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ABSTRACT: Atomic force microscopy-based photothermal infrared (AFM-IR) techniques have long enabled chemical imaging 
of surfaces with spatial resolutions down to 10 nanometers. In this study, we push the boundaries of AFM-IR spatial resolution 
to the single-nanometer scale, achieving chemical mapping of supramolecular networks at the submolecular level. This break-
through is made possible by implementing an innovative tapping-mode AFM-IR approach. Such unprecedented resolution 
opens new horizons for advancements in nanoscience 

The properties of materials are determined by the com-
position and arrangement of their components at a nano-
scopic level. In numerous fields within nanoscience and 
nanotechnology, analyzing the chemical compositions, and 
geometric shapes with spatial resolutions of one nanometer 
is a fundamental aspect.1,2 A nondestructive, ambient-com-
patible, reproducible and reliable method that offers chem-
ically-sensitive imaging along with topographic properties 
at a spatial resolution of approximately 1 nm, is highly 
sought after by the research community. Such combined 
characterization capabilities would undoubtedly expedite 
progress across a wide array of scientific disciplines. To 
reach this key-challenge, the combination of atomic force 
microscopy (AFM) with infrared illumination provides 
ways to beat the diffraction limit at mid-infrared frequen-
cies.3,4 During the past decade, peak force infrared micros-
copy5 and resonance enhanced force volume IR6 have been 
strongly developed. These two techniques are now able to 
provide nanoscale chemical imaging with a lateral resolu-
tion of around ten nanometers.8-11 Despite these significant 
advances, current results are mainly limited to the recogni-
tion of a nano-object defined by its morphology in standard 
topography and its infrared signature. This combination has 
allowed researchers to distinguish between nanoparticles12 
or proteins13 among other undefined objects, even when the 
corresponding topographies were not sufficient for differ-
entiation. Although current techniques can now produce 

topographic images with nanometer-scale contrast differ-
ences,14-16 the analysis of these topographies does not al-
ways allow for the determination of the corresponding 
structural model. This limitation arises because attributing 
the observed contrast is not always possible, necessitating 
the use of complementary techniques, such as ultra-high 
vacuum15 or solid-liquid scanning tunneling microscopy,17 
to fully establish the models. However, these approaches 
have the major drawback of requiring additional manipula-
tions (e.g., sample transfer, surface preparation, or re-align-
ment) which can lead to changes in the acquisition area. 
Therefore, achieving infrared mapping with resolutions 
comparable to topographic images has become a crucial ob-
jective. This would enable the determination of structural 
models without manipulating the samples or changing the 
acquisition area between topographic and infrared spec-
trum measurements. To achieve this ambitious objective, 
we implemented an approach to tapping mode AFM-IR by 
integrating a dual phase-locked loop (PLL) to correct for 
mode variations. These adjustments enabled us to achieve a 
lateral resolution of 2.8 nm and a sensitivity of approxi-
mately 3 molecules per nm² in AFM-IR mapping image. Such 
precision finally allows for the reliable assignment of con-
trasts observed in topographical images of a supramolecu-
lar monolayer. 

The use of Highly Oriented Pyrolytic Graphite (HOPG) as 
a stable crystalline conductive surface model for the 
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formation of extended 2D supramolecular networks has al-
ready been established.17 Our molecular design features 
two key components: (i) a carbonyl functional group that 
acts as an IR marker, and (ii) C18 alkyl chains that promote 
the formation of extended 2D supramolecular networks on 
an HOPG surface. This process is driven by a delicate bal-
ance between molecule-surface and molecule-molecule in-
teractions.17 We synthesized an ester derivative (octadecyl 
4'-octadecyloxy-4-biphenylcarboxylate, EsterOC18, Figure 
1a), based on a biphenyl core flanked by two n-octadecyl 
chains, with one attached to the aromatic core via an ester 
linkage. The side chain length of the EsterOC18 molecule is 
5.27 nm (Figure 1a). 

 

Figure 1. (a) Structural model of octadecyl 4’-octadecyloxy-
4-biphenylcarboxyolate (EsterOC18), Oxygen atoms: red, 
Carbon Atoms; yellow, Hydrogen atoms: grey. (b) Topogra-
phy AFM image (7070 nm2) showing a compact periodic 
network constituted by bright lines separated by darker 
stripes with a periodicity of 5.60.3 nm, highlighted by the 
black double arrows. (c) Top view of the proposed molecu-
lar model for a monolayer of EsterOC18 on a HOPG surface. 
the periodicity is shown by the black double arrows. 

A sample was prepared by depositing a solution of Es-
terOC18 molecules (Dichloromethane, 1·10⁻⁵ mol·L⁻¹) on 
an HOPG surface using spin-coating (see method for de-
tails). AFM (with Peakforce Tapping Mode using a super 
sharp probe - SSB - tip) under ambient conditions revealed 
compact 2D domains. These domains display well-orga-
nized bright and dark stripes, with a constant periodicity of 
5.6 ± 0.3 nm (Figure 1b). The thickness of these 2D domains 
was measured at 0.8 ± 0.05 nm on a HOPG surface coated 
with a sub-monolayer of EsterOC18 molecules (Figure S1). 
On the basis of these AFM images and our previous results 
on scanning tunneling microscopy images,14 we are able to 
determine the adsorption model describing the 2D mono-
layers (Figure 1c). We conclude that EsterOC18 molecules 
align along the <100> direction of the HOPG surface, form-
ing a densely packed 2D layer of parallel, straight n-octade-
cyl chains, consistent with the Groszek model18 and without 
interlocking between neighboring chains. However, the 
contrasts observed in the topography AFM images cannot 
be definitively attributed to either the aromatic core or the 
lateral alkyl chains of the EsterOC18 molecule. 

The principle of tapping-mode AFM-IR involves driving one 
cantilever free-air eigenmode to acquire the topography 

image while using another tapping eigenmode to generate 
the IR image.19,20 This nonlinear approach requires that the 
repetition rate of the IR laser matches the frequency differ-
ence or sum between the two eigen modes by a heterodyne 
detection. Since tapping mode is highly sensitive to the tip-
surface interaction, the resonant frequencies shift as the tip 
scans the sample, responding to mechanical changes in the 
surface properties. Operating at a fixed laser repetition rate 
without adjustment can therefore lead to erroneous con-
trast in the IR mapping. To address this, a phase-locked loop 
(PLL) has been integrated into the system to ensure that the 
frequency difference between the two eigen modes remains 
synchronized, even as the mode frequencies shift during 
scanning. The frequency of the mode used for topography is 
set before initiating the approach. The phase of the topog-
raphy mode is known to exhibit shifts in response to varia-
tions in height, mechanical properties, or adhesion. This 
phase information is commonly used in tapping-mode AFM 
to identify surface inhomogeneities and, in some cases, to 
determine mechanical contrasts.21 These phase shifts indi-
cate changes in the resonance peak position of the mode, 
leading to a mismatch with the laser repetition rate. To 
maintain accurate IR mapping, it is essential to correct the 
frequency shift of the topography mode by adjusting the fre-
quency of the piezo driver to keep the phase constant. The 
AFM-IR system introduces a dual PLL correction mecha-
nism, one for the topography mode and the other for the IR 
signal, ensuring that mechanical or topographical effects do 
not introduce spurious contrast in the IR images (see the 
complete description in the method section of SI).  

The IR fingerprint of the 2D monolayer14 depicted in Figure 
S2 was then examined using tapping-mode AFM-IR with the 
dual PLL correction mechanism. Topography, PLL correc-
tion, and chemical mapping of the same region were simul-
taneously acquired (Figures 2 and S3-4 in SI). Chemical 
maps were recorded at 1460 and 1600 cm⁻¹, as these two 
wavenumbers correspond to the CH₂ scissoring and C=C 
stretching vibrations, respectively. These vibrations can un-
ambiguously distinguish the alkyl chains from the aromatic 
rings of the EsterOC18 molecules. The chemical map rec-
orded at 1740 cm-1, corresponding to C=O bond stretching, 
is shown in supporting information (Figures S5-6 in SI). 
Tapping mode AFM topography (Figures 2a-b) and corre-
sponding tracked by PLL frequency image (Figures 2c-d) of 
a monolayer of EsterOC18 on a HOPG surface display well-
organized bright and dark stripes, with a constant periodic-
ity of 5.2 ± 0.3 nm, close to that observed in Figure 1b using 
AFM Peakforce Tapping Mode (5.6 ± 0.3 nm, Figure 1b). At 
1600 cm⁻¹, the signal is extremely weak, and no substruc-
ture is observed (Figure 2e). However, unlike our previous 
work, where the IR mappings showed no substructures at 
any wavenumber,15 the images acquired at 1460 cm⁻¹ and 
at 1740 cm-1 using the new procedure reveal an alternation 
of bright and dark stripes (Figures 2f and S5 in SI). To pro-
vide a deeper analysis of the chemical mapping recorded at 
1460 cm⁻¹, a Z-profile from each AFM image is shown in Fig-
ure 2. The signal-to-noise ratio is noticeably higher in the 
phase images corrected by PLL-frequency (Figures 2d and 
2f) compared to the topography image obtained in tapping 
mode (Figure 2b). In all three cases, the periodicity of the 
alternating bright and dark stripes is 5.2 ± 0.3 nm. The pro-
files from both topography and PLL-corrected phase images 



 

are in phase, as their maxima and minima align. In contrast, 
the signal from the IR mapping is out of phase with the other 
two (Figures 2b, 2d and 2f).  

 

 

 

Figure 2. (a) and (b) Topography tapping mode AFM of a monolayer of EsterOC18 on a HOPG surface. (c) and (d) PLL1 cor-
rection of the image shown in a) and b) respectively. (e) AFM-IR mapping corresponding to the topography shown in (a) 
recorded at 1600 cm-1 (f) AFM-IR mapping corresponding to the topography shown in (b) recorded at 1460 cm-1. For each 
image recorded at 1460 cm-1, the corresponding Z-profile taken along the dashed white line is depicted in the right column. 
The signal corresponding to the alkyl chain is highlighted in green while the absence of signal for the aryl rings is indicated in 
blue. The scale bar of each image is of 20 nm. 

 

The contrast between the topographic profiles and the in-
frared mapping has finally enabled an unambiguous assign-
ment of the nature of the light and dark stripes observed in 
AFM images. Specifically, the dark stripes in the topographic 
images correspond to the bright stripes at 1460 cm⁻¹ in the 
infrared image, which are characteristic of CH₂ scissoring 
stretching vibrations. Consequently, the dark stripes in the 
topography can be attributed to the lateral alkyl chains of 
the EsterOC18 molecule. Conversely, the bright stripes in 
the topographic images are attributed to the C=C bonds of 

these molecules (Figure 2). This finding is remarkable be-
cause, until now, the assignment of signals corresponding to 
subunits within an organic molecule (with dimensions on 
the order of 5 nm) was achievable through scanning tunnel-
ing microscopy or AFM conducted under ultra-high vacuum 
or by using tip-enhanced Raman spectroscopy.22  

Based on the chemical mapping recorded at 1740 cm⁻¹ (Fig-
ure S4 in SI), we estimated the sensitivity of our experi-
mental method. The molecular model of EsterOC18 ad-
sorbed on an HOPG surface is shown in Figure 1c. We 



 

calculated the molecular density from this model to be ap-
proximately 0.45 molecules per square nanometer. Addi-
tionally, we estimated the system’s lateral resolution to be 
2.8 nm, as the periodicity of the alternating bright and dark 
stripes is 5.60 ± 0.3 nm (Figure 1b).23 This suggests that the 
AFM tip probes a surface area approximately equivalent to 
a disk of 6.15 nm². Since each EsterOC18 molecule contains 
only one C=O group, we estimated that the sensitivity of 
AFM-IR mapping in tapping mode corresponds to approxi-
mately 2.8 C=O bonds.  

Our results represent a significant breakthrough, demon-
strating that high-resolution molecular substructure identi-
fication can be accomplished using standard AFM tech-
niques coupled with infrared mapping under ambient con-
ditions. This exceptional detection capability of the AFM-IR 
method paves the way for nanoscale identification of sur-
face-adsorbed molecules or materials even at the single 
molecule level. 
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