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ABSTRACT 

The development of chemically-addressable N-heterocyclic carbene (NHC) based self-assembled 

monolayers (SAMs) requires in-depth understanding of the influence of NHCs anchoring 

geometry on its chemical functionality. Herein, it is demonstrated that the chemical reactivity of 

surface anchored NO2-functionalized NHCs (NO2-NHCs) can be tuned by modifying the 

distance between the functional group and the reactive surface, which is governed by the 

deposition technique. Liquid-deposition of NO2-NHCs on Pt (111) induced a SAM in which the 

NO2-aryl groups were flat-lying on the surface. The high proximity between the NO2 groups and 

the Pt surface led to high reactivity and 85% of the NO2 groups were reduced at room 

temperature. Lower reactivity was obtained with vapor-deposited NO2-NHCs that assumed a 

preferred upright geometry. The separation between the NO2 groups in the vapor-deposited NO2-

NHCs and the reactive surface circumvented their surface-induced reduction, which was 

facilitated only after exposure to harsher reducing conditions.  

 

KEYWORDS Self-assembled monolayers; N-Heterocyclic Carbene; NEXAFS; Anchoring 

geometry;    
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The high chemical tunability and metal-affinity of N-heterocyclic carbene molecules (NHCs) 

have enabled to form robust NHCs-based self-assembled monolayers (SAMs) with exceptional 

stability and functionality.
1-10

 Chemically-functionalized NHCs have been utilized for the 

formation of SAMs with varied applications range, including molecular patterning, biosensing 

and catalysis.
11-16

  

Two main approaches have been developed for surface-anchoring of NHCs: 1. Liquid-

deposition; in which deprotonation is facilitated by a strong base, such as potassium tert-butoxide 

(KO
t
Bu), for the formation of an active carbene that can be anchored on metallic surfaces 

(Scheme 1a).
12, 17

 2. Vapor-deposition; in this approach hydrogen carbonates counteranion serves 

as a base for deprotonation of the imidazolium cation, enabling active carbene formation and its 

surface-anchoring under ultra-high vacuum (UHV) conditions (Scheme 1b).
11

 

 

Scheme 1. Schematic illustration of liquid- (a) and vapor-deposition (b) of NO2-functionalized NHCs.  
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It was demonstrated that a more homogeneous and better stabilized SAM is formed by vapor-

deposition, in comparison to the one prepared by liquid-deposition.
11, 18

 However, the influence 

of the deposition technique on the anchoring geometry of surface-anchored NHCs, which is 

expected to have a crucial impact on the functionality of chemically-addressable NHCs, was not 

yet elucidated. In this work we demonstrate that the anchoring geometry has a direct influence on 

the chemical reactivity of NO2-functionalized NHCs (NO2-NHCs) and that by changing the 

deposition technique both the anchoring geometry and chemical reactivity of NHCs-based SAM 

can be tuned.  

Liquid deposition of NO2-NHCs on Pt (111) was performed by using potassium tert-butoxide 

(KO
t
Bu) as a base for deprotonation of the tetrahydrofuran (THF) dissolved imidazolium salt 

(scheme 1a). The anchoring geometry, chemical reactivity and thermal stability of the SAM were 

identified by conducting X-ray photoelectron spectroscopy (XPS) and near-edge X-ray 

absorption fine structures (NEXAFS) measurements (performed at ALOISA beamline of the 

ELETTRA synchrotron facility in Trieste, Italy)
19-20

, along with complementary density 

functional theory (DFT) calculations. Additional details about the NHCs synthesis, the 

experimental setup and DFT calculations are described in the supporting information. 

N1s XPS signal of liquid-deposited NO2-NHCs on Pt (111) is shown in Fig. 1a. The wide 

(FWHM = 3 eV) low energy peak (397-404 eV) revealed the presence of various nitrogen 

species on the surface. The peak was fit by four Gaussians centered at 398.5, 399.8, 401.1 and 

402.3 eV, which were assigned to pyridinic (C–N=C), amine (C–NH2/C=NH), pyrrolic (N=C) 

and protonated amine (–NH3
+
), respectively.

21-24
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Figure 1. Spectroscopic characterization of liquid-deposited NO2-NHC on Pt (111). a. N1s XPS spectrum 

b. Nitrogen k-edge NEXAFS spectra. c. Carbon k-edge NEXAFS spectra. NEXAFS spectra were 

acquired at both p- and s-polarization (marked by solid and dotted lines, respectively).  

 

The high energy N1s XPS peak (406-409 eV) was fit by one Gaussian and correlated to NO2 

species. The low to high energy N1s XPS peaks area ratio was 1:10 while the expected ratio, 

based on the molecular structure of NO2-NHC, is 1:1, indicating that 85% of the NO2 groups 

were reduced (Table 1). The XPS results revealed that partial decomposition and nitro-groups 

reduction have occurred following liquid-deposition of NO2-NHCs on the Pt surface. These two 

processes were facilitated by residue H2 molecules, which were the main gas component in the 

UHV chamber.  

Nitrogen and carbon k-edge NEXAFS measurements (Fig. 1b and 1c, respectively) were 

conducted at both p- and s-polarization (marked by solid and dotted lines, respectively) to 

determine the anchoring geometry of liquid-deposited NO2-NHCs. The p-polarized nitrogen k-
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edge NEXAFS spectrum (solid line, Fig. 1b) displayed three dominant peaks in the π* region 

(395-405 eV). The peak at 403.6 eV was correlated to N1s → π*(NO2) transitions, while the peak 

at 401.5 eV was assigned to N1s → π*(N=C) transition and the peak at 399.7 eV was correlated to 

N1s → π*(C=N-H) transition.
25-26

  Interestingly, the s-polarized spectrum (dotted line) revealed a 

much more intense N1s → π*(C=N–H) transition while the N1s → π*(NO2) transition peak was 

higher in the p-polarized spectrum. These differences indicate that the –NO2 groups obtained a 

preferred parallel orientation to the surface, while the reduced groups were mostly oriented 

perpendicularly to the surface. The p- and s-polarized carbon k-edge NEXAFS spectra of liquid-

deposited NO2-NHCs (solid and dotted lines in Fig. 1c, respectively) included two π* transitions 

at 285.3 and 286.5 eV corresponding to C1s → π*(C=C) and π* (C=C–N) transitions, respectively.
26-

27
 The two π* transition peaks were almost identical in their position and amplitudes in both the 

p- and s-polarized spectra. 

Table 1. XPS peaks area analysis 

 

 

 

 

 

DFT calculations were conducted to identify the preferred anchoring geometry and adsorption 

energy of liquid-deposited NHCs on Pt (111) surface and Pt (111) surface decorated with a Pt ad-

atom (Pt-ad/Pt(111)) (Fig. 2a and Supp. Info. Fig. S1). The optimal anchoring site for NO2-

 N1s/ Pt4f C1s/ Pt4f C1s/N1s NO2: NHx 

 

Liquid                

deposition 

As-deposited 0.06 0.35 5.48 15:85 

 

Vapor             

deposition 

As-deposited 0.04 0.11 3.05 40:60 

After reduction 0.04 0.10 2.97 5:95 



 

 

7 

NHCs was on Pt ad-atom (Eads= -4.94 eV) in which the NO2-aryl orientation was mostly flat-

lying on the surface, while the imidazole ring was oriented in a standing position (see further 

adsorption analysis in Supp. Info. Fig. S1). The DFT results nicely corroborate the experimental 

data, revealing that the similarities between the p- and s-polarized carbon NEXAFS spectra are 

due to the fact that the two phenyl rings are positioned at 90° to each other. It should be noted 

that DFT calculations identified that reduction of the –NO2 groups do not noticeably influence 

the NHCs anchoring geometry (Fig. 2b and Supp. Info Fig S1). The identification of Pt ad-atom 

as the most favorable adsorption site for NO2-NHCs on Pt (111) surface indicates that NO2-

NHCs adsorption will lead to restructuring of the Pt surface.
3,7,28

 

 

Figure 2. DFT calculations of the optimized adsorption geometry of NO2-NHC (a) and NH2-NHC (b) on 

Pt-ad/Pt (111) (Pt (111) surface decorated with a Pt ad-atom). Side and top views of the NHCs are shown 

(top and bottom panels, respectively). 

 

Vapor-deposition of NO2-NHCs on Pt (111) surface was conducted under UHV conditions by 

thermal evaporation of NO2-fucntionalized carbonate-imidazolium salt (Scheme 1b).
29

 N1s XPS 
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spectrum of vapor-deposited NO2-NHCs on Pt (111) is shown in Fig. 3a (black colored 

spectrum). The low energy N1s XPS peak was constructed of two dominant Gaussians, as 

expected from the molecular structure of the NO2-NHC. The low to high energy N1s XPS peaks 

area ratio in vapor-deposited NO2-NHCs was 1:5, indicating that 60% of the NO2 groups were 

reduced upon NHCs deposition (Table 1). These results reveal that NO2-NHCs that were 

anchored on the surface by vapor-deposition show lower affinity toward –NO2 reduction and 

partial decomposition, in comparison to NO2-NHCs that were liquid-deposited on the Pt surface. 

Based on these results it can be deduced that vapor-deposition is a less destructive technique, in 

comparison to liquid-deposition, for surface-anchoring of NO2-NHCs. 

Figure 3. Spectroscopic characterization of vapor-deposited NO2-NHCs on Pt (111) before (black-

colored spectrum) and after (red-colored spectrum) exposure to 1000 L of H2 at 100 °C. a. N1s XPS 

spectrum b. Nitrogen k-edge NEXAFS spectra. c. Carbon k-edge NEXAFS spectra. NEXAFS spectra 

were acquired at both p- and s-polarization (marked by solid and dotted lines, respectively).  



 

 

9 

The anchoring-geometry of vapor-deposited NHCs was analyzed by conducting nitrogen and 

carbon k-edge NEXAFS measurements (Fig. 3b and 3c, respectively). P-polarized nitrogen k-

edge NEXAFS spectrum (solid line, black colored spectrum in Fig. 3b) showed two intense 

peaks in the π* transition range, correlated to N 1s → π*(NO2) (403.6 eV) and N 1s → π*(C=N–H) 

(399.7 eV) transitions.  While the position and amplitude of N 1s → π*(NO2) transition was 

almost identical in both p- and s-polarized spectra (solid and dotted black colored spectra, 

respectively, Fig. 3b). The s-polarized spectrum showed an additional peak at 401.5 eV, 

correlated to N 1s → π* (N=C) transition. This peak was not detected in the p-polarized spectrum. 

The σ* transition range (405-415 eV) was similar in its pattern and amplitude in both p- and s-

polarized spectra.  

Clear differences were obtained between the p- and s-polarized carbon k-edge NEXAFS spectra 

of vapor-deposited NHCs (solid and dotted black colored spectra, respectively, Fig. 3c). The 

dichroism implies that the C=C and C=C–N bonds constructing the benzimidazolium and NO2-

aryl rings have a preferred standing orientation. Thus, integration of the carbon and nitrogen 

NEXAFS results indicates that unlike liquid-deposited NHCs, the vapor-deposited NHCs 

showed a preferred perpendicular orientation to the surface.  

DFT calculations revealed that perpendicular orientation is preferred once the surface density of 

NO2-NHCs was increased (Fig. 4a and Supp. Info. Fig. S2). The stabilizing intermolecular π-π 

interactions between neighboring standing NO2-NHCs compensated the weaker interaction 

between the Pt surface and the surface-anchored molecules in a standing position (Eads= -4.35 

eV). Due to steric hindrance, similar intermolecular π-π interactions cannot be formed between 

the imidazole rings of NHCs that were anchored on the surface with their nitroaryl group in a 

flat-lying position. 
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Figure 4. DFT calculations of the optimized adsorption geometry of NO2-NHC (a) and NH2-NHCs (b) on 

Pt-ad/Pt (111) with included intermolecular interactions. The lighter shading of other adsorbates on the 

surface illustrates the higher surface coverage, which is described in more detail in Supp. Info. Fig. S2. 

Front and side views of the surface-anchored NHCs are shown (top and bottom panels, respectively). 

Integration of the experimental results and theoretical calculations specify that vapor-deposition 

enabled the formation of a highly-packed monolayer with strong intermolecular interactions in 

which the two NHC rings were oriented in a close to standing position. The high packing density 

of a monolayer constructed of NO2-NHCs in a standing position makes it energetically favorable 

over a monolayer of flat-lying NO2-NHCs, characterized with lower packing density due to steric 

hindrance.   

The reasons for the formation of a monolayer of flat-lying NO2-NHCs with lower packing 

density by the liquid-deposition approach can be correlated to either the presence of base 

residues on the surface or due to presence of encapsulated solvent molecules. The presence of 

potassium residues on the Pt surface was identified in the carbon k-edge NEXAFS measurements 

(Fig. 1c) in which two peaks at 296 and 298 eV were detected and correlated to potassium. The 

source for potassium was in KO
t
Bu that was used as a base in the liquid-deposition (Scheme 1a). 
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Distribution of potassium, and assumingly also 
t
BuO

¯
, on the Pt surface will limit the surface 

diffusivity of NHCs and thus hamper the formation of an ordered SAM with high packing 

density.
30-31

 

Strong interactions between the activated NHCs and the THF molecules, required for dissolving 

the NHCs in the solution phase, can limit the surface diffusivity and modify the anchoring 

geometry of surface-anchored NHCs. Similarly, it was previously demonstrated that the packing 

density and anchoring geometry of thiol-based SAMs were influenced by the properties of the 

solvent used in the deposition process.
32-33

 Indication for the presence of entrapped solvent 

molecules in the liquid-deposited monolayer was identified in quantitative analysis of the XPS 

spectra (Table 1). The C1s/N1s ratio in vapor-deposited NHCs was 3.05, which is comparable to 

the expected 3.5 carbon to nitrogen ratio in NO2-NHC. However, the C1s/N1s ratio in the liquid-

deposited NO2-NHCs was 5.48, which is higher by 60% than the expected ratio. These results 

can be correlated to the presence of encapsulated solvent molecules in the liquid-deposited 

NHCs-based SAM. The encapsulation of solvent molecules in the SAM would hinder the 

formation of a monolayer with high packing density. The low packing density of NO2-NHCs on 

the Pt surface will eventually induce a preferred flat-lying position of the nitroaryl substituents. 

The variations in the anchoring geometry of vapor- and liquid-deposited NO2-NHCs changed the 

distance between the –NO2 groups and the reactive Pt surface. These differences impact the 

affinity toward surface induced reduction of the –NO2 groups (Table 1). Higher probability 

towards nitro reduction was coupled with shorter distances and stronger interaction between the 

nitro groups and Pt surface.  Thus, nitro reduction was facilitated in liquid-deposited NHCs, in 

which the two –NO2 groups reside in high proximity to the Pt surface (Fig. 2a). Lower tendency 
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toward –NO2 reduction was obtained in vapor-deposited NHCs, characterized with larger 

distances between the ortho –NO2 group and the Pt surface (Fig. 4a).   

To identify the influence of reducing conditions on the anchoring-geometry and nitro groups 

reducibility, the vapor-deposited NO2-NHCs were exposed to 1000 L (L = Langmuir ; 1 L= 10
-6

 

torr·sec) of H2 at 100 °C. N1s XPS measurement revealed that the high energy peak was 

quenched following exposure of the vapor-deposited NHCs to reducing conditions (red colored 

spectrum, Fig. 3a). XPS peaks area ratio analysis showed that the –NO2 reduction yield was 

increased from 60% to 95% following exposure to harsher reducing conditions (Table 1). The 

surface density of the NHCs did not noticeably change after exposure to reducing conditions, as 

obtained by the constant N1s/Pt4f ratio (Table 1), thus excluding any reduction-induced 

desorption of surface-anchored NHCs. 

Nitrogen k-edge NEXAFS spectra (red colored spectra, Fig. 3b) showed that the N 1s → π*(NO2) 

(403.6 eV) and N 1s → π*(C=N–H) (399.7 eV) transitions were quenched after exposure to 

reducing conditions. These changes indicate that most of the nitro groups were fully reduced to 

amine following exposure to reducing conditions. Interestingly, a noticeable increase in the 

carbon k-edge dichroism was observed after exposure of the vapor-deposited NO2-NHCs to 

reducing conditions (red colored spectra, Fig. 3c). The changes in the NEXAFS spectra revealed 

that the anchoring geometry of the NHCs was shifted to a more perpendicular position following 

NO2 reduction. DFT calculations identified that nitro-groups reduction led to reorientation of the 

NHCs aromatic rings into a more upright position (Fig. 4b and Supp. Info Fig. S2). This is due to 

the fact that NO2-reduction lowered the steric hindrance between the surface-anchored 

molecules, thus further enabling them to assume an optimized orientation.  
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In conclusion, the influence of anchoring geometry on the chemical reactivity of surface-

anchored NO2-NHCs was demonstrated by modifying the NHCs deposition technique. Liquid-

deposition of NO2-NHCs induced the formation of a SAM in which the nitro-aryl groups were 

flat-lying on the Pt surface. At this anchoring geometry the NO2 reduction was facilitated under 

mild conditions due to the high proximity between the NO2 groups and the Pt surface. Vapor-

deposition led to the formation of NHCs-based SAM in which the NHCs assumed a favored 

standing orientation. The separation between the reactive surface and the NO2 groups in the 

vapor-deposited NHCs circumvented their surface-induced reduction under mild conditions. The 

results presented herein demonstrate the impact of the distance between functional groups and 

the reactive surface on the reactivity of chemically-addressable SAMs. The anchoring geometry 

is therefore identified as a crucial factor that should be taken into consideration in the design of 

chemically-addressable SAMs.    
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