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Abstract 

The effect of the metal substrate on the chemical bonding nature at the molecule-metal interface 

was investigated for aryl isocyanide molecules with different para-substituents X−C6H4−NC (X 

= H; NO2 (electron-donating group); OCH3 (electron-withdrawing group)) adsorbed on Au(111) 

and Ag(111) surfaces by surface-specific vibrational sum frequency generation (VSFG) 

spectroscopy and periodic density functional theory calculations. Both the experimental VSFG 

spectra and the anharmonic vibrational spectra from theoretical calculations confirm that the 

substrate effect acts to increase the NC stretching frequency (blue shift) and that the Au(111) 

surface shows a larger blue shift than the Ag(111) surface. To analyze the mechanism of this 

substrate dependence, we performed a natural bond orbital (NBO) analysis extended to periodic 

systems, and found that at the molecule-metal interface, the σ donation from molecule to 

substrate (strengthening NC bond) is more pronounced than the π back-donation (weakening NC 

bond), and that the effect of σ donation is stronger for the Au substrate than for the Ag substrate.  

  



1. Introduction 

Chemical bonding interactions between organic molecules and metal surfaces determine many 

interfacial phenomena, such as charge transport,1−4 dynamics of electronic and vibrational 

excitations,5,6 chemical reactivity7,8 in the interfacial region between metal electrodes. 

Characterization of these interfacial bonds plays an important role in surface modification and 

functionalization. However, it is challenging to characterize the adsorption structure of 

molecules on the surface because of its complexity including the adsorption sites and the 

problems of surface coverage and orientation. Well-ordered self-assembled monolayer (SAM) on 

metal electrode, an essential component of molecular electronic devices, is a typical model for 

studying adsorbent−substrate interactions.9,10 Charge transfer between the SAM and the metal 

electrode strongly depends on the surface topography of the metal electrode. Therefore, it is 

necessary to understand how the intrinsic properties of the metal surface affect the interface 

structure before implementing the SAM for a particular application. Because of the strong 

chemical bonding between the −S group and the atoms on the gold surface, thiol compounds on 

gold surfaces are one of the most investigated systems.11−19 Aryl isocyanide molecules are also 

important candidates because of the effective network of delocalized electrons between the π-

orbitals of the benzene ring and the d-band of the metal surface, linked by triple bonds of NC 

groups, and therefore have been studied extensively.20−30 The interaction of aryl isocyanide 

molecules with metal surfaces has been investigated in relation to spectral signals and bonding 

properties using spectroscopic methods such as near-edge X-ray absorption fine structure 

spectroscopy (NEXAFS) and temperature-dependent surface-enhanced Raman spectroscopy 

(SERS).31 



Vibrational sum frequency generation (VSFG) spectroscopy is an intrinsically surface-

specific detection technique.32,33 Under the electric dipole approximation, SFG processes are 

intrinsically prohibited in media with inversion symmetry, but they can occur at the interface of 

two media where inversion symmetry is inevitably broken.34 Thus, VSFG spectroscopy has been 

applied in many diverse fields, such as orientation anisotropy,35 ultrafast direct electron transfer 

at the interface between organic semiconductors and metals,36 observation of non-uniform charge 

distribution,37 and cyanide-induced metal surface restructuring,38−41 because it has unique surface 

properties and can provide new insights into the chemical properties of adsorbed species on 

metal substrates that cannot be obtained by conventional techniques such as Fourier transform 

infrared (FTIR) spectroscopy. 

Quantum chemical calculations can also be used to explore the adsorption conformational 

changes of structurally well-defined SAMs on metal substrates, providing an intuitive and clear 

picture of the chemical bonding interactions between SAMs and surfaces at the molecular level. 

Charge transport between the adsorbed molecules and metal substrates is an important factor for 

interaction at the interface. Natural bond orbital (NBO) analysis transforms the electronic 

wavefunction into a representation based on a localized basis, and assigns the delocalized multi-

electron wavefunction and electron pairs to one-center-two-electron orbitals (lone pairs) and 

two-center-two-electron bond, allowing us to analyze the bonding modes of molecular systems 

based on the wave function.42 This NBO analysis has recently been extended to periodic systems 

and implemented in the Periodic NBO software43 which has been used for determining the CO 

adsorption site preference on Pt(111) surface44 and describing the bonding nature of transition 

state complex during CH4 activation on TiO2(110) surface.45 We have investigated the NC bond 

strength of X−C6H4−NC molecules on a platinum surface using periodic-boundary density 



functional theory (DFT) calculations with periodic NBO analysis, concentrating on the 

substituent effect.22 The “volcano-like” trend of isolated molecules was considerably changed for 

molecule adsorbed on the Pt surface when the NC stretching frequencies and bond order derived 

by NBO analysis were plotted as a function of Hammett constant46,47 for substituent X. This 

study shows that NBO analysis of the chemical bonds of various organic molecules adsorbed on 

a surface can provide a deeper understanding of the interaction between molecules and the 

surface. 

The influence of substrate on adsorbed molecules has received a lot of attention. 

Experimental studies of biphenyl-based thiols on Au(111) and Ag(111) surfaces have revealed 

that these two surfaces have opposite odd-even effects, exhibiting a dependence on the 

orientation of the biphenyl moiety and the number of methylene groups.48 Furthermore, studies 

of photoinduced electron dynamics at the interface of porphyrin on the Ag(111) and Ag(100) 

have shown that different substrate orientations cause differences in the energy alignments of the 

electronic states of the adsorbed molecules relative to the Fermi level of the metal surface, which 

dominate both static and photoinduced electron transfer processes.49 

In this study, we aim to clarify the influence of the metal substrate on the spectral behavior 

in terms of the nature of chemical bonding between the molecule and the surface. The molecular 

vibrations and electronic wavefunctions of aryl isocyanide molecules adsorbed on Au(111) or 

Ag(111) substrate were chosen as target systems and investigated using experimental VSFG 

spectroscopy and theoretical calculations.  

 

  



2. Experimental and Computational Methods 

2.1. Experimental Setup 

Glass slides (1.3 × 1.0 cm2) were first cleaned in piranha solution (H2SO4/H2O2 = 3/1 v/v), rinsed 

copiously in Milli-Q water and dried under nitrogen blow. A 10 nm thick Ti film was evaporated 

onto the glass slides by a vacuum evaporator apparatus (ULVAC, EBH-6) under 2×10−6 Torr 

(monitored by ULVAC, GI-TL3) as an adhesion layer, followed by deposition of 100−150 nm 

gold and silver layers. Au (Tanaka Precious Metals) or Ag (Nilaco) wires (φ = 0.1 mm) were 

wound around a spiral bundle of three tungsten wires (Nilaco) that act as a support heater. These 

tungsten wires were cleaned in dichloromethane by ultrasonication prior to the preparation. The 

temperature of the substrate during gold and silver deposition was controlled by a hot plate 

controller (Chino Co., DB1000) at 300 ℃. The deposition rate and the thickness of films were 

measured by a quartz crystal thickness monitor (ULVAC, CRTM-5000). The deposition was 

carried out at the constant rate of 0.1 nm/s. The deposition rate was controlled by changing the 

current passed through the tungsten wires around which Au and Ag wires were wound. The 

samples were then cooled with pure N2 put into the evaporator, taken out of the evaporator, and 

kept in hexane (Wako Pure Chemicals) after the evaporation. The Au films were annealed in a 

hydrogen flame for few seconds before immersing into the SAM formation solution. This 

method has been widely used for preparing the metal substrate, and the STM measurements have 

confirmed the predominance of (111) plane in films formed by this preparation procedure.50−54 

Phenylisocyanide (H−C6H4−NC) (ABCR), 4-methoxyphenylisocyanide (OCH3−C6H4−NC) 

(Sigma-Aldrich), and 4-nitrophenylisocyanide (NO2−C6H4−NC) (Zerenex) were used without 

further purification. 10 mM solutions of aryl isocyanides were prepared by using dehydrated 

stabilizer free tetrahydrofuran (THF) (Kanto Chemical) as the solvent in an Ar(99.999%) purged 



glove box. The Au and Ag thin films prepared by vapor deposition were then immersed in the 

isocyanide solutions for 48 hours in the glove box for depositing isocyanides on Au and Ag films 

to form SAMs. After the formation of isocyanide SAMs, Au and Ag substrates were rinsed with 

THF solution, and dried in a stream of N2. During the preparation of solutions and immersion of 

the metal substrates, the oxygen concentration in the glove box was kept at 0.1−0.2 ppm and the 

dew-point temperature was kept below the lower limit of a hygrometer, i.e., below −100 ℃. 

The 1 kHz femtosecond broad-band SFG (BB-SFG) system was used in this study. A 

detailed setup schematic of the system has been presented in our previous publication.21 In brief, 

the loosely focused ps narrow-band visible (7 ps, ~8cm−1) and broad-bandwidth IR (140 fs, ~200 

cm−1) beams were overlapped at the sample surface with incident angles of roughly 70 and 50 

degrees, respectively. A spectrograph (Oriel Instruments, MS-257) equipped with an ICCD 

multi-channel detector (Andor technology, iStar, Model DH720-18F-13) was used to detect the 

SF light generated from the sample surface. The SFG spectrum was then obtained by dividing 

the ICCD output of the sample by that of bare Au. The temporal and spatial overlaps were 

adjusted by monitoring the SFG signal from a quartz plate. In this study, all spectra were 

collected using the p−p−p (SFG-visible-infrared) polarization combination. The SFG 

measurements were carried out at room temperature. 

In SFG experiment, the intensity of the generated signal (𝐼𝐼SFG) is proportional to the square 

of the second-order nonlinear susceptibility 𝜒𝜒(2) as well as the visible and IR intensities: 

𝐼𝐼SFG ∝ �𝜒𝜒(2)�
2
𝐼𝐼vis𝐼𝐼IR                                                                                                   (1) 

𝜒𝜒(2) can be expressed as the coherent sum of a resonant part and a non-resonant part. As for the 

resonant part of susceptibility in the observed SFG spectra, we can expand 𝜒𝜒(2) as follows if we 

employ a Lorentzian line shape to account for the broadening: 



𝜒𝜒(2) = 𝜒𝜒R
(2) + 𝜒𝜒NR

(2) =  
𝐴𝐴

𝜔𝜔IR − 𝜔𝜔 + 𝑖𝑖Γ
exp(𝑖𝑖𝑖𝑖) + 𝜒𝜒NR

(2)                                       (2) 

where 𝜒𝜒R
(2) is the vibrationally resonant mode summed over the available infrared bandwidth and 

𝜒𝜒NR
(2)  represents the nonresonant electronic response from the surface itself (e.g. electronic 

transitions in Au(111) and Ag(111) surfaces and in isocyanide molecules). 𝜔𝜔IR is the frequency 

of the infrared pulse, and 𝜔𝜔, 𝐴𝐴, 𝑖𝑖, and Γ are the resonant frequency, transition amplitude, phase 

difference between 𝜒𝜒R
(2)  and 𝜒𝜒NR

(2)  responses of the system, and damping coefficient of the 

vibrational mode, respectively. The FTIR spectroscopy measurements were conducted to obtain 

the spectra of free aryl isocyanide molecules. The FTS-30 FTIR spectrometer (Bio-Rad) 

equipped with a DTGS detector was used to measure the FTIR of 10 mM hexane (Wako Pure 

Chemicals) solutions containing isocyanides. A spectrum with a resolution of 2 cm−1 resolution 

was created by combining 64 interferograms. 

 

 

 

  



2.2. Computational Details 

DFT calculations with spin-polarization scheme were carried out for aryl isocyanide molecules 

with different para-substituents X−C6H4−NC (X = H; NO2 (electron-donating group); OCH3 

(electron-withdrawing group)) adsorbed on Au(111) and Ag(111) surfaces using VASP (Vienna 

Ab initio Simulation Package) software.55−58 The Perdew-Burke-Ernzerhof functional in general 

gradient approximation (GGA-PBE)59,60 was chosen as the XC functional, and the van der Waals 

interaction was taken into account in geometry optimization using the D3 energy correction with 

zero damping.61 The core electrons are described by the projector-augmented wave method.62,63 

A plane-wave basis set with a kinetic energy cutoff of 540 eV was adopted for all calculations. 

Integration of the Brillouin zone was performed using the Methfessel−Paxton method64 and a 9 × 

9 × 1 mesh k grid centered at the Γ-point generated according to the Monkhorst–Pack scheme.65 

All structures were fully relaxed with a range of convergence of less than 10−6 eV in total energy 

and less than 0.02 eV/Å in force. The optimized lattice constants for bulk Au and Ag were 4.098 

and 4.071 Å, respectively, in good agreement with the experimental values of 4.08 and 4.09 Å, 

respectively.66 Using these equilibrium lattice constants, the Au(111) and Ag(111) surfaces were 

modeled as a structure with four layers of repeated slabs. The periodically repeated slabs are 

separated by a vacuum gap of 15 Å. The aromatic molecules and the top two metal layers were 

allowed to relax during geometry relaxation. The bottom two layers were fixed in their bulk-

truncated positions using the optimized lattice constants of the bulk metals. Otherwise, the 

surfaces of both Au(111) and Ag(111) would not be reconstructed. 

Based on the Hessian matrix and Born effective charge calculated using density functional 

perturbation theory (DFPT),67,68 the vibrational spectra of aryl isocyanide molecule in the gas 

phase and on a metal substrate have been theoretically reproduced. The DFPT based method can 



provide theoretical IR vibrational spectra of materials adsorbed on metal surfaces.69−71 An 

anharmonic correction is applied to each vibrational mode by calculating the Morse-potential 

using the analytical method proposed by Torres et. al.72 

In order to quantitatively analyze the chemical bonding of molecules adsorbed on the 

surface, periodic NBO calculations were performed to analyze the orbital occupancy and 

generate a visualization file. The plane-wave wavefunction obtained from static calculations 

using VASP was projected onto a Gaussian basis set from the EMSL basis set library.73 For this 

purpose, we have selected the jorge-DZP basis set.74−77 The evaluation of the C−N and C−metal 

interactions has been further conducted by chemical bonding analysis based on the Crystal 

Orbital Hamilton Population (COHP) implemented in the LOBSTER package.78−82 Visualization 

for Electronic and Structural Analysis software (VESTA) was used to visualize the orbitals.83  

 

 

  



3. Results and Discussion 

3.1. VSFG and theoretical IR spectra of SAMs on Au(111) and Ag(111) 

surfaces

 

Figure 1. VSFG spectra in p−p−p polarization combination of NO2−C6H4−NC, H−C6H4−NC, 

and OCH3−C6H4−NC adsorbed on Au and Ag surfaces in the NC stretching region. The solid 

line shows the calculated fit to the VSFG data by eqn (2). The broken line corresponds to the 

resonance component when considering the sign of the resonant susceptibility 𝜒𝜒R
(2). 

 

Figure 1 shows the VSFG spectra of three selected SAMs on Au and Ag surfaces, respectively. 

The non-resonant SFG signal of NO2−C6H4−NC was lower than that of the other two molecules; 

the solvent of NO2−C6H4−NC was yellow, which was due to the nitrophenol group. Due to this 



strong visible light absorption, we speculate that NO2−C6H4−NC has a weak background signal, 

which is observed when the strong non-resonant signal from the molecule and the non-resonant 

signal from the substrate interfere with each other. The spectra are fitted with the standard SFG 

spectral fitting formula (eqn (2)), and the fitting parameters are displayed in Table S1. The 

spectra are dominated by a single peak around 2180−2195 cm−1 in the frequency range, which is 

contributed by the NC stretching vibration and this spectral feature is assigned to on-top 

adsorption configuration when compared with previous literature.21 The blue shift phenomenon 

is observed for SAMs adsorbed on Au and Ag surfaces with respect to the free isocyanide 

molecules measured by FTIR spectroscopy (Figure S1). For instance, FTIR measurements show 

that the NC stretching frequency of free molecule appears at around 2120 cm−1, increasing to 

roughly 2195 cm−1 for SAMs−Au, and around 2180 cm−1 for SAMs−Ag. Thus, adsorbing on Au 

surface gives rise to a more significant blue shift than adsorbing on Ag surface. 

 

 



Figure 2. Top and side views of optimized H−C6H4−NC molecules adsorbed on (a) Au(111) and 

(b) Ag(111) surfaces. Gold, silver, gray, brown and red spheres represent Au, Ag, N, C and H 

atoms, respectively. Dash lines indicate the supercell used in this calculation. 

 

As a next step, we calculated the theoretical IR vibrational spectra of SAMs adsorbed on Au 

and Ag surfaces starting from introduction of structural models. Figure 2 shows the top and side 

views of the optimized H−C6H4−NC molecules adsorbed on (a) Au(111) and (b) Ag(111) 

surfaces. The H−C6H4−NC molecules perpendicularly adsorb on the metal surface which is 

similar with our previous results.22 The N−C bond lengths and metal−C interatomic distances 

were summarized in Table 1. The N−C bond lengths show the same value for three free 

molecules, while they become slightly shorter for molecule adsorbed on Au and Ag surfaces. 

The distance between the adsorbed molecule and the metal surface is slightly shorter (< 0.1 Å) 

for the Au surface than for the Ag surface.  

 

Table 1. N−C bond lengths (r(N−C)) and metal−C interatomic distances (r(metal−C)) calculated 

for NO2−C6H4−NC, H−C6H4−NC, and OCH3−C6H4−NC as free molecules and those adsorbed 

on Au(111) or Ag(111) surface. 

  free Au Ag 
NO2−C6H4−NC r(N−C)/Å 1.184 1.176 1.178 

 r(metal−C)/Å - 2.011 2.114 
H−C6H4−NC r(N−C)/Å 1.184 1.176 1.178 

 r(metal−C)/Å - 2.012 2.115 
OCH3−C6H4−NC r(N−C)/Å 1.184 1.176 1.179 

 r(metal−C)/Å - 2.016 2.120 
 

The adsorption energies estimated for X−C6H4−NC (X = NO2, H, OCH3) adsorbed on atop, 

bridge, and hollow sites on Au(111) and Ag(111) surfaces using the equation, Eads = 

Eadsorbate@(surface) − Eadsorbate – E(surface), are shown in Figure 3. The results show that (1) the 



adsorption energies for bridge and hollow adsorption sites are similar and are greater than that 

for top adsorption site, (2) no substitution (−H) molecule has a greater adsorption energy than 

molecules substituted with electron donating or electron withdrawing groups for both Au and Ag 

surfaces, and (3) the adsorption energy to the Au surface is stronger than to the Ag surface for all 

adsorbates. The inconsistent between experimental and theoretical results is due to the 

inaccuracy of GGA-based approach as discussed in Ref [J. Phys. Chem. B 2001, 105 (18), 

4018−4025]. Since our goal is to reveal the frequency-metal substrate dependence, we assume 

that the on-top site obtained experimentally is the direct adsorption site in our calculations. 

 

Figure 3. Adsorption energies of X−C6H4−NC (X = NO2, H, OCH3) adsorbed on atop, bridge 

and hollow sites of Au(111) and Ag(111) surfaces, respectively. 

 

Figure 4 depicts the theoretical IR vibrational spectra of three isolated molecules and the 

molecules adsorbed on the Au and Ag surfaces. Calculation gives the largest relative intensity 

for isolated H−C6H4−NC molecule and H−C6H4−NC adsorbed on Au and Ag surfaces, in 

comparison to the NO2−C6H4−NC and OCH3−C6H4−NC derivatives. Since the intensity of the 

SFG spectra is proportional to the square of the second-order nonlinear susceptibility as well as 



the visible and IR intensities as shown in eqn (1), it is difficult to make a direct comparison of 

the intensity between the experimental SFG spectra and theoretical IR spectra, and thus, we 

compare only the vibrational frequency between VSFG and theoretical spectra for isolated 

molecules and those adsorbed on Au and Ag surface. In analogy to the FTIR spectroscopy given 

in Fig. S1 in SI, the peaks centered at 2125 cm−1 (para-substituted −NO2), 2133 cm−1 

(unsubstituted) and 2131 cm−1 (para-substituted −OCH3) of the isolated molecule are ascribed to 

the NC stretching frequency (vNC). The multiple peaks at 3000~3100 cm−1 belong to the 

stretching vibration of C−H bonds of OCH3 group and C−H bond of aromatic ring (vCH). 

Additionally, symmetric and asymmetric stretching of the C−C bond of the aromatic ring appears 

around 1500 cm−1, and the vibration frequency identified around 1000 cm−1 is attributed to the 

C−H in-plane bending mode. Since the goal of this study is to clarify the effect of the metal 

substrate on the interfacial structure, subsequent discussions will focus on the N−C bond 

stretching vibration, which is directly involved in the adsorption of molecules to the metal 

surface. 

  



 

 

  
 

 

Figure 4. Calculated vibrational spectra of X−C6H4−NC molecule (X = NO2, H, OCH3) (a) 

without substrate, (b) on the Au(111) surface, and (c) on the Ag(111) surface.  



After adsorption, the NC stretching frequency on Au and Ag surfaces exhibits a blue shift 

when compared to that of isolated molecules, as shown in Figures 4b and 4c, respectively. 

Importantly, Au surface exhibits a larger blue shift than the Ag surface (50~60 cm−1 vs. 30~40 

cm−1). This blue shift occurrence in the spectrum is also confirmed by VSFG spectroscopy 

measurements presented in previous section. 

 

Table 2. NC stretching frequencies of free X−C6H4−NC molecule (X = NO2, H, OCH3) in dilute 

hexane solution obtained by FTIR spectroscopy, and NC stretching frequencies of molecules 

adsorbed on Au or Ag surface obtained by VSFG spectroscopy. Calculated anharmonic 

frequencies by DFPT method are also given. The unit of frequency is cm−1. 

 experiment calculation 
X free (FTIR) Au (SFG) Ag (SFG) free Au Ag 

−NO2 2119 2194 2176 2125 2177 2150 
−H 2123 2199 2186 2133 2196 2165 

−OCH3 2122 2194 2185 2131 2194 2159 
 

The experimental and calculated NC stretching vibrational frequencies were summarized 

and compared in Table 2. The calculated frequencies for isolated molecules are quite close to the 

FTIR spectroscopy experimental results. The unsubstituted molecule possess the largest 

frequencies irrelevant to the metal support. Also, NC stretching frequencies on metal support is 

in an order of free molecule < Ag < Au for all the substituted groups. This indicates that our 

computational model and the DFPT method are both capable of accurately describing the 

experimental vibrational frequencies. Moreover, it was noticed that relationship between bond 

length and bond strength (vibrational frequency) is not applicable in the current systems. An in-

depth understanding in the electronic structure of SAMs/substrate interfaces is therefore 

necessary. 



3.2. Electronic Structure of X−C6H4−NC/substrate interfaces  

To clarify the mechanism behind the effect of the metal substrate on the vibrational 

spectrum, the electronic structure of the SAMs/substrate interface was analyzed. First, the 

density of states (DOS) was calculated to investigate how the electronic state of the aryl 

isocyanide molecule is redistributed upon interaction with the adsorbed metal substrate. 

Furthermore, by projecting the overall DOS onto the atomic orbitals (PDOS), the contributions 

from the individual atoms were assigned. For clarity, only NC groups rather than all atoms in the 

adsorbed molecule are plotted, and atomic orbitals with a contribution of less than 2% to the 

overall DOS are ignored. Figure 5 shows the PDOS of the NC group of an isolated H−C6H4−NC 

molecule, clean Au and Ag surfaces, and the NC group of H−C6H4−NC molecules adsorbed on 

Au and Ag surfaces, respectively. Figure 5a indicates that the density of NC groups in the 

isolated molecules is discrete; the C 2s and C 2p orbitals contribute to the 5σ orbital of the N−C 

bond, while the C 2p and N 2p form a 2π* orbital at 6 eV above the Fermi level (EF). Figures 5b 

and 5c show the PDOS of clean Au and Ag surfaces before adsorption, showing a sharp drop 

from EF to −2 eV for Au and around −3 eV for Ag. The d states of Au and Ag are mainly located 

in the range of −6 to −2 eV and −7 to −3 eV, respectively; the contributions of the s and p states 

of Au and Ag are comparable to those of the d states in the vicinity of EF. This delocalized s, p, 

and d states suggest a hybridization of d and sp states at clean metal surfaces. 

As shown in Figure 5d, the PDOS of the H−C6H4−NC molecule is significantly changed by 

adsorption on the metal surface. First, the C 2p state of adsorbed H−C6H4−NC is resonantly 

broadened and shifts to lower energies towards the bottom of the Au valence state. This is due to 

the strong interaction between the 5σ (a hybridized state of C 2s and 2p) and the metal d state, 

which forms a localized state around the bottom of the Au valence state. This means that, 



electron donation from the 5σ orbital of the adsorbate to the Au d state has occurred which is 

called the σ donation process. In addition, resonance state with antibonding character (5σ-d 

antibonding state) is formed and located close to EF. On the other hand, the 1π state of NC group 

interacts with the d orbitals of Au. Due to the strong σ interaction, this state (1π-d) now lies 

above the 5σ-d localized state, and the interaction between the 1π and d states splits into two 

peaks with energies around −6.4 eV and −3.4 eV, can be assigned to bonding and antibonding 

contributions, respectively, as illustrated by the COHP analysis in Figure S2 in SI. The 1π-d 

bonding combination is a localized state near the bottom of the Au valence state. On the other 

hand, the 1π-d antibonding combination resonates with the d state. 2π*-d interaction also results 

in one bonding combination near EF and another antibonding state appearing at about 3 eV above 

EF, which is known as the π back-donation process. This PDOS is qualitatively similar to the 

previous literatures on 1,4-phenylenediisocyanide adsorbed on the Au(111) surface84 and HNC 

adsorbed on the Au(111) surface.85 

The PDOS of the NC group of the H−C6H4−NC molecule adsorbed on the Ag surface is 

almost the same as the PDOS of the Au surface, as shown in Figure 5e. The PDOS analysis 

indicates that the 5σ orbital of the NC bond donates electrons to the metal surface to form the 

Au/Ag−C bond, while the 2π* orbital of the NC accepts electrons through a back-donation from 

the Au/Ag d orbitals to weaken the NC bond. 

  



 

Figure 5. PDOS projected onto (a) NC group of a free H−C6H4−NC molecule, (b), (c) clean 

Au(111) and Ag(111) surfaces, and (d), (e) NC group of an H−C6H4−NC molecule adsorbed on 

Au(111) and Ag(111) surfaces. The Fermi level is indicated by the black dashed line located at 0 

eV. Only the states accounting for more than 2% of the total DOS are considered. 

 

Natural population analysis (NPA) was performed to evaluate the overall electron density 

distribution after adsorption, and the results are shown in Table 3. Upon binding to Au and Ag 



surfaces, the fully localized lone pair on the isocyanide group is converted to shared metal−C 

bond, resulting in more positively charged isocyanide group. The amount of charge loss of the 

isocyanide group after binding to the Au surface is greater than after binding to Ag (0.250e 

versus 0.188e). This difference emphasizes the effect of the metal support and may be related to 

the strength of the σ donation/π back-donation discussed below. 

 

Table 3. Results of natural population analysis for H−C6H4−NC molecule adsorbed on Au(111) 

and Ag(111) surfaces. For comparison, natural charges for isolated molecules and clean metal 

surfaces are also listed. 

H−C6H4−NC on Au(111) surface 
 

Au C N 

before adsorption/e +0.072 +0.259 −0.490 

after adsorption/e −0.353 +0.393 −0.374 

H−C6H4−NC on Ag(111) surface 
 

Ag C N 

before adsorption/e +0.095 +0.259 −0.490 

after adsorption/e −0.269 +0.343 −0.386 
 

 



 

Figure 6. NBO occupancy of NC π bonding orbitals, metal−C σ bonding orbitals, NC π* 

antibonding orbitals, and metal−C σ* antibonding orbitals calculated for free H−C6H4−NC 

molecules and H−C6H4−NC molecules adsorbed on Au or Ag surfaces. The NBOs are featured 

in the right panel. An isosurface value of 0.035 e/Bohr3 is used. 

 

NBO algorithm implemented for periodic system was applied to quantitatively elucidate 

the surface chemical bonding interactions and gain a deeper understanding of the distinctions 

between Au and Ag surfaces. Figure 6 shows the calculated NBO occupancies in several 

representative orbitals, including NC π bonding orbital, metal−C σ bonding orbital, NC π* 

antibonding orbital, and metal−C σ* antibonding orbital, for free H−C6H4−NC molecules and 



molecules adsorbed on Au and Ag surfaces, respectively. The occupancy of NC π bonding 

orbitals (green dots) in free molecule (3.92e) and molecules adsorbed on the metal support (3.89e 

for Au and Ag) suggests that the NC bonding orbitals were somewhat involved in the formation 

of chemical bonds between molecules and surfaces, but the equal decrease for Au and Ag 

indicates that NC bonding orbital is not sensitive to changes in the metal substrate. The red dots 

show the metal−C σ bonding orbital formed by σ donation. It was shown that metal−C bond 

orbitals are virtually double occupied in Au and Ag cases with occupancies of 1.84e and 1.86e, 

respectively. 

According to the σ-donation−π* back-donation mechanism, filled 5σ and empty 2π* 

orbitals of unbound NC group first couple with the sp states of Au and Ag, then the coupled 

states further hybridize with the d states of Au and Ag. Among the generated hybridized states, 

the metal−C σ* antibonding and NC π* antibonding orbitals are responsible for σ donation and 

π* back-donation, respectively.23 As such, their occupancy can be used as a suitable indicator of 

the donation and back-donation strengths. The blue dots represent the NBO occupancy in NC π* 

states. The fact that Au has a higher occupancy (0.36e) than Ag (0.32e) indicates that Au has a 

greater π* back-donation strength. Due to the antibonding nature of π* orbital, π* back-donation 

weakens the NC bond strength, causing a red shift of NC stretching vibration. 

On the other hand, Au−C σ* orbital has a higher occupancy (0.11e) than Ag−C σ* orbital 

(0.08e), as indicated by yellow dots in Figure 6, implying a greater σ donation strength for Au 

substrate. Since the 5σ orbital of NC bond has a weak antibonding character which will be 

suppressed during σ donation process and formation of metal−C adsorption bond, resulting in an 

enhanced NC bonding and a blue shift in the NC stretching frequency.86 This blue shift effect is 

more pronounced for Au than Ag. 



In addition to these essential states, NC σ bonding orbital and σ* antibonding orbital have 

also been studied, as listed in Table S2. In comparison to unbound NC group, only tiny changes 

(∆<0.01e) have been found after binding to Au and Ag surfaces. The essentially unperturbed 

occupancies in NC σ bonding orbital confirms again that the adsorption bond at the SAMs/metal 

substrate interface is formed mainly from the 5σ orbital of the unbound NC group, with a 

relatively minor contribution from the NC π bonding orbital. 

To confirm the presence of metal substrate-induced NBO occupancy changes for other 

adsorbates, NBO analysis was also performed for two other derivatives (NO2−C6H4−NC and 

OCH3−C6H4−NC), as shown in Table S3. The results show that the σ donation on the Au surface 

is stronger than on the Ag surface when the −H is replaced with a different group. Moreover, 

different basis set combinations have been used for projection, and the results of some typical 

orbitals are shown in Table S4. The results show that increasing the size of basis set does not 

improve the quality of the results, and a double-ζ basis set seems to be sufficient for the 

projection work in this study. We also found a good linear relationship between an adsorption 

energy and NBO occupancy in metal−C σ* antibonding orbital (named as 5σ-d antibonding 

orbital in PDOS and -COHP analysis) for adsorptions on atop site of Au and Ag surfaces as 

shown in Figure S4 in SI. The adsorption energy becomes larger as the NBO occupancy in 

metal−C σ* antibonding orbital increases, indicating that the NBO occupancy is a good 

descriptor for predicting an adsorption energy. 

In summary, we can conclude that no matter the substituent group, SAMs on the Au surface 

have both stronger σ donation and π* back-donation than SAMs on the Ag surface. For both Au 

and Ag, the overall blue shift of the NC stretching frequency after binding to the metal surface is 

due to a stronger involvement of σ donation than π* back-donation, based on the VSFG spectra 



together with the results of calculation. More crucially, the stronger σ donation for the Au 

surface results in a greater blue shift in frequency than the Ag surface, demonstrating the impact 

of the metal substrate on chemical bonding nature at the interfacial area. 

 

  



4. Conclusion 

We have investigated the metal substrate-dependent chemical bonding nature of aryl isocyanide 

molecules (SAMs) adsorbed on two typical metal surfaces, Au(111) and Ag(111), with 

combining experimental VSFG spectra and theoretical calculations. The self-assembly molecular 

systems were constructed by immersing the Au(111) and Ag(111) thin films prepared by vapor 

deposition in isocyanide solution. The fabricated structures were well characterized by surface-

specific VSFG spectroscopy. Compared to isolated aryl isocyanide molecules, the NC stretching 

frequency shows a blue shift on metal supports, and the blue shift is more evident with the 

Au(111) than one with Ag(111) substrate. In order to understand the experimental results 

rationally, we carried out theoretical calculations using density functional perturbation theory 

and the natural bond orbital approach adopted for periodic systems. The calculated trend for NC 

stretching frequency is well consistent with the experimental results. The ability of metal−C σ 

donation is the decisive factor for blue shift of NC vibration frequencies. Compared to Ag 

surface, the stronger σ donation from Au−C σ* antibonding orbital makes larger blue shift in NC 

vibrational frequencies. This study provides systematic insights into the relationship between 

vibrational frequency and natural orbital population, as well as suggestions for designing 

molecule/metal interfaces with desirable electronic properties using a variety of metal substrates. 
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Table S1. Parameters for fitting the VSFG spectra shown in Figure 1 using eqn (2). The 

Hammett constants for the substituents are also given. 

  NO2 H OCH3 

 σp 0.78 0 −0.27 

 

 

Au 

A 2.2 2.4 4.7 

vNC 2194 2199 2194 

Γ 10 14 11 

𝜒𝜒NR
(2) 0.40 0.49 0.56 

𝑖𝑖 −146 −120 −130 

 

 

Ag 

A 0.49 3.8 1.4 

vNC 2176 2186 2185 

Γ 11 14 7.1 

𝜒𝜒NR
(2) 0.63 1.8 1.5 

𝑖𝑖 −121 −118 −139 
 

 

 

 

 

 

 

 



 

 

 

 

 

Figure S1. Results of FTIR spectroscopy measurement for isolated NO2−C6H4−NC, 

H−C6H4−NC, and OCH3−C6H4−NC molecules, respectively. 

 

 



 

Figure S2. −pCOHP plots for free H−C6H4−NC molecule and H−C6H4−NC molecule adsorbed 

on Au surface, C−N and Au−C interactions have been highlighted by blue and red colors, 

respectively. 

After binding to the Au surface, the 5σ-d state, the 1π-d state, and the 2π*-d state with 

bonding and antibonding characters were identified by COHP analysis. The difference in the 

orbitals obtained by NBO and COHP (also PDOS) was induced by different algorithms. 

According to reference [J. Chem. Theory Comput. 2012, 8, 6, 1902], COHP is a method based 

on reciprocal space and is used to describe delocalized interactions analysis. NBO converts 

atomic orbital to hybrid orbitals, perhaps not very close to atomic orbitals, provides a purely 

localized real space representation of bonding interactions and allows one to find the intrinsic 

localization in the system. Therefore, the COHP analysis possibly gave an orbital-interaction 

picture compared to the NBO analysis.  



 

 

 
 

Figure S3. NBOs of isolated H−C6H4−NC molecule: a) The lone pair 5σ orbital localized at C 

atom, b, c) NC σ bonding and σ* antibonding orbitals, d, e) out-of-plane NC 1π bonding and 2π* 

antibonding orbitals, f, g) in-plane NC 1π bonding and 2π* antibonding orbitals. An isosurface 

value of 0.035 e/Bohr3 is used. 

  



Table S2. NBO occupancies of NC σ bonding and NC σ* antibonding orbitals calculated for 

isolated H−C6H4−NC molecule and H−C6H4−NC molecule adsorbed on Au(111) or Ag(111) 

surfaces. 

 NC σ NC σ* 

free 1.9875 0.0058 
on Au 1.9797 0.0139 
on Ag 1.9800 0.0110 

 

 

Table S3. NBO occupancy analysis conducted for NO2−C6H4−NC and OCH3−C6H4−NC as free 

molecules and those adsorbed on Au and Ag surfaces. 

  metal-C σ metal-C σ* NC π NC π* NC σ NC σ* 
free NO2 / / 3.8979 0.0740 1.9875 0.0056 

OCH3 / / 3.9188 0.0941 1.9872 0.0057 
on Au NO2 1.8354 0.1021 3.8914 0.3809 1.9799 0.0138 

OCH3 1.8365 0.1033 3.8974 0.3746 1.9798 0.0137 
on Ag NO2 1.8504 0.0743 3.8939 0.3322 1.9804 0.0107 

OCH3 1.8518 0.0741 3.8883 0.3398 1.9795 0.0111 
 

Similar with our previous work aimed at the benchmark of substituent effect (Phys. Chem. 

Chem. Phys. 2020, 22, 12200−12208), the substituted group effect on NBO orbitals was 

analyzed and summarized in Table S3. In our previous results, compared to the substitute group 

─H, electron withdrawing groups increase the occupation of ─NC π* and σ*, therefore decrease 

the bond order of ─NC. While the electron donating group does affect ─NC bond strongly.  

 

  



Table S4. NBO occupancies (e) in several typical orbitals when projecting on various different 

basis set combinations for adsorbed molecules. 

 

Basis Set Test 
  a b c d 
 
 
H−C6H4−NC 
@Au surface 

Au−C σ 1.8407 1.8384 1.8369 1.8347 
Au−C σ* 0.1059 0.1065 0.1031 0.1061 
C−N σ 1.9797 1.9643 1.9550 1.9631 
C−N σ* 0.0139 0.0131 0.0147 0.0138 
C−N π 3.8931 3.8842 3.8818 3.8840 
C−N π* 0.3650 0.3609 0.3755 0.3729 

 

a. Au: jorge-DZP; C, H, N: jorge-DZP (original manuscript) 

b. Au: jorge-DZP; C, H, N: jorge-TZP 

c. Au: jorge-DZP; C, H, N: def2-TZVPP 

d. Au: jorge-DZP; C, H, N: Sapporo-TZP 

 

To investigate the influence of basis sets, the current periodic NBO program can only 

project plane-wave basis sets to Gaussian basis sets including S, P, D, F, and SP orbital types, 

and the projection to G-type orbitals for Au and Ag atoms (triple-ζ basis set) is currently not 

supported by the periodic NBO algorithm. Therefore, different basis sets were considered for 

adsorbed molecules shown in Table S4. The results indicate that the performance of TZP is 

comparable in quality to the DZP results. Increasing the TZP basis set does not necessarily 

improve the quality of the results, and a double-ζ basis set seems to be sufficient for this 

projection. 

 

 



Table S5. Comparison of various charge models (Bader, NPA, Hirshfeld, and DDEC6) for 

H−C6H4−NC on Au surface (unit: e). Values in parentheses are the corresponding charges before 

adsorption. 

 adsorbing Au atom all metal atoms C N molecule 
Bader 0.15 (−0.02) −0.02 (0) 0.83 (0.83) −1.42 

(−1.52) 
0.02 (0) 

NPA −0.35 (0.07) −0.23 (0) 0.39 (0.26) −0.37 
(−0.49) 

0.23 (0) 

Hirshfeld 0.08 (0.01) −0.06 (0) −0.01 (−0.10) −0.04 
(−0.06) 

0.06 (0) 

DDEC6 0.07 (0.01) −0.16 (0) 0.06 (−0.17) −0.07 
(−0.05) 

0.16 (0) 

 

Bader: VASP + Bader program developed by Henkelman group 

NPA: VASP featured with periodic NBO 

Hirshfeld: VASP package 

DDEC6: VASP’s charge density analyzed by Chargemol program 

 

Table S5 compares Bader’s charge results with those of the charge analysis by Natural 

Population Analysis (NPA), Hirshfeld, and DDEC6 using the same electron densities and wave 

functions. The results show that the directly bonded Au atoms lose electrons and become 

positively charged, while the entire metal surface accepts electrons and becomes negatively 

charged by −0.02 e according to the Bader charge. This indicates that the closer to other Au 

atoms, the higher the electron density. All four charge models indicate that the entire surface is 

negatively charged, and the adsorbate positively charged, with a slightly stronger tendency for 

electron transfer from the adsorbate to the surface. This is consistent with benchmark work on 

the partial atomic charges of metal atoms in transition metal complexes calculated with the Bader, 

Hirshfeld, CM5, DDEC3, and DDEC6 charge models (J. Chem. Theory Comput. 2020, 16, 5884). 

The maximum charge is also given in this benchmark work. 

 

 



 

 

Figure S4. Adsorption energy as a function of NBO occupancy in metal-C σ* antibonding 

(named 5σ-d antibonding orbital in PDOS and -COHP analysis) for adsorption on atop site of Au 

and Ag surfaces. 
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