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Nonlinear optical Sum and Difference-Frequency spectroscopies are used to probe and model the surface 5 

of thiophenol-functionalised gold nanoparticles grafted on a Si(100) substrate through two different 

silanization procedures. By scanning the [980-1100 cm-1] infrared spectral range with the CLIO Free 

Electron Laser, ring deformation vibrations of adsorbed thiophenol are investigated. Quantitative data 

analysis addresses three levels of organization: microscopic, nanoscopic and molecular. Grafting with p-

aminophenyl-trimethoxysilane shows an increase of around 40% in surface density of nanoparticles (Ns) 10 

as compared to 3-aminopropyl-triethoxysilane. The relative amplitudes of the resonant and nonresonant 

contributions to the SFG and DFG spectra are discussed in terms of Ns, Fresnel reflectivity factors and 

local amplification of the nonlinear signals by coupling to the surface plasmon of the particles. They are 

shown to quantitatively scale with Ns, as measured by atomic force microscopy. Vibration mode 

assignment is performed through a critical analysis of literature data on IR and Raman spectroscopies 15 

coupled to DFT calculations, for which a methodology specific to molecules adsorbed on gold atoms is 

discussed. 

Introduction 

Nonlinear optical infrared-visible Sum-Frequency Generation 

(SFG) spectroscopy is attracting a growing interest for the study of 20 

gold nanomaterials as demonstrated in various and recent works.1-

3 Since we recently showed that molecular SFG signal can be 

strongly enhanced when molecules are grafted on gold 

nanoparticles (AuNps) in presence of plasmonic exaltation,3 a 

study by SFG of adsorbed molecules becomes possible even at 25 

very low coverage. SFG, an intrinsic vibrational spectroscopy of 

interfaces, offers promising perspectives on such nanostructured 

materials. On one hand, such investigations performed by SFG 

spectroscopy are most of the time limited to the characterisation of 

methyl and methylene moieties of organics layers composing the 30 

probed interface due to the difficulty to maintain widely tuneable 

tabletop infrared (IR) sources (Optical Parametric Oscillators 

(OPO), Optical Parametric Amplifiers) outside the 2.5-4 µm 

spectral range. Some exceptions relate to the studies of solid/air 

and liquid/air organic interfaces;4-7 electrochemical or catalytic 35 

analyses of cyanide, carbon monoxide and C60 fullerene 

monolayers8 up to 9 µm; amide I modes of proteins at various 

interfaces9 and more recently to the case of surface phonons of 

quartz at 12 µm.10 No work was performed so far on nanomaterials 

functionalized by organic components in the mid-IR spectral 40 

range, which however contains the fingerprint of organic 

molecules. On the other hand, it should be mentioned that a SFG 

study was performed around 10 µm on the coupling of surface 

states of Ag nanoclusters embedded in a Si3N4 matrix by tuning the 

visible excitation wavelength to the surface plasmon resonance 45 

(SPR) of the particles.11 This exemplifies the way often used to 

overcome the IR range limitation by coupling the SFG 

spectrometer to a Free Electron Laser (FEL).12,13 The latter offers 

a wide IR domain ranging from 5 to 150 µm, with higher power 

than any tuneable IR source based on a tabletop laser at this date.14  50 

 In this paper, the coupling of nonlinear optics to the surface 

optical properties of nanomaterials is investigated with a unique 

Sum and Difference-Frequency Generation (SFG/DFG) setup 

coupled to the CLIO FEL. We present SFG and DFG 

measurements performed on two kinds of samples made of gold 55 

spherical nanoparticles grafted on silicon with either p-

aminophenyl-trimethoxysilane (APHS) or 3-aminopropyl-

triethoxysilane (APTES) to monitor the surface coverage 

(Scheme 1). AuNps are functionalized with thiophenol (C6H5SH) 

molecules and we show that reliable information on both the 60 

molecules and the particles can be obtained even for a volume 

density as low as 4%. To reach that purpose, we perform a detailed 

three scale description (Figure 1) of the various contributions to 

the SFG/DFG spectra, which allows to evidence specific chemical 

and physical properties of the nanostructured samples at all scales: 65 

microscopic, where their optical properties are described according 

to the 3-layer model, with the help of atomic force microscopy 

(AFM); nanoscopic, where the individual nanoparticles are taken 

into account to enlighten the differences induced by the grafting 

molecules and the enhancement effects due to a coupling to the 70 

SPR; molecular, where the vibrational response of individual 

thiophenol molecules is analysed by DFT to understand the nature 

and activities of the three observed vibration modes, addressing 

controversy in this rich spectral range. 

 75 

 
Scheme 1 Molecules of p-aminophenyl-trimethoxysilane (APHS, left) and 

3-aminopropyl-triethoxysilane (APTES, right) used to graft the gold 

nanoparticles on the silicon substrate. 



 

 
Fig.1 Sketch of the SFG and DFG processes on the surface of AuNps at 

different scales: (A) microscopic; (B) nanoscopic; (C) molecular. 

Results and discussion 

Vibrational fingerprint in nonlinear optical spectroscopy 5 

SFG and DFG experimental data of thiophenol adsorbed on 

AuNPs are presented in Figure 2 for the two grafting silane 

molecules, i.e. APHS (2A and 2B) and APTES (2C and 2D), 

respectively. Three observations can be made from these 

measurements. Firstly, all SFG/DFG spectra display three 10 

vibration modes (labelled 1, 2 and 4 with reference to the 

discussion below) related to the phenyl ring of thiophenol, located 

at 10002, 10232 and 10712 cm-1, interfering with a constant 

background generated by the AuNPs. Secondly, the interference 

induces different shapes in SFG and DFG spectra. In the SFG case, 15 

the interference pattern produces a peak for the 1000 cm-1 mode, a 

dip for the 1071 cm-1 mode and a Fano profile for the intermediate 

1023 cm-1 mode. On the contrary, for the DFG case, all modes 

appear as peaks. This is related to the change in sign of the damping 

constant (Гn) of the Lorentzian oscillators between SFG and DFG, 20 

detailed below (see equations (1-2) as well as Ref. 15). The third 

interesting feature relates to the silane used to graft the AuNPs on 

the silicon substrate. We observe that SFG/DFG intensities of the 

AuNps and the 3 vibration modes contributions are stronger in the 

case of APHS silanisation. This is an indication of a higher 25 

coverage of the silicon substrate with APHS, as will be proved 

further. 

 
Fig.2 Left: SFG (A) and DFG (B) spectra of thiophenol molecules (insert) 

adsorbed at the AuNps/APHS/Si(100) interface. Right: SFG (C) and DFG 30 

(D) spectra of thiophenol molecules adsorbed at the 

AuNps/APTES/Si(100) interface. Lines are fits to the data based on 

equations (1) and (2). SFG and DFG scales are the same to ease the 

comparison between the spectra. 

 To extract quantitative information from these measurements, 35 

we develop hereafter an analysis of the various parameters 

contributing to the SFG/DFG intensity. 

Discussion 

SFG/DFG spectroscopy at the microscale 

The intensity I(FG), where FG stands for either SFG (ωSFG = ωvis+ 40 

ωIR) or DFG (ωDFG = ωvis – ωIR), of interfaces is modelled by:16 

 I(ωFG) =
8π3ωFG

2 sec2θFG

c3n1(ωFG)n1(ωIR)n1(ωvis)
|χeff

(2)
|

2
IIRIvis (1) 

where IIR and IVis are the intensities of the incident IR and visible 

laser beams, respectively; ωIR, ωvis and ωFG the IR, visible and 

sum/difference frequencies of the three laser beams involved in the 45 

nonlinear process; IR, vis and FG the angles of incidence of the 

incoming and outgoing beams; n1() the refractive index of the 

upper medium at frequency ; χeff
(2)

 the effective nonlinear second 

order susceptibility of the probed interface, which includes Fresnel 

contributions and microscopic local-field corrections to the 50 

molecular nonlinear second order susceptibilities χijk
(2)

 as developed 

in the next part. The experimental SFG/DFG nonlinear 

susceptibility of an interface is generally modelled by:3 

 
χeff,SFG

(2)
= CSFGeiϕSFG + ∑

an

(ωIR−ωn+iΓn)n

χeff,DFG
(2)

= CDFGeiϕDFG + ∑
an

(ωIR−ωn−iΓn)n

 (2) 

where the first complex term in each sum is a non-resonant (NR) 55 

contribution (i.e. NR with the IR frequency) related to the 

substrate, more specifically in our case to the AuNPs. The 

Lorentzian oscillators describe the three vibration modes of the 

thiophenol molecules, with n and n their frequencies and 

damping constants, respectively. Their amplitudes are linear 60 

combinations of products of the components of the IR transition 

dipole moment and Raman polarizability tensor.16,17 

 Equations (2) are used to fit the four experimental spectra of 

Figure 2. Prior to the fits, spectra were corrected from stray light 

background, account was taken of the actual visible and IR powers 65 



 
(equation (1)) and spectra were normalized to a common reference 

sample (ZnS crystal). There are several non-equivalent sets of 

parameters which may produce a correct fit, even if they do not 

correspond to a global minimum of the fitting algorithm. In order 

to fully explore the sets of possible fit parameters, we used the 5 

procedure already applied to thiophenol in [18] by fitting the data 

with complex lorentzian amplitudes, getting the eight alternate sets 

of parameters and analysing them to reach the best fits with real 

amplitudes. In order to choose the correct fit, we have therefore 

imposed constraints on the parameters. First, we have looked for 10 

coherent signs for the amplitudes of the vibrations. The only 

possibility showed opposite signs for mode 1 on one side and 

modes 2 and 4 on the other side. This is coherent with the SFG 

literature on these modes.14,18 A plausible explanation is that the 

IR transition moment of mode 1 has an opposite sign upon 15 

adsorption on AuNPs with respect to the two others as shown in 

Table 1. Fitting the curves in this condition leads to a NR phase 

(SFG and DFG) of the AuNps contribution analogous to  Refs. 3,18 

on silver and AuNPs. In order to rationalize the comparison 

between the curves, we fixed the n to their mean values, resp. 3.5, 20 

3.5 and 5.5 cm-1. We note that the larger 4 was already observed 

in Refs. 12,18. Finally, the most stringent constraint lies on the 

amplitudes. Considering that any external effect on the amplitudes 

of the modes (Fresnel factor, local field, coupling to the SPR) must 

affect the three modes in the same way, the ratios of the three 25 

amplitudes must remain constant, as displayed in Table 1. We 

remark that the mandatory theoretical coherence between 

vibrational SFG and DFG spectra recorded on a same sample 

imposed severe constraints on our fits, leading to a unique solution 

for the parameters which in fact differs from the global minimum 30 

found by the fitting program. The usefulness to record DFG in 

parallel to SFG is evidenced in this case as it allows to calibrate the 

fits of SFG data.15,18 

 The following conclusions may be drawn from the fit 

parameters. Firstly, the values for the NR background of AuNps 35 

remain coherent with the FG response of bulk gold.15 This effect 

explains well the interference patterns observed in the FG 

experimental spectra and relates to the excitation of interband 

transitions in the AuNps, resonant with the FG energies.3 Actually, 

the NR amplitude (CSFG, CDFG) is higher for APHS than for 40 

APTES, with ratios 1.19 for SFG and 2.41 for DFG, respectively. 

In addition, the NR phases () are coherent between APHS and 

APTES. Mean values lie around 80° for DFG and 140° for SFG, 

the latter being a bit higher than usual for analogous materials. It 

means that the nonlinear signal from AuNps is not far from phase-45 

quadrature with respect to the vibration modes of the thiophenol 

molecules, and follows the trends observed for molecules adsorbed 

on bulk gold.15 This hints at analogous contributions from AuNps, 

implying in turn analogous local environments between both 

samples. This conclusion is confirmed by the observation that the 50 

overall positions of the three peaks remain remarkably constant 

within experimental uncertainties, even when molecular adlayer is 

changed from APHS to APTES. Secondly, it is possible to 

compare the absolute resonant amplitudes from the values of fit 

parameters a1. For a given sample, the ratio DFG/SFG gives an 55 

estimate of the local amplification due to a resonance phenomenon 

with the surface plasmon of the particles at DFG and SFG 

frequencies, respectively. This ratio is 1.72 for APHS and 1.60 for 

APTES. The resonant and NR amplitudes ratios (APHS/APTES) 

will be discussed in more details further. 60 

Table 1 Fit parameters for the SFG and DFG data of Figure 2, based on 

Equations (2). 

 
SFG 

(APHS) 
DFG 

(APHS) 
SFG 

(APTES) 
DFG 

(APTES) 

A
u

N
p

 

C 0.147 0.0630 0.124 0.0261 

 (°) 137.57 77.7342 143.345 81.161 

M
o

d
e 

1
 1 (cm-1) 1000.2 1001.3 999.5 999.9 

a1 (a.u.) -0.339 -0.584 -0.289 -0.461 

1 (cm-1) 3.5 3.5 3.5 3.5 

M
o

d
e 

2
 2 (cm-1) 1023.6 1023.3 1023.8 1022.4 

a2/a1 0.91 0.91 0.91 0.91 

2 (cm-1) 3.5 3.5 3.5 3.5 

M
o

d
e 

4
 4 (cm-1) 1070.4 1072.9 1070.8 1070.1 

a4/a1 0.50 0.50 0.50 0.50 

4 (cm-1) 5.5 5.5 5.5 5.5 

  

Optical and morphological factors at the nanoscale 

As mentioned above, in order to extract the chemical and physical 65 

information from our FG spectroscopic measurements, we need to 

detail the role of the various contributions to the FG intensity 

defined in equations (1) and (2). The χeff
(2)

 third rank complex tensor 

can be expressed in ppp polarisation combination as: 

 χeff,ppp
(2)

= −Fx(ωFG)Fx(ωvis)Fz(ωIR)cosθFGcosθvissinθIRχxxz
(2)

−Fx(ωFG)Fz(ωvis)Fx(ωIR)cosθFGsinθviscosθIRχxzx
(2)

+Fz(ωFG)Fx(ωvis)Fx(ωIR)sinθFGcosθviscosθIRχzxx
(2)

+Fz(ωFG)Fz(ωvis)Fz(ωIR)sinθFGsinθvissinθIRχzzz
(2)

 (3) 70 

which will be written in short notation including the angular 

projections: 

 χeff,ppp
(2)

= −Fxxzχxxz
(2)

− Fxzxχxzx
(2)

+ Fzxxχzxx
(2)

+ Fzzzχzzz
(2)

 (4) 

 The Fresnel factors Fi (i=x,y,z) describe the surface reflectivity, 

and we calculate them in a three-layer model: Air/AuNps/Silicon, 75 

with respective refractive indices n1, n* and n2, as depicted in 

Figure 1(A). In fact, the silane monolayer and the thiophenol 

submonolayer do not affect significantly the sample reflectivity in 

the probed spectral range with respect to the Si substrate or AuNps 

layer, which contributions largely dominate in our samples. For an 80 

isotropic surface, the explicit complex contribution of the Fresnel 

factors can be calculated as16 

 

Fx(ω) =
2n1(ω)cosθ2

n1(ω)cosθ2+n2(ω)cosθ1

Fy(ω) =
2n1(ω)cosθ1

n1(ω)cosθ1+n2(ω)cosθ2

Fz(ω) =
2n2(ω)cosθ1

n1(ω)cosθ2+n2(ω)cosθ1
(

n1(ω)

n∗(ω)
)

2

 (5) 

where 1 and 2 refer to the angles of incidence of the -frequency 

beam in media 1 and 2, knowing that n1(ω)sinθ1 = n2(ω)sinθ2. 85 

Fi should be calculated for each optical frequency contributing to 

the FG process, i.e. for =IR, vis, SFG and DFG. Index of air is 

taken as unity and, for the n2 refractive index of silicon, we used a 



 
double exponential fit of the literature data.19 The difficulty lies in 

the derivation of an expression for the refractive index of the AuNp 

layer (n*) in the desired spectral ranges. To address this point, we 

evaluate the dielectric constant *=(n*)2 by considering a layer of 

nanoparticles embedded in a host matrix (air in our case, with 5 

h=1). We choose here the Maxwell-Garnett formalism20 for the 

effective dielectric constant: 

 ε∗ = εh
1+2rvAu

1−rvAu
, r =

εAu−εh

εAu+2εh
 (6) 

where vAu is the volume ratio of the space occupied by the AuNps 

with respect to the total volume of the layer. We consider an 10 

analytical expression of the gold dielectric constant Au in the 

visible range21 and its value at ~1000 cm-1 for the IR range.19 

 In order to determine the AuNP density (hence the volume 

ratio), we performed atomic force microscopy (AFM) 

measurements for the two systems, i.e. nanoparticles attached to 15 

silicon through APHS and APTES as displayed in Figure 3. In a 

first step, at large scale (10µm), we always obtained images similar 

to the ones shown on Figure 3a for APHS and 3b for APTES. 

These AFM images allow to establish the proportions of AuNP 

monolayer on the substrate. In a second step, we zoomed on the 20 

monolayers (see inserts in Figure 3a and 3b).  

 
Fig.3 AFM images of AuNps grafted on Si(100) through a) APHS and b) 

APTES silanization at different scales (10x10µm2 and 500x500nm2). 

 The local densities were thus obtained as an average on six 25 

different areas. Combining this value to the monolayer proportion 

finally allowed to establish the average AuNP surface density (Ns), 

leading to a value of 3.12x1010 cm-2 for APHS and 2.28x1010 cm-2 

for APTES. For particles with a 172 nm mean diameter, this leads 

to volume densities within the intermediate layer vAu = 4.72% and 30 

3.45% for APHS and APTES grafting, respectively. 

 The resulting Fresnel contributions to the SFG and DFG signals 

(i.e. related to χeff,ppp
(2)

 
) appear in Table 2 for AuNps grafted on 

silicon through APTES or APHS, with the dominant components 

underlined. For the sake of comparison, the same quantities are 35 

calculated for the Air/Thiophenol/Au(111) 3-layer model interface 

within the same spectral range. In this second case, the organic 

layer cannot be dismissed because the nonlinear process occurs 

inside this layer. We used n1=1, n2 = √εAu from Refs. 19,21 for 

Au(111) and n*=1.2 as calculated from the Lorentz-Lorentz model 40 

of an organic monolayer.16 It is worth noting that the |Fzzz| 

contribution largely dominates in the SFG/DFG intensity of the 

AuNps with respect to the other components. This is mainly due to 

the high refractive index of silicon at all wavelengths, which 

favours the Fz component. On the contrary, for Au(111), the main 45 

effect stands in the high refractive index of gold in the IR range, 

which only favours the Fz(ωIR) component. Another interesting 

feature is that the dominant Fresnel factors of the AuNps are of the 

same order of magnitude as the Au(111) ones, as underlined in 

Table 2. This result shows that a direct comparison between 50 

intensities of SFG/DFG spectra can be performed for thiophenol 

grafted on Au(111) and AuNps. This validates the comparison 

performed in Ref. 3 which evidenced an enhancement as high as 

25 due to plasmonic exaltation. 

 From the comparison between the APTES and APHS samples 55 

in Table 2, the differences follow the values of the surface 

densities. The Fresnel contribution decreases when vAu increases. 

It is in fact very sensitive to the surface densities of particles 

through the (n*)² factor in Equation (5). We also observe that, for 

a visible wavelength set at 523.5 nm, the Fresnel contribution to 60 

the SFG signal is slightly stronger than the DFG one as a 

consequence of the optical properties of gold in the visible range. 

Table 2. Fresnel factors amplitudes (ppp polarization combination) for 

incoming wavelengths 523.5 nm (visible) and 10 µm (IR). 

SFG APTES APHS Au(111) 

|Fxxz| 0.106 0.102 0.516 

|Fxzx| 0.108 0.102 1.655 10-2 

|Fzxx| 0.118 0.113 1.616 10-2 

|Fzzz| 1.015 0.885 0.645 

DFG APTES APHS Au(111) 

|Fxxz| 0.111 0.107 0.537 

|Fxzx| 0.113 0.107 1.723 10-2 

|Fzxx| 0.109 0.103 1.979 10-2 

|Fzzz| 0.941 0.805 0.790 

 65 

As a consequence of the above analysis, the tensor decomposition 

of the ppp contribution defined in equation (4) simplifies into: 

 χeff,ppp
(2)

≈ Fzzzχzzz
(2)

 (7) 

 This proves that only components of the molecular response 

perpendicular to the surface, i.e. IR transition moments and Raman 70 

polarizabilities, contribute to the signal, even for spherical AuNps 

for which one could have expected equal contributions of all 

directions. The presence of the silicon surface beneath the AuNps 

leads to this selection rules, which is an important result of the 

present calculations. 75 

 

Consistency between microscale and nanoscale 

In order to validate the FG data analysis at the microscale and 

nanoscale used so far, we have to check whether the whole set of 

data is consistent. We focus on the comparison between APTES 80 

and APHS samples, which in principle only differ by the surface 

density of adsorbates. The ratios of the fit parameters for APHS 

and APTES grafting is displayed in Table 3, together with the χzzz
(2)

 

ratios deduced for the resonant and NR contributions after 

correction from Fresnel effects (equation (7)). 85 



 
Table 3. Summary of the parameters deduced for APHS and APTES 

samples. The Table shows the APHS/APTES ratios. 

 SFG (res) SFG (NR) DFG (res) DFG (NR) 

|𝛘𝐞𝐟𝐟
(𝟐)

| 1.17 1.19 1.27 2.41 

|𝛘𝐳𝐳𝐳
(𝟐)

| 1.34 1.32 1.48 2.82 

Ns 1.37 

  

 The quantity χzzz
(2)

 is in principle proportional to the surface 

density of FG sources on the sample,16 in our case thiophenol 5 

molecules for the resonant part and AuNps for the NR part. 

Considering that the surface density of molecules scales as the 

surface density of particles, the χzzz
(2)

 ratio should be directly 

proportional to the ratio of Ns quantities, provided that local field 

amplification is constant for a given spectroscopy. We can check 10 

in Table 3 that it is the case indeed for SFG (resonant and NR) and 

for the DFG resonant signals within 8% error, which remains 

compatible with error amplitudes in the experimental 

measurements and fit parameter estimations. Only the NR DFG 

value deviates from the three others. This is due to the fact that the 15 

NR backgrounds in DFG suffer from their low absolute values 

which hamper their quantitative analysis. As for the comparison 

between DFG and SFG for both samples, it includes a different 

local field amplification factor related to frequency dependence of 

the plasmon resonances. The coupling between FG and SPR 20 

processes has not yet been fully addressed by experimental 

methods, but it seems reasonable to consider that the visible laser 

excites the SPR, inducing an enhancement equal for both SFG and 

DFG signals. In addition, the SFG and DFG beams may also 

couple to the SPR, generating an additional factor to the 25 

amplification. This FG factors depends on the SPR properties at 

the FG frequencies, accounting for the differences in amplitude 

between SFG and DFG responses. As already evidenced in a 

previous study,3 the SPR of isolated particles (around 520 nm) 

should favour the SFG response. However, gold nanoparticles tend 30 

to aggregate upon adsorption on the substrate (Figure 3), leading 

to the appearance of a second red-shifted plasmon resonance, 

which eventually boosts the DFG response. This has already been 

shown for similar deposition procedure of AuNPs on silicon 

substrates.3 This explains why, in the present study, the local 35 

amplification favours DFG rather than SFG. We estimate the 

DFG/SFG amplification ratio at 1.89 for APHS and 1.73 for 

APTES when corrected from Fresnel effects, i.e. calculated on 

χzzz
(2)

 ratios. 

 As a summary of the analysis developed so far for the FG 40 

intensity coupled to AFM measurements and to calculations of the 

Fresnel contributions, we may draw the four following 

conclusions: 1) the four sets of SFG and DFG data are consistent, 

involving the contributions of three identical vibration modes in 

the direction normal to the silicon surface; 2) the amplitude ratios 45 

of the three modes remain constant whatever the nonlinear 

vibrational spectroscopy and the silane, hinting at analogous 

molecular geometries on the particles and local environments; 3) 

the differences between absolute values of the amplitudes 

(resonant and non resonant), after correction of Fresnel reflectivity 50 

effects, are due to the surface density of nanoparticles, which 

differs as a function of the silane used to graft them on the silicon; 

4) an additional enhancement factor, related to SPR specific of 

each sample, accounts for the difference between absolute SFG 

and DFG amplitudes. The great sensitivity of the technique to the 55 

surface density finally illustrates the potential role of such 

spectroscopies in the quantitative comparison of analogous 

composite materials. 

 

Thiophenol IR and Raman properties at the molecular scale 60 

After the investigation of the FG intensity at the microscale and 

nanoscale, the last step in such an analysis, when done on a flat 

surface, would be to relate the microscopic χ(2) to the molecular 

response, provided that at least two polarization contributions 

could be measured (usually ppp and ssp). This is routinely done 65 

under the conditions that the surface is isotropic and all molecules 

share the same tilt (even if dual angle distributions appear 

necessary for complex cases22). An additional approximation on 

the structure of the molecule (i.e. cylindrical symmetry around the 

direction of the IR transition moment of a given vibration) is 70 

commonly added.16 As a consequence, a multiscale description 

relates molecular IR and Raman activities of the vibration modes 

to the microscopic SFG response, giving access to unknown 

parameters, commonly the molecular tilt angle. A complete 

simulation of an SFG spectrum, including several vibration modes, 75 

must take into account the relative IR and Raman activities and 

their full decomposition in the molecular frame. It requires usually 

a molecular DFT calculation.6,7 

 The situation in the case of AuNPs is more complicated than the 

flat surface archetype, as further effects blur the molecular 80 

response building up the microscopic FG signal and its analysis. 

Orientation averaging represents a challenge indeed when the 

molecules decorate gold nanoparticules. Molecular orientation on 

one particle is not constant but rather distributed along a sphere. In 

addition, the density of the molecular packing at the surface of the 85 

particle is unknown, as is therefore the degree of order at this scale. 

As for the particles themselves, their distributions of shapes and 

sizes complicate the analysis. In addition, the distribution functions 

of the molecular tilt and twist angles are unknown. It would seem 

rather hazardous at this stage to draw hypotheses on these 90 

parameters. Finally, for SFG and DFG spectroscopies, Fresnel 

factors involving a polarization of light parallel to the surface (i.e. 

ssp contribution) are very unfavourable owing to the high 

refractive index of silicon, as calculated in Table 2. As a 

consequence, we consider that it is not possible, without additional 95 

data on the structure and organization of the molecules at the 

interface, to use FG data for a detailed orientation analysis. 

Nevertheless, we demonstrate that DFT analysis of the geometry 

and vibration modes of the thiophenol molecule, both free and 

bonded to gold, leads to important information when linked to the 100 

SFG and DFG data. 

 Several publications have focussed on the analysis of thiophenol 

vibration modes by IR,23,24 Raman24-27 and SFG5,12 spectroscopies. 

A comparison evidences that there are still some discrepancies in 

their interpretations. In the early literature, thiophenol was 105 

described in the convenient C2v geometry as an extension of the 

analysis of monosubstituted benzenes to make the analytical 

calculations easier.24 This means that the H atom was considered 

negligible and merged into a SH pseudo-atom. For the free 

thiophenol molecule, experimental data show that there are four 110 

active modes in the 1000-1100cm-1 range, which qualitative IR and 



 
Raman activities are shown in Table 4. The positions and activities 

of the modes are taken from Refs. 24 and 25, even if these values 

change slightly within the literature and with the experimental tool. 

In the same way, thiophenol linked to a metal atom, either silver- 

or gold-benzenethiolate, has been investigated by IR, Raman, 5 

SERS and SFG. A summary of the main bands of interest is also 

shown in Table 4, from Ref. 25. Only three modes survive upon 

adsorption on metal, but their origin and symmetries are debated. 

Within the C2v approximation, in-plane modes may be 

symmetric/a1 or antisymmetric/b2 with respect to the plane 10 

perpendicular to the phenyl ring and containing the S atom. Refs. 

24 and 25 on one side, Ref. 26 on the other side disagree on the 

attribution of modes 3 and 4. For the latter, mode 3 is symmetric 

and 4 antisymmetric, vice versa for the former. The origin of the 

SERS and silver-phenylthiolate Raman activity at 1075cm-1 is also 15 

debated, as Ref. 26 attributes it to an increase of the activity of peak 

3 whereas Refs. 25 and 27 talk about a strong shift of the position 

of the Raman-active mode 4. Finally, Ref. 25 reports a fourth mode 

at 1065cm-1, only IR-active. Such uncertainties on the actual active 

modes have rather strong impact on the interpretation of SFG data, 20 

either for absolute Raman and IR activities or for geometry and 

orientation purposes. 

Table 4. Experimental vibrations of free and metal-bonded thiophenol, 

with qualitative IR and Raman activities (from Refs. 24 and 25). w: weak, 

m: medium, s: strong, vs: very strong  25 

Free  molecule SERS (Ag/Au) and AgSPh 

Mode E (cm-1) 
IR 

activity 

Raman 

activity 
E (cm-1) 

Raman 

activity 

1 1002 w vs 1000 vs 

2 1026 s s 1025 s 

3 1072 m 0 (1065) 0 

4 1093 s m 1075 s 

 

 

DFT analysis of free and adsorbed thiophenol molecule 

To clarify the vibrational properties of thiophenol, we have 

calculated by DFT its molecular geometry and vibration modes in 30 

the 1000-1100cm-1 region. We first made use of the most usual 

functional (B3LYP) and basis sets (6-311++G(d,p)) for such 

molecular systems to account for our data. In order to validate the 

calculations, we first tried to reproduce the IR and Raman data 

before analysing the SFG intensities. As will be illustrated below, 35 

we faced two problems to account for the literature results. Firstly, 

Table 1 and the discussion above show that adsorption on gold 

plays a great role on the energies of the vibrations in this region, 

which implies that it has to be taken into account in the 

calculations. In order to simulate adsorption onto the gold 40 

nanocrystal on the geometric and vibrational parameters, 

calculations have been performed both on free thiophenol and on 

a model thiophenol molecule linked to one gold atom (gold-

benzenethiolate, GBT) as illustrated on Scheme 2. Such a 

procedure was used for the simulation of electronic properties of 45 

CO on platinum28 and CNˉ on transition metals,29 although more 

accurate predictions require the use of metal clusters or periodic 

slabs and heavier calculation methods.30 It appeared that B3LYP 

functional produces inconsistent mode assignment with GBT (see 

below and Supplementary Information). In order to produce 50 

consistent results, functional PBE0 was successfully used on both 

molecules. However, such basic DFT results were not satisfactory 

enough to reproduce experimental data, even with a correction 

factor. Therefore, a second-order perturbation anharmonicity step 

was added to frequency calculations,31 which resulted in a very 55 

nice accuracy on the predicted frequencies (we note that this 

method does not provide anharmonic corrections for the IR and 

Raman activities. Details of the DFT calculations of the present 

paper are given in the Supplementary Information). 

 60 

 
Scheme 2 Molecules of thiophenol (left, called planar in the text) and gold-

benzenethiolate (right, two different views of the same geometry, called 

perpendicular in the text) in their lowest energy conformations. 

 As illustrated on Scheme 2, the ground states geometries differ 65 

appreciably. Thiophenol has a planar configuration whereas GBT 

converges to a perpendicular geometry, where the S-Au bond 

rotates by 90° to reach the symmetry plane perpendicular to the 

phenyl ring. As for the latter, it is highly probable that the actual 

rotation angle around the C-S bond in a rather densely packed zone 70 

lies between the two extreme values as a consequence of molecular 

packing and low free rotation barriers. For this system, additional 

steric and molecular packing effects at the surface of the gold 

nanoparticle are not taken into account here and further restrict the 

free rotation. Both geometries possess Cs symmetry. 75 

 All calculations confirm the presence of four vibration modes 

between 1000 and 1150cm-1 (Table 5). The harmonic 

approximation for the vibration energies is, as expected, too high 

(see Supplementary Information). We could check that a uniform 

scaling factor, even for as few as these four modes, does not 80 

satisfactorily account for the experimental frequencies. On the 

contrary, a mere anharmonic calculation limited to the four modes 

under study gives very satisfactory results without any scaling 

factor for B3LYP, and with a uniform additional scaling factor 

0.992 for PBE0 (Table 5). For GBT, it appears that B3LYP is 85 

unable to handle the metal atom in a correct way within our 

calculation scheme, leading to inconsistent results for the 

assignment and position of the modes. PBE0 proves more robust 

in that case, giving very satisfactory results after anharmonic 

correction and with the same 0.992 scaling factor as for thiophenol. 90 

From Tables 4 and 5, we may draw the following conclusions: i) 

modes 1, 2 and 4 are SFG-active for GBT; ii) mode 3 is SFG-

inactive as a consequence of its vanishing Raman activity in GBT; 

iii) upon adsorption on gold, mode 4 experiences a strong red shift 

in position (experimental value 18 cm-1, calculated value 24 cm-1), 95 

which could lead to its confusion with mode 3. The explanation of 

Ref. 27 is correct, as this mode encompasses a strong contribution 

of the C-S stretch, which is directly perturbed by the replacement 

of the terminal H by the Au atom; iv) DFT predicts very well the 

positions of the modes and their evolution upon adsorption as long 100 



 
as anharmonicity is considered; v) the coarse prediction of 

qualitative IR and Raman activities is correct when compared to 

experimental values; vi) DFT lacks accuracy on the fine prediction 

of actual values for IR and Raman activities, especially for GBT. 

Table 5. Calculated (anharmonic) vibration modes of thiophenol and GBT. 5 

Frequencies for B3LYP are not scaled. A 0.992 scaling factor is applied for 

PBE0, compared to experimental ones in Refs. 24 and 25. 

 

Mode 
ωexp(cm-1) ωanharm(cm-1) 

B3LYP 

ωanharm(cm-1) 

PBE0 

IR 

(calc.) 

Raman 

(calc.) 

T
h

io
p

h
e
n

o
l 

1 1002 1005.2 997.6 w s 

2 1026 1025.8 1029.6 s s 

3 1072 1074.6 1072.0 m w 

4 1093 1091.0 1099.6 s m 

G
B

T
 

1 1000 — 998.0 m s 

2 1025 — 1024.9 m s 

3 1065 — 1067.0 m 0 

4 1075 — 1075.1 m vs 

 

 Considering Table 5, the effects of adsorption on the IR and 

Raman activities inferred from DFT can be summarized as follows. 10 

Upon adsorption, the IR activity of mode 1 is enhanced, whereas it 

decreases for modes 2 and 4 and remains constant for mode 3. On 

the contrary, Raman activity of modes 2 and 4 rises upon 

adsorption, whereas it vanishes for mode 3. However, a direct 

comparison remains hindered by the geometry change between 15 

thiophenol and GBT. In addition, as seen before, we have to 

consider at least a partial free rotation around the C-S bond. In 

order to separate the effects of the bonding to gold and of the 

rotation around the C-S bond, we also have performed similar 

calculations on the two complementary conformers of higher 20 

ground state energy: thiophenol in a perpendicular configuration 

and GBT in a planar geometry. The results show that around 2/3 

of the energy shift of mode 4 are due to the gold bond and 1/3 to 

the conformation. Taking into account the effect of the atom 

exchange alone leads to a ~16 cm-1 shift, very close to the 25 

experimental value. The ~5 cm-1 slight shift of mode 3 is mainly 

due to conformation. As for the IR and Raman intensities, the 

effects are less clear. It appears that the Raman enhancement of 

modes 2 and 4 and the damping of mode 3 are mainly due to the 

gold atom, even if conformation also favours a decrease of the 30 

Raman activity for mode 3. The geometric factor is the cause of 

the decrease in the IR activity of mode 4, whereas both effects 

participate to the increase for mode 1 and mode 2. In all cases, it 

appears obvious that the adsorption process must be explicitly 

taken into account when modelling vibrational properties of 35 

molecules adsorbed on metal. 

 DFT proves very useful for the assignment of the modes and the 

comparison of their linear optical activities (i.e. IR and Raman 

activities). The three vibration modes appearing on Figure 2 are 

therefore identified with modes 1, 2 and 4 (Figure 4 below), 40 

respectively, their position being in full agreement with the 

calculated ones (Tables 1 and 5).  

 
 

Fig.4 Top: Illustration of the vibrational activity of mode 1 (998.0cm-1), 45 

mode 2 (1024.9cm-1) and mode 4 (1075.1cm-1) of the GBT system as 

calculated by DFT. The dominant contributions of the atomic 

displacements are indicated by arrows in order to display the symmetric 

character of these particular modes. Middle: IR transition moments 

(arrows) and Raman polarisabilities of GBT calculated by DFT (blue for 50 

positive, red for negative, PBE0 functional). Left panel shows the 

contributions in the symmetry plane while right panel shows the out-of-

plane Raman contribution, together with the line code for the modes. 

Bottom: Idem for free thiophenol, right in the symmetry plane, left 

perpendicular to it. The scales are common to both molecules. 55 

 

 Considering the plane of symmetry of the GBT molecule, they 

are all totally symmetric (inactive mode 3 is antisymmetric). Their 

IR transition dipole moments have therefore two components, one 

dominant along the C1-C4 axis and the other perpendicular to the 60 

ring plane. The Raman tensor has four independent nonvanishing 

terms, building up a Raman polarizability ellipsoid with three 

nonvanishing principal axes. Focussing on GBT, the transition 

dipole of mode 1 presents a transition dipole moment parallel to 

the phenyl plane, oriented in the opposite direction with respect to 65 

those of modes 2 and 4. As for Raman polarisabilities, mode 4 is 

opposite to modes 1 and 2. As a consequence, DFT calculations on 

GBT cannot reproduce correctly the signs of the SFG activities of 



 
the three modes (Table 1). The same analysis performed on the free 

thiophenol molecule accounts for the correct sign alternation 

(Figure 4). However, all modes also have a minor contribution 

perpendicular to the ring, and the Raman polarizability 

contributions include a total of four non vanishing terms, which 5 

makes uncertain the conclusions on the final signs of the resonant 

hyperpolarizabilities. In addition, as stated above, the various 

orientations of the molecules at the surface of the particles require 

caution when correlating the individual molecular properties to the 

averaged FG response, in particular when one considers that the 10 

actual geometry of the molecule on the surface is not necessarily 

exactly the perpendicular one.  

 As far as SFG intensities are concerned, we note that their 

qualitative behaviour cannot be correctly reproduced by DFT. In 

fact, considering an estimate of SFG activity from the product of 15 

IR and Raman activities as a first order approximation, it appears 

that GBT molecule overestimates the contribution of mode 4, 

whereas in the free molecule mode 1 is largely underestimated 

(which is coherent with the dramatic changes induced by 

adsorption). In fact, nor the free molecule neither the gold-bonded 20 

one leads to a molecular SFG activity of mode 1 bigger than that 

of mode 2 in the molecular frame. Of course, orientation averaging 

will lead to partial cancellation of some hyperpolarizability 

contributions to the microscopic FG activity as a consequence of 

symmetry, so that the latter cannot be inferred directly from the 25 

product of IR and Raman activities. Nevertheless, considering that 

1) DFT already encounters troubles to account for the IR and 

Raman data from literature; 2) a calculation of the effects of 

orientation averaging seems out of reach as a consequence of the 

lack of knowledge on the actual orientation distributions of the 30 

molecules on the nanoparticles; 3) discrepancies between 

experimental data and DFT simulations (e.g. mode 1 vs mode 4) 

are too strong to be due only to orientation effects; 4) a careful 

analysis of individual components of the IR dipole moments and 

Raman polarizabilities in the molecular frame shows that they are 35 

roughly identically weighted for the three modes and that, even by 

linear combination of components, it is not possible to recover the 

activity ratios (for example, all Raman polarizability components 

of mode 2 are basically twice those of mode 1); we consider that, 

even with a complete description of the structure at the nanoscale, 40 

the present DFT results may not quantitatively describe the FG 

spectroscopy results. The reasons lie in the amount of 

approximations done during the calculations: choice of the 

exchange-correlation functionals (B3LYP and PBE0 might not be 

the most appropriate for the Au atom), modelling of the Au surface 45 

by only one atom, no frequency dispersion. The fact that we did 

not take into account the effects of local electric fields (either from 

the laser beams or from the SPR) may also partially account for 

this result. Surprisingly, we note that good estimates of the SFG 

intensity ratios can be obtained by combining the IR activity of the 50 

GBT molecule to the Raman activity of the free molecule. In 

particular, it becomes possible to recover the leading SFG intensity 

of mode 1. However, at this stage, no theoretical background 

justifies such a methodology. 

 Literature confirms that an accurate calculation of the 1000-55 

1100cm-1 region of phenyl ring vibrations by DFT is in general not 

a straightforward task. This zone seems rather impervious to 

standard DFT analysis. Adsorption on metal further induces strong 

modifications of the vibrational parameters (energy position, IR 

and Raman activities), at least for vibration modes impacted by the 60 

S-metal link. Such discrepancies between DFT calculations and 

experimental SFG data have already been pointed out in this zone 

in the past.7 The authors even extended at the time their comment 

to the whole fingerprint mid-infrared region [1000-2000cm-1]. In a 

general way, the few published attempts to reproduce SFG results 65 

by DFT give contrasted results: an overall agreement may 

sometimes be found6 although accuracy remains out of reach. 

Again, this is probably due to the inadequacy of the exchange-

correlation parts of the functionals used in the literature for such 

analyses (mainly B3LYP). However, contrary to the mid-infrared 70 

situation, it seems possible to account rather nicely for the high 

energy range [2000-3000cm-1].7,32 

 To summarize, we have shown that the free molecule alone 

could not account for all the experimental properties of the system. 

Only a comparison between the calculations performed on 75 

thiophenol and GBT could elucidate most of the properties. More 

precisely, mode assignment and energies were successfully 

reached on GBT through the addition of anharmonic corrections. 

The free molecule leads to better relative signs of the SFG 

activities, whereas none accounted satisfactorily for the SFG 80 

relative amplitudes. Considering the rather high amount of work 

necessary to account for the essential vibrational properties of 

adsorbed thiophenol, coupled to the difficulty encountered to 

quantitatively predict SFG intensities from the single molecule, 

caution seems recommended when using DFT results as an input 85 

for SFG predictions, especially when conclusions are drawn on 

molecular orientation of adsorbates on a surface. 

Experimental 

All chemicals were purchased from Aldrich, except other mention. 

AuNPs are synthesized from 1.7 mg of gold salts (HAuCl4.3H2O 90 

99.999 %) dissolved in 20 ml Millipore water following Turkevich 

method. The solution was then heated up until boiling and stirred 

vigorously. At that point, 0.8mL of 8.5x10-4 M trisodium citrate 

(Na3C6H5O7) was quickly added at one time while heating and 

stirring for 30 minutes. The resulting solution turned successively 95 

from light yellow to deep gray and finally dark red after a few 

minutes. The corresponding UV-visible absorbance spectrum 

displayed the expected absorption peak at 524 nm usual for AuNPs 

in water.3 Wafers of ultrasonically cleaned n-doped silicon (1x1 

cm2 , Siltronix) were silanized in an absolute methanol solution. 100 

After being grafted on such a wafer in methanol, AuNps were 

functionalized with a 10-3 M thiophenol (C6H5SH) solution 

dissolved in dichloromethane (CH2Cl2). The use of two different 

silanes, differing by their chain length and nature (p-aminophenyl-

trimethoxysilane (APHS), H2N(C6H4)Si(OCH3)3 or 3-105 

aminopropyl-triethoxysilane (APTES), H2N(CH2)3Si(OC2H5)3), 

aimed at monitoring and comparing the different surface coverages 

by the AuNps. 

 SFG and DFG measurements were performed in a ppp-

polarisation scheme for the SFG/DFG, visible and IR beams, 110 

respectively. The sketch of the experiments is depicted in Figure 

1. It is clear that the only change between SFG and DFG 

experimental setups resided in the detection angle and the 

measured frequency of each nonlinear signal, both related to the 

SFG/DFG rules of momentum and energy conservations (kSFG/DFG 115 



 
= kVis  kIR and ωSFG/DFG = ωVis  ωIR), as detailed in Ref. 3. The 

SFG/DFG setup coupled to the CLIO Free Electron Laser (FEL) 

European Facility is described in details elsewhere.14 Briefly, its 

dedicated pulsed and intense IR laser beam (~1ps, ~10µJ/pulse 

reduced to 2µJ/pulse for SFG/DFG experiments, ~5 cm-1 5 

resolution) was tuned around 10 µm in order to probe specific 

vibration modes of ring deformation of thiophenol. The visible 

laser beam at 523.5 nm (~5 ps, 4µJ/pulse, ~6 cm-1 resolution) 

originated from the frequency doubling of a pulsed and amplified 

Nd:YLF laser source at 1047 nm through a nonlinear BBO crystal. 10 

The laser sources had the same repetition rate for the macropulses 

(25 Hz) and micropulses (62.5 MHz) fixed by the CLIO FEL clock, 

in order to synchronize temporally the IR and visible beams at the 

same point of the probed samples. In these conditions, SFG and 

DFG coherent nonlinear processes were always generated 15 

simultaneously, provided that spatial and temporal overlap of the 

input beams was achieved at the interface. The angles of incidence 

of the visible and IR beams were 55° and 65° with respect to the 

surface normal, respectively. The visible beam fixed at 523.5 nm 

was near the maximum of the SPR of the 17±2 nm diameter 20 

AuNPs. SFG/DFG signals were recorded by photomultipliers after 

spatial and spectral filtering through a monochromator. Data were 

normalized by the SFG/DFG signal of a ZnS reference crystal to 

take account of all laser fluctuations and absorptions on the laser 

paths. 25 

 The samples surface density was analyzed with AFM (Digital 

Instrument, DI3100) in tapping mode. The silicon tips used in our 

measurements have 130kHz working frequency and their 

curvature radius at the apex is around 10nm. This latter does not 

allow to obtain sufficient lateral resolution to image correctly 30 

isolated nanoparticles but it allows to identify each gold 

nanoparticle and give their mean diameter (172nm). Finally AFM 

allows to determine the number of nanoparticles grafted on the 

APHS and APTES surface in order to deduce the AuNps surface 

density used in the calculations of the Fresnel factors in the SFG 35 

and DFG intensities. 

Conclusions 

We have presented IR-vis SFG/DFG measurements on thiophenol-

functionalized AuNps grafted on a silicon substrate through two 

different silanes. This is the first experimental evidence, to the best 40 

of the authors' knowledge, of a vibrational nonlinear activity in the 

fingerprint spectral range observed on the surface of spherical 

metallic nanoparticles (17±2 nm diameter). This has been made 

possible thanks to the sensitivity of the vibrational FG technique, 

based on a setup coupled to the CLIO FEL. However, the levels of 45 

FG intensities measured above make us confident that analogous 

measurements should be possible even using tabletop laser sources 

in the [1000-2000cm-1] range. For an extension towards lower 

energies, the FEL remains mandatory on such materials. 

 A careful analysis of experimental results shows that FG 50 

spectroscopy can actually become quantitative as a function of the 

surface density, as long as a proper data analysis is carried out: 

calibration of absolute FG intensities, validation of fitting 

procedure by imposing compatibility between SFG and DFG, full 

account of Fresnel reflectivity effects. As a result, the essential 55 

proportionality of the nonlinear (resonant and nonresonant) 

susceptibilities to surface density of nanoparticles is shown. 

Provided that an absolute calibration is achieved and the method 

extended towards more commonly accessible frequency regions 

(e.g. 2500-3500cm-1), it becomes an interesting tool for the 60 

analysis of such composite materials, complementary to 

microscopy (AFM, STM) and linear optical techniques (IR, 

Raman). This opens the door to more routine analysis of the 

surface chemistry of nanoparticles using nonlinear optical 

spectroscopies. In addition, derived methods which lower the 65 

detection threshold, like heterodyne SFG or doubly resonant 

SFG,33 should prove helpful for that purpose. 

 In the investigated samples, we have shown that grafting gold 

nanoparticles on silicon with APHS is more efficient than with 

APTES, with an increase of the surface density by around 40%, 70 

confirming results of Ref. 2. Apart from this parameter, which 

impacts the absolute FG intensities, both grafting silanes lead to 

very similar structures at the molecular and nanoscopic scale, since 

the SFG activities of the molecular vibrations and gold 

nanoparticles share the same properties. 75 

 We intend to continue this systematic work of understanding the 

optical and chemical properties of complex materials based on 

metallic nanoparticles. There are still further steps to undertake, 

concerning an accurate description of the interplay between the 

surface plasmon of the particles and the molecular vibrations 80 

mediated by nonlinear optical spectroscopies (SFG/DFG). 

Improving theoretical and computational methodology is 

mandatory to bridge the gap between molecular properties deduced 

from DFT calculations and a description at the nanoscale of the 

orientation distribution of molecules at the surface of the particles. 85 

In the future, applications including more complex molecular 

systems adsorbed on AuNps and related, for instance, to 

heterogeneous catalysis and biosensors could be accurately 

described at the nanoscale with SFG/DFG spectroscopy. In fact, 

we believe that the experimental and theoretical procedures 90 

developed in this work could be used to systematically monitor the 

surface chemical properties of such nanomaterials, whatever their 

sizes, shapes or organization on a given substrate. 
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