

μW μm−2, respectively. (d) Normalized SERS spectra by incident laser intensity collected at 

laser illumination time of 100 sec. Fitting peaks at 1608 cm–1 and 1597 cm–1 are represented as 

brown and red areas. The fitting peaks at 1478 cm–1 and 1550 cm–1 (22bpy) are shown as blue. 

Light blue dots show total fitting area of these peaks. 
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Figure 5 | (a) 2D-image of time series SERS spectra of 1 µM 44bpy and 1 µM 22bpy in 0.1 M 

NaClO4 aq. at –0.8 V.  Second panels show the change in the peak intensity at 1597 cm–1 (red), 

1608 cm–1 (brown), and 1478 cm–1 (blue).  The black areas correspond to the dark condition of 

60 sec. The laser intensity was 140 µW µm−2. Inset pictures are the schematic illustration of 

adsorption configuration of 44bpy and 22bpy. Inset SERS spectrum obtained at 50 sec of fourth 

illumination with fitting results. (b) 2D-syncronous plots with time average spectra in each axis. 

The red and blue spots show the positive and negative correlations, respectively.  
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