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Abstract
The effect of para substituents on the NC bond of aryl isocyanide molecules, adsorbed on Au, Ag, Pt and Pd surfaces were examined by vibrational sum frequency generation (VSFG) spectroscopy. The frequency of NC stretching vibration, υNC, depended on the electronic property of the substituents. When the substituents were more electron-withdrawing and more electron-donating, υNC shifted to lower and higher frequencies, respectively. However, υNC shifted to lower frequency again when the substituents were too electron-donating. The strong dependence of υNC on metal substrates was also observed, reflecting the difference in metal d-band energies, which leads to the difference in the contributions of -donation and back donation the NC-metal coupling. 



1. [bookmark: _Ref166504348]Introduction
Functionality of solid surface can be controlled by the monolayer adsorption of molecules with various properties. To form well-ordered stable monolayers, molecules need to have a binding group in addition to functional groups with specific properties. Surface modification can be easily made by dipping a solid substrate into a solution containing a functional molecule without using expensive equipment required to form organic films under ultra-high vacuum conditions.1-4 One of the most studied systems is the self-assembled monolayers (SAMs) of alkanethiols on metal, gold in particular, surfaces utilizing thiol group as the binding group5-11 and SAMs with a wide variety of functions have been constructed.12-13 Other binding groups such as carboxylic acid14 and isocyanide15 have been also used. Binding strength between a binding group and a substrate surface may be affected the electronic property of the functional groups of the molecule, especially for the molecules with short alkyl chain and pi-conjugated system. 
	It is well known that electron-withdrawing/donating nature of a substituent affects the bond strength of another substituent of substituted benzenes. For example, IR stretching frequency of N-O of nitrobenzene16 and C=O of carbonyl compounds17 in dilute solutions of nonpolar solvents showed a good positive correlation with the Hammett constant, one of the most commonly used substituent parameters.18 The shift in vibrational frequency was interpreted as the result of electron transfer between N-O/C=O bonds and isolated electron pairs on oxygen atoms. When the substituent was electron-withdrawing, electrons form lone pairs and the bond order decreased, whereas if the substituent was electron-donating, the electrons are transferred to N-O/C=O bonds and the bond order increased. Kim et al. found a good linear correlation between the chemical shift of the isocyanide carbon measured by 13C NMR and the Hammett constant of the para substituents.19 
Studies on the electronic effects of substituents in surface-adsorbed organic molecular layers are, however, limited. Although Murphy et al. reported ATR-FTIR spectra of various para-substituted phenyl isocyanides adsorbed on Au and Pd surfaces, they did not discuss quantitatively the relationship between the frequency of the isocyano (NC) group bonded to the metal surface and the substituent group.20
We have investigated the influence of metal substrates on the bonding properties and molecular conformation of the adsorbed 4-methylphenyl isocyanide (MPI)-molecular layers by measuring vibrational sum frequency generation (VSFG). The tilt angles of the adsorbed MPI- molecular layers were found to be dependent on the metal substrates and were in the order of Pt < Pd < Ag < Au, reflecting the bonding nature of the -NC group to the substrate atom.21
We also studied the effect of para-substituents of aryl isocyanide adsorbed on Pt(111) surface theoretically by performing the periodic-boundary density functional theory (DFT) calculations for para-substituted aryl isocyanide molecules (X–C6H4–NC: X=N(CH3)2, NH2, OCH3, CH3, H, Cl, CF3, CN, and NO2), isolated and absorbed on Pt(111) surface.22 We clarified the electron donating and withdrawing effects of the substituted groups on the interaction between aryl isocyanide molecules and Pt(111) substrate. The NC bond order, i.e., υNC shows a ‘‘volcano-like’’ with the Hammett constant of the para-substituted groups for isolated molecules. 
We further investigated the effect of metal substrate on the chemical bonding nature of aryl isocyanide molecules. First SERS measurements of para Cl substituted phenyl isocyanide (CPI) adsorbed on various faces of Pt single crystals and Pt poly crystal.23 Recently, we reported the VSFG spectroscopy and periodic density functional theory calculations for the aryl isocyanide molecule bearing different para-substituents (X=H, NO2, OCH3) adsorbed on Au(111) and Ag(111) surfaces.24 We revealed that the σ donation from aryl isocyanide molecules to the substrate (strengthening the 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.
In this study, the number of para-substituents and metal substrates on the aryl isocyanide molecule were increased (Scheme 1). The effect of para-substituents on the NC bond strength of aryl isocyanide molecules adsorbed on metal surfaces was investigated by VSFG spectroscopy and discussed in terms of substituent and metal dependence of the stretching frequencies of the metal-bonded NC groups. Electronic nature of the substituents, i.e., electron-withdrawing/donating between the para substituent and benzene ring, was discussed using Hammett constant. The electronic band structure of the metals affected the nature of the NC-metal bonding in adsorbed isocyanide molecules. 
2. ExperimentalScheme 1 Schematic drawing of a para substituted aryl isocyanide on metal surfaces.

2.1 Sample preparation
1,4-Phenylenediisocyanide (PDI; X=NC) and 4-methoxy-phenylisocyanide (MOPI; X=OCH3) (Sigma-Aldrich), 4-methyl-phenylisocyanide (MPI; X=CH3) (Fluorochem), 4-chloro-phenylisocyanide (CPI; X=Cl), 4-nitro-phenylis-ocyanide (NPI; X=NO2) (Zerenex) and phenyl isocyanide (PI; X=H) (ABCR) were used without further purification. 10 mM solutions of isocyanides were prepared by using dehydrated tetrahydrofuran (THF) (Kanto Chemical) as a solvent in an Ar (99.999%) purged grove box. 
[bookmark: _Hlk180658758]The metal thin films prepared by the vapor deposition which can form highly ordered (111)-like surface23, 25 were immersed in the isocyanide solutions for 48 h in the grove box to form the isocyanide molecular layers. Therefore, it was assumed that the surface was completely covered with isocyanide molecules.26 Cyclic voltammetry (CV) measurements are conducted on each substrate prior to molecular adsorption to ensure that no surface oxides have formed. Since aryl isocyanide molecules are known to adsorb atop site on Au(111) and Ag(111) but on hollow sites on Pt(111) surface, resulting in different adsorption structures,23 a Pt(100) disk, on which aryl isocyanide molecule are expected to adsorb mainly on atop sites, was used as a substrate. After the molecular layer formation, the metal substrates were rinsed with THF and dried under stream of N2. Oxygen concentration in the grove box during the preparation of the solutions and immersion for the metal substrates was kept 0.1-0.2 ppm and the dew-point was less than the lower limit of a hygrometer, i.e., below -100°C.
2.2 SFG measurements
Two SFG systems were used in the present study. 21, 27-29
A picosecond Nd: YAG laser (PL2143B, EKSPLA) was employed to pump an optical parametric generation/optical parametric amplification/difference frequency generation (OPG/OPA/DFG) system, which generates tunable IR radiation from 2.3 to 8.5 m. The second harmonic output (532 nm) from the Nd: YAG laser was used as the visible light (20 ps duration,) a. The intensities of the SFG signals were normalized to those of IR and visible beams. The incident angles of the visible and IR were about 65 and 50 degrees, respectively. SF signal was collected through a monochromator (Oriel instruments, MS-257) by a photomultiplier (Hamamatsu, R3896) and a gated electronic system (Stanford Research System). 
A femtosecond BB-SFG system was also used in the present study. Briefly, loosely focused visible (10 ps duration, 10 cm-1 bandwidth, 0.1 mJ/pulse energy) and broad-bandwidth IR (100 fs duration, 200 cm-1 bandwidth, 0.1 mJ/pulse energy) beams were overlapped at the sample surface. The incident angles of the visible and IR were about 65 and 50 degrees, respectively. SF light generated from the sample surface was detected by a spectrograph (Oriel Instruments, MS- 257) and an ICCD multichannel detector (Andor, iStar). The SFG spectrum was obtained by dividing the ICCD output of the sample by that of GaAs. 
[bookmark: _Hlk180411750]The SFG spectra of the Au(111)-like substrate use a picosecond system, whereas the measurements of PDI, CPI and MPI molecules used a femtosecond system. On the other hand, all Ag(111)-like and Pt(100) substrates used picosecond and femtosecond SFG systems, respectively.
In the present experiment, polarization of the SFG, vis, and IR beams to obtain SFG spectra were p, p, and p, respectively, and SFG spectra were analyzed by using the following equation:30, 31

	(1)

where  is the resonant contribution from the surface molecules and  is the nonresonant contribution to the surface nonlinear susceptibility, and are the resonant frequency, transition amplitude, phase difference between resonant and non-resonant term and homogeneous width of the qth vibrational mode, respectively. 

3. Result and Discussion
3.1 SFG spectra of para substituted aryl isocyanide molecular layers adsorbed on metal surfaces
Figure 1 shows the SFG spectra of aryl isocyanide molecular layers on Au, Ag, and Pt surfaces. In the frequency range shown in Fig. 1, aryl isocyanide molecular layers exhibit N-C stretching vibrational bands of NC groups. The SFG spectra of molecular layers on different metal surfaces were quite different in these shapes. In case of Au and Ag surfaces, the spectra generally showed negative peaks or differential type shapes. Relatively large background signal was observed. On the other hand, in case of Pt surfaces, the SFG spectra showed positive peaks or differential type shapes with raise at lower frequency side of the peaks. The background signal was relatively small. The SFG spectra except for the PDI layer on Au and Ag surfaces showed single peak in the frequency region measured, whereas SFG spectra of PDI layer on Au and Ag showed two peaks in this region. Due to the coherent superposition of resonant signal with the non-resonant background, constructive and destructive interferences occur depending on the orientation of the molecules.21
The spectra were fitted by using Eq. (1) assuming one resonant peak, which was assigned to the stretching vibration of the NC group bonded to the metal surfaces except for PDI layer. Fitted results are also shown in Fig.1 by solid line. Broken line in Fig. 1 shows the resonant component The SFG spectra of PDI layers were fitted by two resonant peaks which were assigned to free- and metal bonded-NC groups.21 Although the SFG spectrum of PDI on Pt seemed to give be a single peak, the peak fitting resolved the spectrum into two peaks as other SFG spectra of the PDI layers. The υNC of the metal bonded-NC groups and other fitting parameters were summarized in Table 1.[bookmark: _Ref277837185][image: ]

Figure 1 SFG spectra of aryl isocyanide molecular layers on Au, Ag, and Pt surfaces. The para substituents were shown with the spectra. Solid lines: fitted curves using Eq. (1). Dashed lines: deconvoluted SFG peaks without contribution of non-resonant component.

	Table 1 Fitting parameters for the SFG spectra shown in Fig. 1 and Hammett constants σp of the para substituents.

	
	NO2
	NC
Bonded/free
	Cl
	H
	CH3
	OCH3

	Hammet Constant
	σp
	0.78
	0.49
	0.227
	0
	-0.17
	-0.27

	Au(111)-like
	A
	2.5
	19 / -6.2
	13
	2.1
	14
	4.5

	
	υNC
	2191
	2197 / 2127
	2199
	2203
	2193
	2195

	
	Γ
	11
	18 / 8.1
	18
	12
	15
	11

	
	χ(2) NR
	0.41
	0.49
	0.61
	0.48
	0.67
	0.56

	
	
	134
	185
	185
	134
	185
	134

	Ag(111)-like
	A
	0.47
	8.9 / -3.8
	–
	3.0
	2.1
	2.0

	
	υNC
	2181
	2171 / 2118
	–
	2192
	2190
	2190

	
	Γ
	11
	17 / 9.3
	–
	12
	9.6
	9.0

	
	χ(2) NR
	0.63
	1.4
	–
	1.7
	1.2
	1.2

	
	
	139
	139
	–
	139
	139
	139

	Pt(100)
	A
	16
	16 / -9.7
	23
	33
	28
	38

	
	υNC
	2131
	2142 / 2120
	2140
	2152
	2145
	2148

	
	Γ
	13
	20 / 12
	32
	46
	45
	32

	
	χ(2) NR
	0.15
	0.18
	0.05
	0
	0.29
	0.37

	
	
	69
	69
	69
	69
	69
	69




Two peaks observed in the SFG spectra of the PDI layer had opposite signs. The opposite sign of the resonant SFG peaks suggests that the orientation of the oscillator contributing to the SFG peak is opposite to that of the other oscillator.21, 32 The υNC of the resonant SFG peak observed at around 2120 cm-1 in the SFG spectrum of PDI layer was much metal-independent and was much closer to that of free PDI in hexane (vide infra). Therefore, the SFG peak at around 2120 cm-1 of the PDI layer is assigned to the stretching vibration of the “free” NC group, while the other SFG peaks observed in the SFG spectra of PDI and other molecular layers are assigned to “metal bonded” NC group.
The υNC of metal-bound NC groups strongly depended on the substrate. The υNC of the metal-bound NC adsorbed on Au, Ag, and Pt surfaces was observed at higher frequencies than that of the free isocyanides. This indicates that isocyanides adsorb at the atop site of these metal surfaces, since the atop adsorption donates anti-bonding lone pair on the carbon atom of the NC group to the metal surfaces (σ donation) and increases the bonding order of the NC group. The shift of υNC of the metal bonded (atop) NC to higher frequency is in the order of Pt < Ag < Au, and the metal dependence of υNC is discussed in a later section.
In contrast to the υNC of molecular layer on Au, Ag, and Pt, a significant red shift of υNC was observed when isocyanide was adsorbed on the Pd surface (data not shown). This result suggests that isocyanide adsorbs to the bridge site on the palladium surface,30, 34 transferring electrons from the palladium d-band to the anti-bonding orbital of the NC group, and contributes to the back-donation of the NC-metal bond, which reduces the bonding order of the NC group. As the adsorption sites are different from those of other metals, Pd has been excluded from further discussion in this paper.
To confirm the effect of the metal substrates on the vibrational frequencies of metal-bound NC groups, IR measurements of free aryl isocyanide were carried out. Figure 2 shows the IR transmission absorption spectra of diluted hexane solutions of isocyanides. To eliminate solute–solute and solute–solution interactions, isocyanides were diluted in nonpolar hexane solvent, the concentration of the solutions to be below 10 mM. Absorption peak assigned to the NC stretching vibrational mode were observed at 2119, 2120, 2122, 2123, 2123 and 2122 cm-1 in the spectra of NPI, MPI, CPI, PI, MPI and MOPI solutions, respectively. 

Figure 2 IR transmission absorption spectra of diluted hexane solution of isocyanides.

The υNC of the free isocyanides obtained by the FTIR measurements was less affected by the substituents; the difference of the highest and the lowest νNC was only 4 cm-1, whereas the difference of υNC obtained by the SFG measurements was 21 cm-1 for aryl isocyanides on Ag and Pt. 

3.2 Para substituent dependence
To discuss the substituent dependence of υNC on the aryl isocyanide molecular layers, the effect of the electron withdrawing/donating nature of the para substituents on the electron density of the NC bond must be discussed. For this purpose, the Hammett rule was applied. The Hammett constant for a given substituent is determined from the acid dissociation constant of a benzoic acid derivative with the same substituent.18 The Hammett constant of hydrogen is defined as 0. A larger Hammett constant means that the substituent has higher electron withdrawing property, i.e., EWG, whereas, a lower Hammett constant means that the substituent has higher electron donating property, i.e., EDG. 
The Hammett constants σp of the para-substituent were listed in Table 1, together with the fitting parameters of the SFG spectra.18 The υNC obtained from the SFG and IR, and previous substrate dependent DFT calculations24 are plotted against σp in Figure 3. Results of CPI adsorbed on Pt(100), Pt(110), and Pt(211) obtained by gap-mode SERS23 are also shown in Fig. 3. On the Pt(111) surface, CPI is adsorbed on the hollow sites, resulting in a lower υNC wavenumber (1534 cm-1).23 In general, it is known that the vibrational frequency of the metal-molecule bond observed by adsorption to on-top, bridge, and hollow sites differs depending on the strength of the metal-molecule interaction, with the frequency shifting toward the lower wavenumber side.35-37 This indicates that aryl isocyanide molecules are adsorbed on the Pt(100) surface in the on-top configuration.
In the positive Hammet constant region (σp > 0), the slopes of all υNC-σp plots were negative, but in the negative (σp < 0) region, the slopes of these plots changed and became more positive. Table 2 shows the slope of the υNC-σp plots obtained from the least square fit or the data shown in Figure 3 in both σp > 0 and σp < 0 regions.[bookmark: _Ref284271380][image: ]
Figure 3 υNC of aryl isocyanide molecules adsorbed on Au (●, 〇), Ag (▲, △), Pt (▼) surfaces and free isocyanides (■) plotted against the Hammett constant σp. Filled and open symbols correspond to the data obtained by the experiments (SFG or IR) and the previous DFT calculations,24 respectively. Gap mode SERS results obtained from Hu et al. (◇).23 Solid lines correspond to the least square fits of the experimentally obtained data.

	Table 2 Slopes of νNC-σp plots (cm-1 per σ unit) in Figure 3

	Metal
	Method
	σp  <  0
	σp  >  0

	Au(111)like
	SFG
	32
	-14

	Ag(111)like
	SFG
	7.3
	–17

	Pt(110)
	SFG
	19
	-24

	Free
	FTIR
	2.5
	-5.2


The change in υNC is described by a change in the bond order of the NC group, which is modulated by the substituents. Recently, we used the periodicity implemented natural bond orbital (NBO) theory and normal mode analysis to investigate trends in chemical bond strengths of aryl isocyanide molecules with different para-substituents adsorbed on Pt(111) surfaces. As a result, it is reported that both the NC bond order and the NC stretching frequency show a ''volcano-like” profile.24 When a molecule is adsorbed on a metal surface, the change in the NC stretching frequency is determined by the -donating and -back donation between the molecule and the surface.
In the case of isolated aryl isocyanides molecules, when σp is large, i.e., the substituent is more electron-withdrawing, the electron population of the 2π bonding orbital of the NC group is decreases (Figure 4(a)), υNC is red shifted, and then the slope of the υNC-σp plot becomes negative. On the other hand, when σp is small, i.e., the substituent is electron-donating, the electron population of the bond orbital increases (Figure 4(b)), and υNC is blue shifted. If the substituent is more electron donating (much larger σp) that it fills the bonding orbital, it is natural to consider that the excess donated electrons will fill the antibonding orbital of NC group. In that case, the bond order of the NC group decreases and υNC decreases again. σp=0 is probably the point where the injection of electron into the antibonding orbital starts, and the change in slope at σp=0 can be explained in this way. In cases of aryl isocyanide molecules adsorbed on Au, Ag, and Pt surfaces, an increase in υNC was observed due to the donation of the antibonding lone pairs of NC groups to the metal surfaces as described above. Among three metals (gold, silver and platinum), the absolute vales of the slopes of the υNC - σp plots in the σp > 0 region were in the order of  Au < Ag < Pt. On the other hand, in the σp< 0 region, where absolute vales of the slopes of the υNC-σp plots were in the order Au > Pt > Ag. This may suggests that the electron-donating/withdrawing properties of the substituents differ, possibly reflecting the electronic structure of the metal substrate and the strength of the metal–CN bond.


Figure 4 Explanation of the effect of EWD (a) and EDG (b) on the electron population of NC group of free isocyanide molecules.


3.3 Substrate dependence
The υNC of adsorbed isocyanide molecules depends on the metal substrate. The adsorption process generally occurs when the electronic state of the molecule meets the electronic state of the metal surface. The energy levels of the adsorbate and the surface are hybridized by overlapping electronic states and exchanging valence electrons. Since the sp electrons of transition metals are generally delocalized, their interaction with adsorbates is considered to be constant, and thus the bond strength between the metal and the adsorbed molecule depends on the magnitude of the interaction with the d electrons of the metal. Most commonly, the position of the d-band center relative to the Fermi level has been applied to explain the adsorption properties on transition metals. Thus, the position and width of the metal d-bands have a significant influence on the degree of interaction, and the d-band centers is an indicator of these.38
The chemisorption of molecules on metal surfaces can be understood using the Blyholder model, which describes the process as follows: electrons from the molecule's highest occupied molecular orbital (HOMO) are donated to the metal surface, while the surface compensates for this donation by back-donating electron density into the molecule's lowest unoccupied molecular orbital (LUMO), thus maintaining overall charge neutrality in the system. A classic example is the chemisorption of CO on Pt(111), where the 2π and 5σ orbitals are involved in the back-donation and donation processes.39 Both  donation and  back-donation can contribute to the bond formation of the molecule with the metal surface. Thus, at the aryl isocyanide molecule/metal interface, the strength of σ donation (strengthening of NC bonds) and π back donation (weakening of NC bonds) from molecule to metal substrate are related. 
The back donation of d electrons into the antibonding orbital of the NC group of the adsorbed aryl isocyanide molecule stabilizes the d-electron energy and decreases the bond order of the NC-metal bond, thus υNC decreases. In transition metals such as Pt, the Fermi level is located inside the d-band, while in noble metals such as Au and Ag, the d-band is known to be completely filled and located below the Fermi level (Figure 5).40-45 Therefore, the d-band position of Pt is close to the Fermi level and the formation of the hybrid orbital will be more effective and the contribution of the back-donation to the NC–metal bond will be more significant in Pt surface. 


Figure 5 Density of states (DOS) of Au, Ag, and Pt.

If one considers only the position of the d-band, the substrate dependence of the υNC would be in the order of Ag>Au>Pt, but the experimental results were in the order of Au>Ag>Pt. Recently, we have reported the effect of metal substrates on the chemical bonding properties of aryl isocyanide molecules adsorbed on Au(111) and Ag(111) substrates by theoretical calculations.24 It has been reported that the effect of σ donation is stronger for Au substrates than for Ag substrates, result in the increase of the υNC in Au(111) surface than the Ag(111) surface. This is consistent with the SFG results we observed in present study. Thus, it is important to know the degree of strength of the metal- back donation and metal- donation in the molecule-metal bonds in order to discuss the strength of the aryl isocyanide bond.
In the σp > 0 region, the slopes of the υNC-σp plots of adsorbed aryl isocyanide molecules formed on Au, Ag, Pt were all negative and the order of the magnitude of the slopes were Au > Ag > Pt. In this region (σp > 0), the EWGs of the adsorbed aryl isocyanide molecules not only (1) reduce the population of the bonding orbital of the NC group but also (2) withdraw the electron in the metal d-band to the anti-bonding orbital of the NC group. When the latter effect (2) becomes dominant, these two effects constructively decrease the bond order of the NC group. Therefore, p dependence of υNC is more significant in the case of the molecular layer on Pt by the EWGs.
On the other hand, adsorbed isocyanide molecules on Au showed the highest υNC in the molecular layers formed on different metal substrates, which suggest that the degree of back-donation in the Au-isocyanide molecule is the smallest. Therefore, in contrast to the isocyanide molecules adsorbed on Pt, the σp dependence is solely described by the population change of the bonding orbital and σp dependence of υNC became small. Moreover, a weak σp dependence of υNC of the free isocyanide is described same as that of the isocyanide molecules adsorbed on Au because there is no contribution of the back donation to the isocyanides.
In the υNC < 0 region, the slopes of these plots became more positive, and the order of the magnitude of the slopes was the same as observed in σp > 0 region, i.e., Au > Ag > Pt. The υNC of the isocyanide molecules adsorbed on the Pt surface was more sensitive to σp (more negative slope of υNC-σp plots) than those of molecules adsorbed on Au and Ag surfaces and free isocyanides in υNC < 0 region.
In order to investigate the substrate dependence in detail, theoretical calculations are currently being conducted to examine in detail how differences in the electronic structure of metals affect the υNC of the metal-molecule bonds formed by the adsorption of aryl isocyanide molecules with different substituents.

4. Conclusion
The effect of para substituents on the NC bond of isocyanide molecules adsorbed on the Au, Ag, Pt and Pd surfaces were examined by VSFG spectroscopy. The frequency of NC stretching vibration shifted depending on the electronic property of the substituents: when the substituent was an electron withdrawing one, red shift of the frequency was observed, whereas, when the substituent was an electron donating one, blue shift was observed but more electron donating substituents decreases the vibrational frequency again. If the contribution of the back-donation to the NC–metal bond was significant, the vibrational frequency was more red shifted by the electron withdrawing groups and the decrease of the frequency by the substituents with higher electron donating property was less effective.
The metal dependence of υNC results can be explained by the difference of the d-band energy of the metal substrate. The difference of the metal d-band energy results in the difference of the contribution of the back-donation to the NC- metal bond. Moreover, the degree of contribution of the back-donation to the bond is responsible for the interaction between metal and the isocyanide molecules, i.e., stability of the molecular layer. Therefore, the metal dependence of υNC obtained by the present SFG measurement indicates that we can assess the NC– metal interaction by the d-band energy of the metal substrate.
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