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Abstract 

We report here on the efficacy of surface-enhanced Raman spectroscopy (SERS) measurements as a probe of molecular 

orientation. 4-aminobenzoic acid (PABA) on a surface consisting of silver (Ag) nanoparticles (NPs) is investigated. We find that 

the orientation of the PABA molecule on the SERS substrate is estimated based on the relative change in the magnitude of the 

C-H stretching bands on the SERS substrate, and it is found that the molecule assumes a horizontal orientation on the Ag-NPs 

surface. The strong molecule-metal interaction is determined by an abnormal enhanced SERS band appearing at 980 cm-1 and 

the peak is assigned to an out-of-plane amine vibrational mode, which is supported by our ab initio calculations. DFT based 

Raman activity calculations corroborate the SERS results, revealing that: (i) the PABA molecules attach to the surface of Ag-

NPs with its α dimers rather than single-molecule binding, and (ii) the molecule preserves its α dimers in aqueous environment. 

Our results demonstrate that SERS can be used to gain deeper insights into the molecular orientation on metal nanoparticle 

surfaces. 
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Introduction 

Since the discovery of surface enhanced Raman 

scattering (SERS) in the late 1970s, the 

technology has gained great attention from a 

broad spectrum of science, especially in the field 

of surface science, electrochemistry, biomedical 

science, environmental monitoring, and food 

analysis due to its high sensitivity, potential 

rapidity and noninvasive nature.1-6 The 

ultrasensitive approach for trace detection 

enables SERS to be a promising analytical tool 

and in some instances it is the only way to detect 

a single molecule and simultaneously probe its 

chemical structure for studying interfacial 

processes.7-9 The SERS signals from single 

molecules were independently observed on 

nanoparticle aggregations by the groups of Nie 

and Kneipp.8, 10 The Raman enhancement effect is 

mainly attributed to surface plasmon resonance 

(SPR), which forms “hot spots” among adjacent 

metallic nanoparticles (NPs).11-13 A great deal of 

research has been conducted for decades on 

substrate synthesis, leading to Ag-NPs, becoming 

the standard SERS active substrate, with and 

enhancement factor in excess of 106.14-15 In 

addition to Ag NPs, recently, other metallic 

nanomaterials such as Au NPs, Pt-NPs, Cu-NPs, 

and semiconductor nanomaterials (e.g. CdTe, 

ZnS, CuO) have been studied extensively because 

of their chemical and physical properties 

specifically their optical, electrical, and magnetic 

properties.16-22 Among those nanomaterials, Ag-

NPs display excellent performance in optical 

absorption, scattering signatures,23 and the SERS 

signals due to the electromagnetic enhancement, 

that is attributed to local surface plasmon 

resonances (LSPR).24 

  The SERS technique provides information on 

adsorption of metallic nanostructured surfaces,25-

26 molecule-metal interactions,27 and chemical 

reactions28-29 at the molecular level without 

interference from solvents, especially in aqueous 

environment.26 Aniline based compounds have 

many uses32-33 and are extensively employed as 

probe molecules in SERS due to their strong 

adsorption when on metallic nanostructures34-36 

and their high SERS responses.37 The organic 

compound p-aminobenzoic acid (PABA) is one of 

the derivatives of aromatic aniline, which is an 

essential nutrient for several micro-organisms and 

it is an important active ingredient in the 

manufacture of sunscreens, esters, folic acid, and 

various personal care products.38-39 Since the 

detailed SERS investigation of PABA as reported 

by Suh et al.,40 the SERS spectra of PABA 

adsorbed on silver surfaces has been investigated 

by many groups both experimentally and 

theoretically.41-44 In the literature, significant 

efforts have been directed towards the 

understanding of PABA on Ag surfaces. Park et 

al. reported that PABA was adsorbed on the silver 

surfaces via both amine and carboxyl groups.42 

The authors also observed a new broad Raman 

peak appearing at 980 cm-1 which was assigned to 

the NH2 rocking mode. In contrast, Zhao and co-

workers assigned this broad band to the wagging 

vibration of amine group on the metal surface.43 

In addition to this discordance in literature, the 

binding configuration of PABA is still unclear. 

Park42 and co-workers indicated that the molecule 

adsorbed onto Ag surface with both 

carboxyl/nitrile groups in a flat orientation, while 

Bello45 et al. reported that the molecule assumes 

a non-flat orientation. A comprehensive study of 

the adsorption configuration on the metallic 

surface from both an experimental and theoretical 
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perspective is still lacking. In the present study, 

the vibrational peaks of PABA adsorbed on Ag 

surface is investigated where the SERS spectrum 

of the probed molecule was correlated with a 

density functional theory (DFT) simulated 

Raman spectrum.  

   Herein, we investigate the molecular 

orientation of PABA on a Ag-NPs surface via 

SERS measurements and DFT-based calculations. 

Based on the relative change of the magnitude of 

the C-H stretching bands, the molecular 

orientation on the silver nanoparticle surface is 

predicted. Furthermore, a strong molecule-metal 

interaction is discovered through the abnormal 

enhanced SERS band where we assign the peak 

on the basis of vibrational calculations. SERS 

observations of the probed molecule are analyzed 

in detail using Raman activity calculations of 

various adsorption configurations of PABA on 

Ag-NPs surface. Binding energy calculations are 

also performed to verify the SERS results. In 

addition to previous studies which investigate 

molecular orientation in SERS systems by 

combining SERS signal and DFT calculations,46-

47 our findings also show that SERS can be used 

to probe the molecular orientation of adsorbed 

molecules on metallic nanoparticle surfaces.  

Methods 

Chemical and Materials. The following 

reagent, Sodium citrate (Alfa Aesar, 99.0%), 

Trimethylamine (Sigma-Aldrich, ≥99.5%), 

Methanesulfonyl chloride (Sigma-Aldrich, 

≥98%), dimethyl formamide (Alfa Aesar, 99%), 

sodium hydroxide (NIHON SHIYAKU 

REAGENT, 95%) were used. The powder-form 

PABA (99%) was purchased from Alfa Aesar and 

used as received. The ultra-pure deionized water 

was obtained through a Millipore ultrapure water 

system (Milli-Q Gradient A10 System). PABA 

powder was dissolved in pure water and diluted 

to obtain different concentrations.  

 

Surface Enhanced Raman Spectroscopy 

and PXRD measurement. Raman and SERS 

spectra were recorded using a Raman 

spectroscopy system (QE Pro Raman 

spectrometer). 25 µl Ag-NPs/PABA solution were 

drop cast onto an Au chip and left under ambient 

conditions until it completely dried out. Then, the 

chip was placed into a dark box and measured its 

spectrum accordingly. A 785 nm radiation laser 

was used as the excitation source. A fiber optic 

cable equipped with a focusing lens on the tip was 

used for focusing the laser beam on the chip. The 

acquisition time was 5 s. The SERS spectra were 

acquired in the range 20–1950 cm-1. PXRD was 

carried out with a Bruker D8 Advance 

diffractometer. The powders were placed tightly 

on the sample holder with a 2-mm indent. Each 

sample was exposed to Cu-Kα radiation at 10 mA 

and 30 kV. The diffraction angle (2θ) was 

between 5◦ and 40◦ with a step size of 0.04◦ and 

scanning speed of 0.3s. 

Synthesis of Silver Nanoparticles (Ag-

NPs). Silver nitrate and trisodium citrate were 

used as starting materials for the preparation of 

silver nanoparticles. The silver colloid was 

prepared by using a chemical reduction method.46 

All solutions of reacting materials were prepared 

in distilled water. In a typical procedure, 50 ml of 

0.001 M AgNO3 was heated to boil. To this 

solution 5 mL of 1 % trisodium citrate was added 

drop by drop. During the process, solutions were 

mixed vigorously and heated until change of color 

was evident (pale yellow). Then it was removed 

from the heating device and stirred until it cooled 
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down to room temperature. 

 

Computational Methodology. For the fully 

optimization of PABA molecules on Ag (111) 

surfaces first-principles ab-initio calculations 

were performed based on Density Functional 

Theory. The generalized gradient approximation 

(GGA) in the Perdew-Burke Ernzerhof (PBE)49 

was considered for the exchange correlation 

energy as implemented in the Vienna ab initio 

Simulation Package (VASP).50 For the simulation 

of Ag-NPs a 4-atom cluster model was 

constructed and both the atomic positions and the 

lattice vectors were fully optimized. The plane-

wave cutoff for the kinetic energy was set to 500 

eV in all calculations. The Brillouin zone (BZ) 

was sampled using a Γ-centered k-point mesh and 

a Gaussian smearing of 0.01 eV was employed. 

The convergence criterion between each ionic 

steps was set to 10−5 eV for the total energy while 

the maximum force allowed on each atom was 

chosen to be less than 10−4 eV Å–1. The Raman 

spectrum of each structure was calculated in 

terms of the off-resonant Raman activities of the 

Γ-centered phonon modes. The zone-centered 

vibrational phonon frequencies and their 

corresponding vibrational characteristics were 

calculated using the small displacement method. 

For each phonon mode, the derivative of the 

macroscopic dielectric tensor with respect to each 

normal mode was calculated in order to obtain 

Raman activities. 

In Raman spectroscopy measurement, a sample is 

exposed to light and inelastically scattered 

photons are collected, whose dispersion with 

respect to a shift in frequency gives the Raman 

spectrum. In the theory of Raman scattering, the 

inelastically scattered photon interacts with the 

oscillating dipoles of the crystal and give rise to 

the Raman active vibrational modes. 

In our calculations, the treatment of Raman 

intensities is based on Placzek’s classical theory 

of polarizability. According to the Placzek 

approximation, the activity of a phonon mode is 

proportional to |ês*R*êi|2 where ês and êi stand for 

the polarization vectors of scattered radiation and 

incident light, respectively. In addition, R is a 3x3, 

second rank tensor whose elements are the 

derivative of polarizability of the bonds within the 

crystal with respect to the normal modes of 

vibrations. Let the elements of R tensor be 

denoted as, 𝛼𝑖𝑗
 

, then the two terms, namely the 

isotropic and anisotropic parts of the derivative of 

the polarizability tensor can be written as; 

𝛼   = 
1

3
(𝛼𝑥𝑥

 + 𝛼𝑦𝑦
  + 𝛼𝑧𝑧

 )                                (1)   

                                                        

𝛽2 =
1

2
{(𝛼𝑥𝑥

 − 𝛼𝑦𝑦
 )2 + (𝛼𝑦𝑦

 − 𝛼𝑧𝑧
 )2 + ( 𝛼𝑥𝑥

 - 

𝛼𝑧𝑧
 )2 + 6[𝛼𝑥𝑦

 2  + 𝛼𝑦𝑧
 2 + 𝛼𝑥𝑧

 2 ]                          (2) 

where 𝛼    and 𝛽2  represent the isotropic and 

anisotropic parts of the Raman tensor, R. Note 

that such representation is invariant under a 

change in the sample orientation. Finally, the 

Raman intensity is proportional to I ~ 45α~2 + 7β2. 
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Results and Discussion  

Vibrational spectra of PABA 

The Raman spectrum of solid PABA was 

measured at room-temperature and under non-

resonant conditions. The Raman spectrum of 

solid PABA is compared with our DFT simulated 

Raman spectrum of the molecule is presented in 

fig. 1. The Raman spectrum of solid PABA 

exhibits a strong Raman band at 1608 cm-1, the 

ring stretching mode (C-C), is in excellent 

agreement with the calculated value as presented 

in fig. 1A. The other medium intensity Raman 

modes are observed at 845 cm-1 and 1284 cm-1 

which correspond to C-H (out of plane) and C-

OH (stretching) modes of PABA, respectively. 

Moreover, Raman bands at 1133 cm-1 and 1177 

cm-1 are assigned to in plane C-H bending 

vibrations, while the second mode coupled with a 

ring stretching mode. Corresponding vibrational 

character for these bands were given in the inset 

of fig. 1B. In addition to medium and strong 

Raman bands, 13 more Raman modes were 

observed, and the Raman spectrum indicates that 

the Raman bands are consistent with the α–form 

of PABA. As previously reported,51 the α-and β-

forms have not only different Raman bands52 but 

also dissimilar molecular packing arrangements 

in the crystal lattice. Also, the absence of C=O 

stretching mode of carboxylic acid groups at 1695 

cm-1 in the measured spectrum is possibly the 

strongest evidence that the spectrum belongs to 

the α–form of PABA. In addition, powder X-ray 

diffraction (PXRD) measurements were carried 

out to identify the phase of the PABA molecule. 

The PXRD patterns matched with the α-form of 

PABA. The characteristic peak of the α–form of 

PABA was observed at 15.6⁰ (Supplementary 

Material, Fig. S1). 

 

SERS spectra of PABA at different 

concentrations 

To estimate the SERS enhancement factor (EF) of 

the guest molecule on AgNPs, we employed the 

characteristic peak at 1608 cm-1 and calculated EF 

by using the widely used equation, as presented 

in SI. As a result, a considerable enhancement of 

the SERS signal of PABA target molecule was 

achieved and the SERS spectrum in comparison 

with normal Raman spectra of the molecule were 

presented in fig. S2 (Supplementary Material). 

The concentration SERS spectra of PABA 

obtained on Ag-NPs/Au film are given in fig. 2A. 

Notice that the SERS intensities are affected by 

altering the concentration of PABA on the 

substrate. The SERS intensity scaled 

proportionally with increased concentration of 

the PABA molecule on the surface in the range 

from 10-4 M to 10-7 M as the molecule interacted 

with Ag-NPs. In figs. 2B and 2C, the peaks at 

1139 cm-1 (A1u) and 1608 cm-1 (C-C ring 

stretching) were chosen to study the correlation 

between the concentration and the Raman bands. 

The results show that there is a linear correlation 

between concentration and the peak intensity. 

Figs. 3 (b) and (c) show the calibration curves 

obtained at bands 1139 cm-1 and 1608 cm-1, 

respectively. The calibration curve of the band at 

1139 cm-1 has an R2 of 0.9676, while the R2 of the 

peak at 1608 cm-1 is 0.9674. The coefficient of 

determination, as a measure of linearity, is 

approximately the same for both bands indicating 

that both peaks respond in a similar manner to the 

SERS substrate. In fig. 2D, the relative intensity 

changes for the peaks at 1139 (CH1) and 1180 

(CH2) with changing concentration are presented. 
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It is obvious that when the molecule is in the solid 

form, the intensity of the CH2 peak is higher than 

the CH1 and the relative intensity ratio is 0.35. On 

the other hand, the peak intensity ratio for the 

molecule, which is on the Ag-NPs coated surface, 

is found to be in the range of 2.0 to 3.5 when 

increased concentration from 10-4 M to 10-7 M. In 

the inset of fig. 2D, the relative intensity change 

of the mentioned peaks are shown from the solid 

form to 10-2 M. The calibration curve indicates 

that there is a linear relation between the peak 

ratio and concentration. While the intensity of 

CH1 increases, CH2 peak intensity decreases as 

the concentration is reduced on the Au film. When 

the concentration is 10-1 M, the intensity of both 

peaks is equal, and the relative intensity of the 

bands is reversed as the concentration decreases 

further. The reasons for this will be explained in 

the following sections with additional insights 

from DFT calculations.  

 

Determination of Surface Adhesion 

Configuration by SERS 

It is known that the surface configuration of 

adsorbed molecules directly affect their 

vibrational energy (or frequency), and therefore 

their SERS signals.51-54 To gain a more detailed 

insight into the adhesion of PABA on Ag surface, 

the SER spectrum of PABA with solid PABA 

along with the simulated spectra were obtained 

(Fig. 3). Fig. 3A depicts the SER spectrum of 

PABA on Ag-NPs. By taking into consideration 

the surface selection rules, one may deduce the 

orientation of a molecule containing aromatic 

moieties based on the relative magnitude of the 

C-H stretching band intensities.55-56 Therefore, 

two particular Raman modes which are located at 

1139 cm-1 and 1177 cm-1, have been chosen to 

discuss molecular orientation on metal surface. 

Furthermore, the anomalous Raman enhancement 

on the peak located at 980 cm-1 will be explained 

with theoretical calculations. The two regions are 

highlighted in the spectrum (green bands) that are 

investigated in detail to predict the accurate 

arrangement of PABA on Ag-NPs surface. Notice 

that new bands appear meanwhile a redshift is 

observed on some peaks in the spectrum. The 

ω(C-C) Raman band at 1608 cm-1 preserves its 

position in the spectrum, as compared to the solid 

one. The 1177 cm-1 and 851 cm-1 bands are 

assigned to in-plane and out-of plane C-H 

bending vibrations, respectively. The Raman peak 

at 1139 cm-1, corresponds to in-plane C-H 

bending, coupled with a ring-stretching mode. 

The peaks at 405 cm-1 and 620 cm-1 can be 

assigned to C-C-C out-of-plane and in-plane 

bending vibrations, respectively, while the bands 

at 1249 cm-1 and 1372 cm-1 arise from the 

stretching of COO- and C-OH groups, 

respectively.47, 57 The rest of the peaks with 

frequency below than 850 cm-1 are probably due 

to the interaction with the Ag surface or 

oscillations of Ag atoms. When the Raman bands 

at 1139 cm-1 and 1177 cm-1 are compared with the 

same bands in solid form, one can see a relative 

intensity change in the SER spectrum.  

In order to investigate the correct configuration of 

PABA on Ag-NPs, Raman activity calculations 

were performed. Thus, the molecule-metal cluster 

complex was modelled via DFT calculations. It 

was reported that the desorption energy of 

propylene and pyridine structures from neutral 

Ag4 cluster was larger than that from Agn (n = 1, 

2, 3, 5).57-59 Hence, we chose the Ag4 cluster to 

model the surface active sites of Ag-NPs. Before 

Raman intensity calculations, all considered 
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structures were geometrically relaxed. Four 

different configurations were considered to model 

the PABA on Ag-NPs and a favorable sites’ 

Raman spectrum was calculated. Firstly, a Raman 

spectrum of the PABA molecule adsorbed from 

an amine group on Ag4 cluster were calculated. 

The Raman activity calculation result was 

presented in comparison with the SERS 

measurement in figs. S3A and S3B 

(Supplementary Material). The most distinct 

feature between the calculated and measured 

spectra was the Raman band at 1705 cm-1 which 

is the C=O stretching mode. Therefore, the 

considered structure cannot be the same structure 

in the experiment. Secondly, PABA was bound to 

Ag4 clusters from both carboxyl and amine ends 

as shown in fig. S3C (Supplementary Material). 

As it was in the previous structure, the strong 

C=O Raman band appeared around 1690 cm-1, 

which has redshift when comparing the previous 

structure, possibly due to bonding with an Ag4 

cluster. In fig. S3D (Supplementary Material), α-

dimer of PABA attached to Ag surface from its 

favorable site, which is the amine end, is 

presented. The calculated Raman spectrum is in 

accordance with the measured (SERS) one. A 

strong C=O band did not appear again, which is 

likely because the carboxyl group is saturated 

with the other molecule’s carboxyl end. This 

result indicates that PABA prefers to bind to the 

surface by an α–dimerized form of itself rather 

than single molecule binding. However, the 

relative intensity of C-H bending Raman bands at 

1139 cm-1 and 1177 cm-1 with respect to each 

other is discordant with the experimental value. 

Therefore, in the next calculation as shown in fig. 

3C, the α-dimer is attached to two Ag4 clusters. 

The calculated spectrum matches better with the 

measured (SERS) spectrum. The relative 

intensity of Raman bands at 1139 cm-1 and 1177 

cm-1 is in accordance with measured one, as well. 

It is known that the surface geometry of 

compounds can be determined from the relative 

magnitude of the C-H stretching band 

intensities.56 Hence, our result points out that 

PABA binds to the metal surface by two NH2 

groups rather than single-end binding which 

means that the α-dimer of PABA lays flat on the 

silver nanoparticle surface, as presented in fig. S4 

(Supplementary Material). The calculated spectra 

also exhibited a broad band at 920 cm-1 which is 

assigned to the amino wagging vibrations that 

have been reported previously.43 The presence of 

the NH2 wagging vibration in both measured and 

calculated spectra indicates that the nitrile group 

strongly interacts with the silver nanoparticle 

surface.  

To understand the interaction between the 

molecule and the other structures under 

experimental conditions, we performed binding 

energy calculations. The binding energy, Eb, was 

calculated with the following formula 

𝐸𝑏 = 𝐸𝑠𝑡𝑟1 + 𝐸𝑠𝑡𝑟2 − 𝐸𝑠𝑡𝑟1+𝑠𝑡𝑟2  (3)                                   

where, Estr1 and Estr2 are the ground state energies 

of the structures considered in the system. Estr1+str2 

represents the ground state energy of the system, 

which one structure binds (or adsorbs) onto the 

other one. In total six different interactions 

between Ag4-mol, mol-H2O, mol-mol, Ag4/mol-

mol, Ag4/Dimer-H2O, dimer-mol, and Ag4/dimer- 

Ag4 were considered, as shown in fig. 4. When 

the single molecule is considered on Ag4 cluster, 

the favorable site is found to be the amine end of 

the molecule with a high binding energy of 939 

meV. Next, the binding energy between the 

molecule and H2O is investigated to understand 
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how the molecule binds to Ag-NPs surface. Since 

PABA was dissolved in an aqueous environment, 

the molecule prefers to bind to an H2O molecule 

from its carboxyl group, however; it should be 

noted that the binding energy is less than the 

binding between Ag4 and the molecule. Hence, 

this result indicates that a single PABA molecule 

tends to bind to the Ag surface rather than at a 

H2O molecule. In another configuration, binding 

interaction between α and β dimers are calculated. 

The binding energy between the molecules in α 

dimer is found to be 463 meV and more favorable 

than β dimer. It can be deduced that forming an α 

dimer of PABA molecules is energetically more 

favorable than the α dimer. Another important 

conclusion of this is that PABA does not break its 

α dimer and keeps its original structure as 

dissolved in an aqueous environment because the 

binding energy between the molecule and H2O 

molecule cannot overcome the binding energy 

between two molecules in an α dimer. The 

binding energy between the single molecule 

adsorbed on an Ag4 cluster and the other PABA 

molecule is calculated. The favorable structure is 

found to be the structure making an α dimer with 

a binding energy of 921 meV, so the result is 

consistent with our previous binding energy 

calculations. The interaction between the α dimer 

adsorbed on Ag4 cluster and H2O (Ag4 cluster) is 

also evaluated, as shown in fig. 4. The binding 

energy is calculated to be 180 meV (893 meV). It 

is obvious that an α dimer adsorbed on Ag4 cluster 

prefers to bind to another Ag4 cluster from its 

empty amine site rather than to bind to an H2O 

molecule. It also reveals that the α dimer tends to 

lay flat on the surface rather than having a non-

flat orientation. Lastly, the binding energy 

between the α dimer and Ag4 cluster is considered. 

The binding energy is found to be 957 meV which 

means that the dimer definitely prefers to bind to 

an Ag4 surface rather than to any other molecule 

in the experimental conditions. 

 

Conclusions  

In summary, the adsorption interaction of PABA 

with a silver nanoparticle surface was 

investigated via surface enhanced Raman 

spectroscopy and DFT-based calculations. PXRD 

measurements and Raman spectrum of PABA 

revealed that the solid phase of the molecule is in 

the α-form. The simulated Raman spectrum of the 

α form fit well with the measured Raman 

spectrum. The molecular orientation on the Ag-

NP surface was determined with relative change 

of the magnitude of the C-H stretching Raman 

bands on different surfaces and it was found that 

the C-H stretching Raman band couples with the 

benzene ring stretching mode is enhanced more in 

the SER spectrum than in the ordinary Raman 

spectrum which indicates that the molecule is 

likely to lie flat on the Ag-NP surface. Further 

evidence supporting such an orientation on the 

silver surface was obtained with DFT based 

Raman activity calculations. Our theoretical 

results can be summarized as follows: (i) the 

PABA molecule attaches to Ag-NPs surface via 

its amino group; (ii) the molecule binds to the 

surface with its α dimerized form rather than 

single molecule binding; (iii) the α dimer binds to 

the silver nanoparticle surface with its two amino 

groups and this means that the molecule assumes a flat 

orientation on the surface; and (iv) the PABA molecule 

preserves its α dimers in an aqueous environment. Our 

results demonstrate that SERS can serve as a non-

destructive tool to provide deeper insight in the 

orientation of molecule adsorbed on metal nanoparticle 
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surfaces. 

 

 

 

 

 

 

 

 

 

  

Figure 1 (A) Measured and (B) calculated Raman spectra of solid α-PABA. The vibrational motion of individual atoms for 

the bands at 621, 1138, 1180, and 1600 cm-1 are presented in the inset.1 
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Figure 2 (A) SERS spectra of PABA at different concentrations; (B) calibration curve of the band at 1139 cm-1; (C) 

calibration curve of the band at 1608 cm-1; (D) peak ratio CH1/CH2 with decreasing concentration. The inset depicts 

relative intensity change of C-H modes. 
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Figure 3 (A) The SERS spectra of 10-3 M PABA, (B) the Raman spectrum of solid PABA and (C) calculated Raman spectrum of 

α-dimerized PABA on Ag4 clusters. 
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Figure 4 Binding energy diagram of various structures of PABA with H2O molecule and Ag4 cluster. 
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Supporting Information 

Supporting information: 

• XRD spectrum of bulk 4-aminobenzoic acid. 

• SERS and Raman spectrum of low-concentrated 4-aminobenzoic acid. 

• Calculated Raman spectra of the molecule on Ag4 cluster. 

• Relaxed structure of α-PABA between two Ag4 clusters. 
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