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Abstract 

Nanoscale defects in monolayers (MLs) of two-dimensional (2D) materials, such as 

graphene, transition metal dichalcogenides (TMDCs), and 2D polymers (2DPs), can alter 

their physical, mechanical, optoelectronic, and chemical properties. However, detailed 

information about nano-defects within 2D covalent monolayers is difficult to obtain because 

it requires highly selective and sensitive techniques that can provide chemical information at 

the nanoscale. Here, we report a 2D imine-linked ML prepared from two custom-designed 

building blocks by dynamic imine chemistry at the air/water interface, in which an acetylenic 

moiety in one of the blocks was used as a spectroscopic reporter for nano-defects. Combined 

with density functional theory (DFT) calculations that take into account surface selection 

rules, tip-enhanced Raman spectroscopy (TERS) imaging provides information of the 

chemical bonds, molecular orientation, as well as nano-defects in the resulting ML. 

Additionally, TERS imaging visualizes the topography and integrity of the ML at Au(111) 

terrace edges, suggesting possible ductility of the ML. Furthermore, edge-induced molecular 

tilting and a stronger signal enhancement were observed at the terrace edges, from which a 

spatial resolution around 8 nm could be deduced. The present work can be used to study 

covalent 2D materials at the nanoscale, which are expected to be of use when engineering 

their properties for specific device applications.   

 
KEYWORDS: two-dimensional covalent monolayer, nano-defects, tip-enhanced Raman 
spectroscopy, dynamic imine chemistry, air/water interface, molecular orientation, acetylene 
unit   
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Introduction 

    Nano-defects within monolayers (MLs) are able to significantly change many properties a 

2D material would exhibit if it was structurally perfect. They can seriously weaken 

mechanical strength,1,2 influence the band gap,3 cause poor fracture characteristics,4 and 

degrade the electronic performance, for example, of graphene.5 Furthermore, they can act as 

undesirable sinks for charge carriers and electron–hole recombination centers through the 

Shockley–Read–Hall process in 2D metal dichalcogenides.6 However, nano-defects can also 

induce magnetism in graphene,7 increase grain boundary strength,8 act as quasi-one-

dimensional metallic wires,9 and enhance the conductivity of graphene nanoribbons.10,11 

Moreover, they play pivotal roles in improving hydrogen evolution activity and determining 

the exciton dynamics of molybdenum disulfide monolayer.12 Considered a structural 

analogue of graphene, 2D polymers (2DPs) are covalently linked monomolecular networks 

with periodic bonding and repeat units that exhibit long-range, in-plane order.13-16 These 

organic 2D materials attracted intense attention in recent years due to their intriguing 

properties, which differ from those of their bulk counterparts.15 With many applications in 

optoelectronics, catalysis, sensing, and as membranes,17,18 2DPs are especially interesting for 

polymer chemistry, surface engineering, and materials science.  

 

    Methods to observe and analyze nano-defects in 2D materials have relied mostly on 

microscopy tools, including transmission electron microscopy (TEM),19,20 scanning tunneling 

microscopy (STM),21 scanning transmission electron microscopy (STEM),22 atomic force 

microscopy (AFM),23 and optical microscopy (OM),24 with a spatial resolution ranging from 

atomic to micrometer. However, these methods can only provide the morphology of the 

nano-defects without detailed chemical information. Although alternative approaches relying 

on Raman and photoluminescence spectroscopy can offer spectroscopic information about 
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defects,25,26 they are restricted in their lateral resolution due to the diffraction limit of light. 

Compared to graphene, most synthetic 2DPs and related single sheets are poor heat 

conductors, and they can, for example, be instantaneously destroyed during TEM imaging. 

Thus, there is a real need for non-destructive and in-situ characterization techniques with 

high sensitivity and selectivity for nano-defects within covalent 2D materials.     

 

Tip-enhanced Raman spectroscopy (TERS) offers an attractive solution for this challenge, 

as it integrates nanoscale spatial resolution of scanning probe microscopy (SPM) with the 

chemical selectivity of Raman spectroscopy, and can simultaneously provide topographic and 

molecular information of samples in a label-free fashion.27-29 By means of field enhancement 

due to a combination of localized surface plasmon resonances and a lightning-rod effect at a 

metallic tip apex, TERS has shown single molecule sensitivity and down to sub-nanometer 

spatial resolution for experiments carried out on special samples at cryogenic 

temperatures.30,31 In addition, TERS has been successfully used to visualize the nano-defect 

domains in MLs of graphene10, 32-34 and TMDCs.35,36 In a confocal Raman spectrum, all 

Raman-active modes can in principle be observed because these vibrational modes are 

averaged over all the molecules with random orientation.31, 37,38 Conversely, a TER spectrum 

mainly shows the active modes of adsorbed molecules with a polarizability tensor in the 

direction of the tip axis. This selectivity of the Raman response can be viewed as a TERS 

surface selection rule on metallic substrates.30,31,39,40 Selection rules thus enable TERS to 

access the orientation and configuration of molecules and of MLs deposited on conductive, 

flat surfaces.40,41  

This contribution utilizes these rules to identify, quantify and localize nano-defects in a 

specially designed covalent monolayer sheet based on reversible imine chemistry.15, 17, 42 For 

this purpose monomer 1 was designed (Fig. 1) which contains an acetylene unit, the Raman 
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and IR signal intensity of which is known to be particularly angle sensitive when it is 

adsorbed on a metal surface.43-45 Also its Raman cross-section is attractively high and the 

signal assignment is unequivocal.46 It is therefore a particularly attractive reporter although 

other changes in the TER spectra should not be ignored. In analogy to previous work,15 the 

reaction between monomer 1 and the counter monomer 2 at an air/water interface was 

expected to result in a covalent polyimine network. All structural elements of this network 

were expected to lie flat while at the air/water interface and, more importantly, after transfer 

onto Au(111), a typical substrate used for TERS. It was anticipated that the acetylene unit of 

monomer 1 would be a perfect sensor for whether this monomer is integrated into a 2D 

network and, thus, is forced to lie flat on the metallic substrate or rather has degrees of 

conformational freedom which are obviously incompatible with a network structure and, thus, 

point towards defects. Thus, we expected to be able to identify defects of a polyimine 

network on a chemical basis just by the fact whether monomer 1 is TERS-silent or -active. 

 

Here, we report the synthesis of a 2D covalent ML sheet from the two monomers 4-[2-(4-

formylphenyl)ethynyl]benzaldehyde (1) and 1,3,5-trihexyl-2,4,6-tris(4-aminophenyl)-

benzene (2, Fig.1a) at the air/water interface of a Langmuir-Blodgett (LB) trough. At first, 

these networks were investigated by OM, SEM, and AFM to confirm ML homogeneity. In a 

second step, several model compounds were prepared and analyzed by both confocal Raman 

and TER spectroscopy. In addition, an irregular 3D network of monomers 1 and 2 was 

investigated by confocal Raman. Moreover, TER spectra were also recorded from (sub-)MLs 

of the individual monomers 1 and 2. With all this spectroscopic information at hand, and 

supported by the spectral predictions based on DFT calculations, the structure of the ML 

network synthesized from both monomers was established in terms of the imine bond.  



	   5 

 

Figure 1. Synthesis and characterization of the 2D covalent monolayer sheet. (a) Synthesis of the 
monolayer sheet 3 with nano-defects from dialdehyde 1 and triamine 2. (b) Schematic illustration of 
TERS experiment in a top-illumination configuration with the STM tunneling junction. (c) Chemical 
structure of the imine model compound 4.  

 

TERS mapping was performed next to unravel both defect frequency and lateral 

distribution of defects over a 100 × 100 nm2 area of the same network with a resolution of 32 

× 32 pixels (Fig. 1b). This was achieved mostly by measuring the acetylene signal intensity 

but also by considering other parts of the spectra. Furthermore, the acetylene TERS signal 

intensity can be used to provide information about how the covalent sheet of monomers 1 and 

2 behaves when covering an atomic-scale Au(111) step edge of the underlying substrate. 

Would the sheet follow the shape of the step edge abruptly or more smoothly or would the 

sheet even rupture at the edge? These questions are qualitatively addressed by comparing the 

topography image of the substrate with the TERS image at the exact same position when the 

sheet covers the edge. Finally, the spatial resolution of the TER spectra recorded of the ML is 

determined at the substrate terrace steps. 
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Results and Discussion 

    The interfacial polymerization of monomers 1 and 2 was run overnight on a LB trough, 

while the surface pressure versus the mean molecular area (MMA) isotherm was recorded 

(Fig. S2). An imine-based ML, hereafter referred to as sheet 3, was obtained at a surface 

pressure of 10 mNm-1. At this pressure, the ML appeared homogeneous by Brewster angle 

microscopy (BAM, Fig. S3). The corresponding MMA was found to be 80 Å2 (Fig. S2). By 

contrast, if the individual monomers 1 and 2 were compressed at the same surface pressure, 

crystalline domains and stripe/ribbon morphologies were observed (Fig. S3). Sheet 3 was 

vertically transferred onto both a silicon wafer and a TEM grid by the Schäfer technique.15 

OM of the sheet on the wafer proved it to be homogeneous (Fig. 2a) and on the TEM grid 

SEM imaging confirmed it to span holes up to a size of 160 × 160 µm2 (Fig. 2b). This 

suggests high mechanical strength of sheet 3, which if structurally perfect contains ~ 6 × 108 

hexagonal pores (based on a pore size of 5.3 nm, Fig. S4), and indirectly confirms bond 

formation between the monomers. In contrast, the LB film of monomer 2 without the counter 

monomer having been present fails to span such holes under the same conditions (Fig. S5). 

Note that the three hydrophobic hexyl chains of monomer 2 render it a good candidate for 

interfacial polymerization because they effectively hinder crystallization of the monomer at 

the interface, which otherwise would occur (Fig. S6 and S7). Additionally, AFM imaging 

shows a continuous and smooth surface of the sheet with a thickness of ~ 0.84±0.05 nm (Fig. 

2c, d and S8). Interestingly, the AFM profile of a ML of monomer 2 suggests approximately 

0.2 nm of additional thickness (Fig. S9), which may stem from less ordered molecular 

orientations and tilting of the hexyl groups away from the surface.    

 

    To gain insight into the polymerization, confocal Raman spectra were recorded from the 

powders of monomers 1 and 2, the irregular polyimine 3D network, and the imine model 
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compounds 4, 5, and 6 (Fig. S10 and S11), whereby model 4 is a finite size model for the 

irregular 3D network. All of the peak assignments were supported by DFT calculations (see 

Supportive Movies). The shoulder around 1,568 cm-1 (imine model 4) can be assigned to the 

conjugated C=N stretching mode, proving the formation of imine bonds in the polyimine 3D 

network and the imine model compounds (Fig. S12). The presence of the imine bond in 

model compound 4 was further confirmed by nuclear magnetic resonance spectroscopy 

(NMR, Fig. S13-S15) and mass spectrometry (MS, Fig. S16).            

 

Figure 2. (a) Optical microscopy image of sheet 3 on SiO2/Si substrate. (b) SEM image of the ML 3 
suspended over a Cu grid. (c) AFM height image of sheet 3 on SiO2/Si substrate. (d) Corresponding 
line profile along the black line in (c). 
  

For a molecular dipole that is perpendicular to a conductive surface, the dipole moment 

will double due to image charges, whereas in a parallel orientation, the dipole moment will be 

canceled by its image charges. This is a surface selection rule for IR spectroscopy.47,48 In 

TERS, assuming that the local field is mainly enhanced along the tip shaft (Z direction), the 

surface selection rules enable visualization of the vertical component of the Raman scattering 

tensor (αZZ) and thus of molecular orientation.30,31 For studying the orientation, sub-MLs of 
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both monomers 1 and 2 on a clean Au(111) surface (Fig. S17) were prepared by spin-coating 

(0.4-0.5 ML, Fig. S18). Figs. 3a and 3e show typical TER spectra of these compounds as 

recorded from 100 × 100 nm2 TERS maps, which were obtained with 32 × 32 pixels (Figs. 3b, 

3f and S19). These spectra were recorded at the locations in the maps marked with numbers. 

The incidence of the corresponding colors are indicative of how frequently each type of 

spectrum occurs in the maps. Figures 3c, d, g, and h indicate the changes in the Raman tensor 

components |αZZ|2 of monomers 1 and 2 as the molecule rotates from a plane-parallel to a 

plane-perpendicular orientation with respect to the Au(111) surface (more details are shown 

in the Supporting Information). The fair agreement of the experimental data (Figs. 3a and 3e) 

with the calculated TERS spectra (Figs. 3c and 3g) suggests random adsorption of the 

monomers on the Au(111) surface. It is worth noting that the simulation of the TERS spectra 

in the present work is based on a simplified Raman tensor model without considering 

intermolecular and molecule-substrate interactions.30,31 

 

According to the calculations (Figs. S20-22), the vibrational modes at 2,220 cm-1 for 

monomer 1 and at 1,180 cm-1 for monomer 2, as well as the modes around 1,600 cm-1 of both 

compounds are orientation-dependent. Because enhancement in TERS vary with laser power 

and tip-sample distance,27 TERS intensity ratio maps were evaluated to assess the molecular 

orientation distribution of the sub-MLs, as shown in Figs. 3b and 3f, respectively. Significant 

orientation fluctuations are found in the TER spectra located in different pixels and in the 

intensity ratio maps of the individual monomers on the Au(111) surface (Fig. 3). This is 

because the TERS spectral profile is sensitive to the adsorption configuration and orientation 

on the Au surface.31, 40  
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Figure 3. Experimental and calculated TER spectra of monomers. Typical experimental (a, e) and 
calculated (c, g) TER spectra of monomer 1 and monomer 2, respectively. (a, e, and g) are normalized 
to the highest peak, (c) is normalized to the 1,124 cm-1 band. The spectra in (a, c) were recorded at the 
locations marked in the maps. (b, f) TERS intensity ratio imaging of monomer 1 (I2,220 to I1,600) and 
monomer 2 (I1,180 to I1,600) indicate different molecular orientation distributions. The dark blue pixels 
with a white star in (b) are locations where the triple bond in monomer 1 is parallel to the Au(111) 
surface. All the maps were measured over a 100×100 nm2 area with 32×32 pixels on the substrate. (d, 
h) Schematics of the plane-parallel and plane-perpendicular orientations, respectively. Only the 
vertical compound of the local field E is considered for field enhancements. The molecular 
bending and twisting angles are held constant at 0°.  
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In order to further study the orientation, more TERS spectra of monomer 1 were calculated. 

We gradually rotated the molecular plane while keeping the molecular axis parallel to the 

surface (Fig. S23), or fixing the molecular axis with a small angle (15º, Fig. S24) with respect 

to Au(111). In addition, we also compared cis (Fig. 3) with trans (Fig. S25) isomers of 

monomer 1. Indeed, even a small change in either orientation of the molecular plane or angle 

of the symmetry axis (e.g., 5º and 10º, Fig. S21) with respect to the surface can considerably 

influence the relative peak intensities. Especially, the band at 2,232 cm-1 (C≡C stretching 

vibration, see Movie S1) will be absent only when the triple bond is parallel to the Au(111) 

surface because it only changes polarizability in XY plane, confirming that it can act as an 

orientation indicator for the 2D network. Notably, due to thermal diffusion and motion under 

ambient conditions, a variety of adsorption geometries and molecular orientations contribute 

to the TER spectra. Consequently, these simulations cannot provide information to calculate 

accurate values of the molecular tilt angle, but can be used to statistically estimate the 

molecular configuration which is flat-lying or tilt-up with respect to the metal surface.40, 49 

The probability of monomer 1 lying flat on the Au(111) surface is approximately 2.5% at 

ambient temperature, as indicated by the dark blue pixels marked with a white star in Fig. 3b 

and Fig. S26. In other words, most monomers 1 tend to tilt up on the surface when spin-

coating was used for sample preparation. Even though some errors, e.g., temporary loss in the 

STM feedback, random adsorption of contaminations on the tip apex, and a weak TERS 

response during part of the image acquisition, cannot be completely excluded, this was not 

the case for the dark blue pixesl in Fig. 3b: usable TERS data could still be extracted from all 

these location, however there was no observable signal of the triple bond (2,220 cm-1; 

spectrum 3 in Fig. 3a) in these pixels. 

Next, we investigated the molecular orientation of the triple bonds within sheet 3, a sub-

ML of a mixture of both monomers, and a sub-ML of imine model compound 4 (Fig. 4). 
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TERS signal-to-noise ratio (S/N) maps (100 × 100 nm2, 32 × 32 pixels) at 2,220 cm-1 are 

reported in Fig. 4. The map in Fig. 4a is characterized by a homogeneous S/N distribution, 

with only ~ 2% pixels (red) having S/N≥3. In other words, sheet 3 contains very few of the 

triple bonds not lying flat on Au(111). This suggests that almost all of them (~ 98%) are 

“locked” into the 2D network. Conversely, under the same conditions, only ~ 2.5% triple 

bonds in the sub-ML of monomer 1 appear to lie flat on the surface (Fig. 3b). Accordingly, 

one can make the assumption that red pixels in Fig. 4a (S/N≥3) represent nano-defects 

within sheet 3, in which the imine bonds have broken or were not formed at all and segments 

containing triple bonds tilt away from the plane of the 2D network (Fig. 4f). This 

phenomenon is also reproduced for the same sheet deposited on a template-stripped Au 

surface, where ~3% nano-defects are observed (Fig. S27). However, these values also have to 

be considered with care as there may be abovementioned artifacts in Fig. 3. 

 
Figure 4. TERS imaging and spectra of the 2D covalent monolayer. (a) TERS signal-to-noise ratio 
imaging of the triple bond at 2,220 cm-1 within the intact sheet 3, and, (b), within the broken 
monolayer sheet 3 after heating under water at 70 °C for 30 min. (c, d) TERS signal-to-noise ratio 
imaging of the triple bond at 2,220 cm-1 within the sub-monolayers prepared from (c) a mixed 
solution of monomer 1 and monomer 2 with the molar ratio of 1:3, and (d) imine model 4 by spin-
coating. All the maps were measured over a 100×100 nm2 area with 32×32 pixels on the Au(111) 
surface. (e) Reversible processes associated with imine chemistry. The equilibrium of imine formation 
obtained through intermediate hemiaminal formation. (f) Representative TER spectra obtained from 
different maps.  
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Several lines of experimental evidence were obtained to support this hypothesis. First of all, 

after half an hour heating under water at 70 °C, in all areas sampled more nano-defects 

(~20%) within the imine-linked ML can be observed due to the reversibility of imine bond 

formation (Figs. 4b, e). Furthermore, the triple bonds within the sub-ML of mixed monomers 

and imine model compound 4 hardly lie flat (<10%) on the surface (Figs. 4c, d). This is 

similar to the situation of the sub-ML of monomer 1 (~ 2.5%, Fig. 3b). Further supporting 

evidence is provided by the TER spectra of nano-defects in the intact and broken covalent 

ML, the sub-ML of mixed monomers, and the sub-ML of imine model compound 4 (Fig. 4f). 

The fact that the imine bond vibraton at 1,573 cm-1 is sometimes still visible in defect areas 

originates from the fact that the defect itself can be significantly smaller than the area "seen" 

by the TERS tip. Several important observations can be made. First, the TER spectrum 

acquired from sheet 3 is different from the corresponding Raman spectrum of the 

corresponding 3D polyimine powder (Fig. 5), suggesting that TERS mainly visualizes the 

Raman vibrational modes containing out-of-plane components. Second, compared to the sub-

ML of mixed monomers without polymerization, the presence of a significant band around 

1,573 cm-1 and higher full width at half maximum (FWHM) of the band around 1,600 cm-1 

indicate the formation of imine bonds in the TER spectra of the nano-defects (Fig. S28 and 

29). Finally, apart from the triple bond, the TER spectra of the nano-defects also show some 

fingerprints of the 2D covalent ML (3 defect I, Fig. 4f) or the monomer 2 sub-ML (3 defect II, 

Fig. 4f), suggesting they partly contain similar chemical structures.  

 

It should also be pointed out that when sheet 3 covers terrace steps on Au(111), the edges 

can induce a tilted orientation and stronger signal enhancement than that on plane sites (Fig. 

5). A TERS S/N map (100 × 100 nm2) at 2,220 cm-1 (Fig. 5a) and an intensity map at 1,600 

cm-1 (Fig. 5b) were obtained at an atomic step edge (Fig. 5e). It is worth noting that in order 
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to avoid the sheet from being scratched, a low tunneling current (0.1V, 0.1nA) was applied 

for TERS mapping, while a high current (0.1V, 1.0 nA) was used for STM imaging at the 

same area (Fig. 5f and S30). Obviously, the triple bond contained in the sheet artificially tilts 

at the edge in terms of the S/N≥3 criterion at 2,220 cm-1 (Fig. 5a and S30).  

 
Figure 5.  TERS imaging of edge-induced molecular tilt within the 2D covalent monolayer. (a) TERS 
signal-to-noise ratio image at 2,220 cm-1 and, (b) TERS intensity image at 1,600 cm-1 of the 
monolayer on a terrace of the Au(111) substrate. The maps were measured over a 100 × 100 nm2 area 
with 32× 32 pixels. (c) Color-coded intensity map of two line-trace TERS scans taken in (b). (d) 
Corresponding TERS intensity of the band at 1,600 cm-1 along the trace and retrace scans. The spatial 
resolution is estimated to be around 8 nm using a 10-90% contrast criterion. (e) STM image and 
corresponding topographic height profile of the terrace after TERS imaging. (f) Schematic of edge-
induced molecular tilt within the monolayer. STM image (0.2V, 1.0 nA) taken after TERS maps (0.2 
V, 0.1 nA) with different parameters to avoid scratching the monolayer. (g) TER spectra recorded 
from the monolayer on the plane and edge positions of Au(111) substrate. (h) Calculated TER spectra 
of imine model 4, normalized to the 1,124 cm-1 band. (i) Schematics of the plane-parallel 
configuration and plane-perpendicular configuration, respectively. The molecular bending and 
twisting angles are held constant at 0°. 

 

Additionally, the edge can also produce stronger TERS intensities (1,600 cm-1) than that on 

flat surface sites (Fig. 5b). Indeed, previous theoretical calculations predicted that a stronger 

localization of the electromagnetic field and thus a higher TERS intensity can be observed at 
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atomic steps due to lighting-rod and plasmonic effects.50,51 Moreover, the color-coded map 

indicates the variation of the TERS intensity with trace and retrace scans at 1,600 cm-1, 

offering obvious contrasts between edges and flat surfaces (Fig. 5c and S31). Furthermore, 

the line profile analysis suggests a spatial resolution of ~8 nm, using the 10-90% criterion 

(Fig. 5d) or the full-width at half-maximum (Fig. S32) at the edges. However, the real spatial 

resolution may in fact be underestimated because the setup is subject to thermal drift and 

experimental artefacts under ambient conditions (Fig. S33).29, 52    

 

When comparing the STM topography image of the Au(111) substrate (Fig. 5e, inset) with 

the TERS intensity image (Fig. 5b) of the same area, a different lateral resolution of the STM 

image (~5 nm) and the TERS map (~8 nm) was obtained. This is simply due to the lower 

number of pixels in the TERS map, but also to a larger tip-to-sample distance to avoid any 

scratching. The resolution of the STM image may be blurred because sharp edges of the 

Au(111) that are covered by sheet 3 appear smoothed (Fig. 5f). However, compared to the 

ML of monomer 2, the imine bond vibrational mode around 1,573 cm-1 can be observed in 

the TER spectra of sheet 3 at both plane and edge sites (Fig. 5g). Additionally, besides the 

triple bond vibrational mode at 2,220 cm-1 (Fig. 5g), there are no significant bands 

characteristic of nano-defects (e.g., peaks in the 1,000-1,500 cm-1 fingerprint region) that can 

be observed from sheet 3 deposited on the edges. Hence, this evidence indicates that sheet 3 

prefers a tilted orientation as opposed to nano-defects or rupture at the edges, possibly due to 

ductility of the imine-linked soft sheet. This is also fully supported by the results of the DFT 

calculations (Fig. 5h and 5i).   

Conclusions 

    In summary, we reported the synthesis and characterization of a 2D covalent sheet 3, in 

which the nano-defects can be identified, quantified, and localized by TERS imaging. The 
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large-size, transferrable, imine-linked ML with a thickness of ~0.8 nm was prepared through 

dynamic imine chemistry at the air/water interface. The formation of imine bonds within the 

2D network was confirmed by comparing it to several imine model compounds, whose 

identity was also confirmed by confocal Raman spectroscopy and TERS imaging. Supported 

by DFT calculations that take surface selection rules into consideration, TERS can provide 

chemical information about the end groups used, newly formed imine bonds, molecular 

orientation, and nano-defects in the resulting ML with a spatial resolution around 8 nm. 

Importantly, by introducing a triple bond as a spectroscopic reporter group, we find that the 

2D covalent ML lies flat on the Au(111) surface, with a homogeneous orientation distribution 

locked by the imine network. ~3% nano-defect domains are observed and localized in the 

network where imine bonds have broken or were not formed at all, and the residual segments 

containing the triple bond tend to tilt up. However, the triple bonds in a sub-ML of mixed 

monomers and imine model compound 4 hardly lie flat (<10%) on the Au(111) surface when 

an imine-linked network is absent. Additionally, TERS imaging visualizes the topography 

and integrity of the ML sheet at the Au(111) terrace steps, in which the ML smoothly covers 

the edge and thus will cause the orientation tilt instead of the nano-defects or rupture. The 

presented methodology can be generally applied to nanoscale chemical analysis of covalent 

2D materials, thereby promoting their application in electronic or optoelectronic devices.  

 

Methods 

Synthesis of 2D covalent monolayer. The 2D covalent ML was prepared on a Langmuir–

Blodgett trough (KSV 2000 System 2, KSV NIMA, Finland). The trough was filled with 

ultrapure water (Mill-Q, Millipore, 18.2 MΩ cm resistivity) and placed on an anti-vibration 

table in a dust-reduced environment. The surface pressure was measured with a Wilhelmy 

balance with a precision of 0.01 mN  m−1. A typical experiment proceeded as follows: 25 µL 
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of a 1.0 mg  mL−1 solution of monomer 1 was pre-mixed with 75 µL of a 1.0 mg  mL−1 

solution of monomer 2 in CHCl3. The resulting solution (50 µL) was spread on the air/water 

interface with a microliter syringe. The solvent was allowed to evaporate for 30 min, 

afterwards the compression was carried out at a rate of 3 mm  min−1 until the surface pressure 

stabilized at 10 mN  m−1. Trifluoroacetic acid (0.35 mL) was then added dropwise into the 

solution without disturbing the interfacial monolayer. After overnight polymerization at 10 

mN  m−1, a pre-submerged substrate (silicon wafer or Au(111) substrate) was pulled up at a 

constant rate of 0.5 mm  min−1. After drying at room temperature, the collected ML was 

subjected to optical microscopy, SEM, AFM and TERS measurements. Dilute solutions of 

monomers and imine models in chloroform (~25 µM) were used for spin-coating. In order to 

get sub-ML samples, a 50 µL portion of the diluted solutions were placed on the Au(111) 

substrate, which was spun at 2500 rpm.53 

 

TERS measurements. All TERS and confocal Raman spectra were acquired on a combined 

STM/Raman microscope (Ntegra Spectra, NT-MDT, Zelenograd, Russia) which was 

enclosed by a home-made acoustic isolation box and operated under ambient conditions. The 

instrument is equipped with an air objective (100×, NA=0.7, Mitutoyo, Japan) and an 

electron multiplying charge-coupled device (EMCCD, Newton 971 UVB, Andor, Belfast, 

UK). The spectrometer was calibrated by a standard Neon lamp (Renishaw, UK). TERS 

probes were prepared by electrochemical etching of a silver wire (diameter 0.25 mm, 99.9985% 

purity, Alfa Aesar). A 3:1 (v/v) mixture of ethanol (absolute, Sigma-Aldrich) and perchloric 

acid (70%, Sigma-Aldrich) was used as etchant. A potential of 8  V was applied and a current 

of ≈10  mA was measured during the etching process. TERS maps were collected in STM 

feedback (constant current mode) with the sample surface be moved by the piezo sample 

stage in the x, y, and z directions while keeping the relative laser-to-tip position fixed. The 
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dynamic range of the piezo scanner (6.0  µm × 6.0  µm in XY and 2.0  µm in Z with 220  V) is 

small, which ensures highly precise control of the tip-substrate gap and XY coordinate with a 

< 0.1  nm step size. An exposure time of 5 s and 2 accumulations were used for all spectra. A 

632.8 nm HeNe laser at an incident power of 0.5 mW was used as the excitation source. 

During TERS measurements, the bias voltage was set to 0.2 V and the tunneling current was 

kept at 0.1 nA to avoid scratching the sheet. All TERS images were obtained after overnight 

measurements (continuous laser illumination and data recording) to minimize the thermal 

drift of the system. In order to get better STM imaging, the bias voltage at 0.2 V and 

tunneling current at 1.0 nA were applied after TERS mapping. Spectral processing followed 

previously described procedures.40 
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