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This file includes: 

1. Calculation procedure for obtaining the enhancement factor of the Raman signal from PATP on metal 

nanoparticle assemblies. 

2. Characterization of gold nanoparticle assemblies. 

3. Raman signals from PATP on the gold nanoparticle assemblies. 
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1. Calculation procedure for obtaining the enhancement factor of the Raman signal from PATP on 

metal nanoparticle assemblies. 

To quantitatively evaluate the enhancement effect of SERS signals, the enhancement factor (EF) values were 

estimated based on the following equation, as previously reported:
S1-S3

 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆 𝑁𝑠𝑢𝑟𝑓⁄

𝐼𝑏𝑢𝑙𝑘 𝑁𝑏𝑢𝑙𝑘⁄
   , (1) 

where ISERS is the intensity of a vibrational mode on the SERS spectrum of PATP and Ibulk is the intensity of 

the same vibrational mode for the normal Raman spectrum of the 10 M PATP methanol solution.  In this 

study, the peak appearing at ~1070 cm
-1

 (a1 mode) was selected in order to calculate the EF values because the 

a1 vibrational mode is largely associated with the EM mechanism (SPR effect).  In equation 1, Nsurf and Nbulk 

are the number of PATP molecules effectively excited by laser irradiation of the nanoparticle assemblies and 

solutions, respectively.  Nsurf can be calculated as follows: 

𝑁𝑠𝑢𝑟𝑓 =
𝑅𝐴

𝜎
  , (2) 

where R is the roughness factor of the nanoparticle assemblies, A is the area of the focal spot of the laser, and 

σ is the surface area occupied by immobilized PATP molecules.  PATP molecules occupy ~0.20 nm
2
 at full 

coverage on gold and silver assuming that the PATP molecules have been immobilized perpendicular to the 

metal surface via metal-sulfur atom bonding.  In this case, σ can be assumed to be ~0.20 nm
2
/molecule.

S3,S4
  

In this study, metal nanoparticles formed almost 2-D assemblies and therefore the roughness factor (R) can be 

calculated as follows: 

 =
  𝐴𝑠   𝑟 

𝐴 𝑟 
 , (3) 

where Г, Asphere, and Apro denote the surface coverage of the nanoparticle, surface areas of the nanoparticles, 

and projected surface areas of the nanoparticles on the glass surface, respectively.  Thus, Nsurf can be 

expressed as follows: 

𝑁𝑠𝑢𝑟𝑓 =
𝑅 𝐴 𝐴𝑠   𝑟 

𝜎 𝐴 𝑟 
 , (4) 

Next, Nbulk is calculated using the following equation:
S1,S2
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𝑁 𝑢  =    𝑁𝐴 , (5) 

where h is the height of the volume of PATP solution contributing to the Raman signal, c is the concentration 

of the PATP solution (10 M), and NA is the Avogadro’s number.   

  We determined h for the measurement configuration by transferring a silicon (100) wafer across the focal 

plane of the objective lens (×100) and recording the intensity of the Raman signal from the silicon at 520 cm
-1

.  

We then obtained the values for h = 6 μm (532 nm) and 17 μm (785 nm) by integrating the intensity of the 

Raman signal over distance and dividing the calculated value by the largest observed Raman signal.  Based 

on the above results, we determined the EF values for the system under laser excitation wavelengths of 532 

and 785 nm. 

 

2. Characterization of gold nanoparticle assemblies. 

Synthesis of the colloidal aqueous solution of gold nanoparticles was performed using a modified version of 

the previously reported method.
S5

  The diameter of the resultant AuNPs estimated from transmission electron 

microscope (TEM) images (Figure S1(A)) was 61 ± 6 nm.  The SEM image of gold nanoparticle assemblies 

prepared from the gold colloidal aqueous solution by the organic solvent-mediated liquid-liquid interface 

assembly technique is shown in Figure S1(B).  It was confirmed that the gold nanoparticles formed what 

appeared to be dense almost 2-D assemblies (coverage: ca. 76%). 

 

 

 

 

 

 

 

Figure S1(A) TEM image of synthesized gold nanoparticles and (B) SEM image of gold nanoparticle 

assemblies. 
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  The transmission extinction spectrum of the gold nanoparticle assemblies is shown in Figure S2.  The 

extinction spectrum of the assemblies contains two broad extinction bands at ~550 and 700-1100 nm.  The 

former band can be assigned to the plasmon mode of the isolated gold nanoparticle, and the latter band can be 

assigned to the longitudinal plasmon mode of coupling nanoparticles.
S6,S7

  Therefore, for the SERS 

measurements, the laser line at 785 nm is seen to overlap significantly with the broad peak of the longitudinal 

plasmon mode as well as with the peak from the AgNP assemblies. 

 

 

 

 

 

 

 

 

 

 

Figure S2 Extinction spectrum of the gold nanoparticle assemblies. 

 

3. Raman signals from PATP on the gold nanoparticle assemblies. 

  PATP molecules were immobilized on the gold nanoparticle assemblies as a result of the strong bonding 

taking place between the thiol group of the PATP and the metal surface.  As shown in Figure S3, for laser 

excitation at 785 nm, the spectral pattern obtained was characteristic of PATP, as it appears in AgNP 

assemblies. 
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Figure S3 SERS spectrum from PATP immobilized on the gold nanoparticle assemblies measured at 785 nm. 
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