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 ABSTRACT 

A novel approach of combining conventional infrared spectroscopy (IR) and

atomic force microscopy (AFM) is presented to better understand the behavior

of a drug adsorbed on a metal substrate at the nanoscale level. Tip-enhanced

infrared nanospectroscopy (TEIRA) was used for the first time to investigate Lu

AA33810, a selective brain-penetrating Y5 receptor antagonist, after immobilization

on gold nanoparticles (GNPs). Here, a gold coated AFM tip and gold substrate 

were used to obtain the near-field electromagnetic field trapping effect. Because 

of the huge signal enhancement, it was possible to obtain the spectral information

regarding the self-assembled monolayer of the investigated molecule. The effect 

of two orthogonal polarizations (p- and s-polarization modulations) of the excitation

laser beam on the spectral patterns is also discussed. The results show that there

is a strong relationship between the state of polarization of the incident radiation 

and the relative infrared band intensities. Another factor affecting the observed

spectral differences is the topology of the metal substrate, which may result in

the induction of a cross-polarization effect. The performed analysis indicates 

that the C–C bond from the cyclohexyl group is oriented almost parallel to the

metal surface. Conversely, the p- and s-polarized spectral variations suggest that 

the O=S=O angle is high enough to enable the simultaneous interaction of both

oxygen atoms with the GNPs. 

 

 

1 Introduction 

There is growing interest in the field of mid-infrared 

spectroscopy applications for thin objects at the nanoscale  

level [1, 2]. It is widely known that the infrared absorption 

of a molecule is greatly strengthened when it is immobilized 

onto, or is localized in close proximity, to a metal surface, 

such as Ag, Au, Cu, or In [3]. This phenomenon occurs in 
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surface-enhanced infrared absorption (SEIRA) spectroscopy 

and was first observed in the attenuated-total reflection 

mode [4]. This enhancement effect is analogous to that 

observed in surface-enhanced Raman spectroscopy 

(SERS) [5–7]. The observed SERS bands are due to the 

changes in polarizability of the molecule, while the 

SEIRA signal is related to the variations in the molecule 

dipole moment [8]. Conversely, metal nanoparticles 

demonstrate unique properties, making them a very 

attractive material. Biocompatibility, functionality, lack 

of toxicity, and high surface-to-volume ratio are just a 

few advantages of these nanostructures [9]. Therefore, 

many applications have been found in biology and 

medicine, especially as drug sensors and delivery 

carriers [10], molecular imaging probes [11], or imaging 

agents [12]. It should be emphasized that nanoparticles 

are able to pass through the blood-brain barrier (BBB) 

by the endocytosis mechanism [13], also providing the 

opportunity to use them as biosensors for molecules 

with potential antidepressant activities.  

There has recently been a major emphasis on the 

development of various spectroscopic techniques for 

obtaining nanometer resolution. In the previous paper 

we presented data that highlighted the role of radiation 

in the tracking of DNA damage at the nanoscale [14]. 

Conversely, Święch and co-workers demonstrated 

spectroscopic results for a biologically active molecule 

immobilized on colloidal nanoparticles [15]. In both 

experiments, tip-enhanced Raman spectroscopy (TERS), 

with the metal-coated tip acting as optical nanoantenna, 

induces the localized surface plasmon (LSP) effect to 

increase the sensitivity and spatial resolution of the 

spectral information. A similar situation is observed 

in the case of infrared nanospectroscopy with a gold 

coated tip. Lu and co-workers demonstrated that the 

use of a gold coated atomic force microscopy (AFM) tip, 

together with the gold coated surface, induces an optical 

field in the nanogap appearing between them [16, 17]. 

In the so-called tip-enhanced infrared nanospectroscopy 

(TEIRA) technique the local field intensity amplification 

increases the infrared absorption cross-section by 

over five orders of magnitude of that detected by the 

AFM tip.  

The TEIRA phenomenon can be achieved by the 

use of IR spectroscopy combined with atomic force 

microscopy (AFM-IR) [16, 18, 19]. The AFM-IR technique 

incorporates all features and advantages that are 

supplied by AFM and IR separately [20]. Therefore, 

IR studies of the chemical composition and topography 

characterizations of the investigated samples can be 

performed. It is well-known that even Fourier-transform 

infrared spectroscopy (FT-IR) coupled with a microscope 

does not overcome the diffraction limit [21, 22]. Therefore, 

the highest possible spatial resolution is up to 1 μm 

[23, 24]. This limitation can be avoided using AFM-IR 

spectroscopy where the IR light induces a thermal 

expansion within the sample. The thermal expansion 

signal is detected by the AFM tip. Moreover, the tip is 

applied not only to probe, mapping the topography, 

but also to register the IR intensities [20, 25]. Because 

the spatial resolution is limited by the tip radius, the 

IR spectra of various materials with nanoscale resolution 

are currently available [26–28]. Another crucial AFM-IR 

feature is associated with the direct proportionality 

between the aforementioned thermal expansion and 

coefficient of absorption of the sample [25]. The sample 

thermal expansion is induced when the molecular 

vibrations return from the excited to the ground 

vibrational state upon energy transfer in the form of 

heat [29]. The occurrence of the excitation of the molecules 

modes is due to the absorption of IR photons emitted 

by the tunable laser. Because of this dependency the 

AFM-IR bands correlate to those obtained from the 

conventional transmission IR spectroscopy [25].  

It is important to note that the AFM-IR spectra can 

be also employed for determining the molecular orientation 

by applying polarized IR excitation light [20, 25]. The 

polarization effect in the AFM-IR technique is similar 

to that occurring in the conventional IR method. 

Polarization modulation can be used to elucidate the 

chemical properties of studied molecules, which is 

not possible in the case of non-polarized light. There 

has long been an interest in studying the chemical 

bonding of various materials and discussing the molecular 

orientation onto metal surfaces [30]. It is important to 

note that the light phase after reflection from a metal 

surface depends on the angle of incidence and the 

state of polarization of the incident radiation [30, 31]. 

In the case of a high angle of incidence (grazing incidence), 

the absorption of p-polarized IR radiation by a thin 

layer on the metal surface is highly strengthened and 

even sub-monolayer quantities of chemisorbed molecules 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

4403 Nano Res. 2018, 11(8): 4401–4411 

can be observed in the p-polarized spectrum [32]. In 

contrast, for s-polarized radiation at the same high 

angle of incidence, virtually zero absorption is observed. 

This specific relation between p- and s-polarized excitation 

light induces special surface selection rules which can 

be used to determine the geometry of the monolayer 

of molecules immobilized onto the metal substrate [32]. 

Therefore, molecular dipole moments alongside the 

highly reflecting surface are not excited by s-polarized 

radiation at any incidence angle [33–35]. Additionally, 

the component of the dipole moments normal to this 

surface is excited by p-polarized excitation light for large 

incidence angles. Hence in the case of a p-polarized 

IR beam, the x- and z-components of the electric field 

are observed, while for the s-polarization beam, only 

the y-component is observed [31, 36]. 

It is commonly known that the topology of the metal 

substrate (e.g., metal nanoparticles and electrochemically 

roughened metal surface) noticeably affects the signal 

enhancement. As the wavelength of infrared radiation 

is much larger than the distance between metal 

nanoparticles, the surface optical properties of the 

metal are strongly dependent on the metal type, 

immobilized species, or surrounding medium [37]. 

Conversely, the polarizability of a metal particle is 

strongly associated with the nanoparticle shape and 

state of the polarization of the incident radiation [8]. 

For a proper analysis, the so-called surface selection 

rules must be taken into account. Accordingly, vibrations 

with dipole moment derivative components normal to 

the metal substrate are the most strengthened, while 

those oriented parallel will be absent or only slightly 

enhanced [8, 38]. This is due to the changes in the 

dipole moment that are enhanced alongside the surface 

normal. Therefore, the total dipole moments are doubled. 

Furthermore, the changes in the dipole moments 

across the surface normal are cancelled. This is because 

the dipole moment induced in the surface possesses the 

same magnitude but with an opposite direction [39]. As 

a consequence, it is possible to deduce the orientation 

of molecules adsorbed onto metal surfaces. 

TEIRA investigations of N-[[trans-4-[(4,5-dihydro[1] 

benzothiepino[5,4-d]thiazol-2-yl)amino]cyclohexyl]m

ethyl]-methanesulfonamide (Lu AA33810) are presented 

here: self-assembled monolayer immobilization on colloidal 

gold nanoparticles at the nanoscale level. Additionally, 

the influence of the use of two orthogonal polarizations 

(p- and s-) onto the individual band intensities resulting 

from the defined orientation, is characterized. Lu AA33810 

is a highly selective and potent neuropeptide Y (NPY) 

Y5 receptor antagonist [40, 41] and its structure is 

showed in Fig. 1. It has been postulated that the 

NPY-ergic system is involved in the pathophysiology 

of depression [42, 43]. Since Lu AA33810 is a brain 

penetrant and low molecular weight compound, it is 

suitable for use in experimental models of mood 

disorders. Recent findings indicate that Lu AA33810, 

produces antidepressant-like effects in animal models 

of depression [40, 41, 44]; hence, a significant role of 

Y5 receptors in depression-related disorders has been 

postulated. Nevertheless, the utility of Y5R ligands as 

therapeutics is still limited and there is a need for the 

discovery of more brain penetrant Y5R antagonists to 

better define the role of these receptors in the central 

nervous system. Therefore, knowledge of the molecular 

structure/bioactivity relationship of Lu AA33810 is 

important in order to design new compounds with 

antagonist properties similar to Y5R.  

In the recent study, the molecular structure of Lu 

AA33810 was determined experimentally (Raman 

spectroscopy (RS) and FT-IR and theoretically (density 

functional theory (DFT)) [45]. Furthermore, SERS and 

SEIRA techniques have been used to discuss the Lu 

AA33810 interfacial behavior onto GNPs surfaces. It 

was implied that thiazole (Thz) and phenyl (Phe) rings 

play a dominant role in the adsorption phenomenon, 

emphasizing the interaction between the free electron 

pair from Thz and the gold nanoparticles surface. 

The charge transfer (CT) mechanism had a significant 

 

Figure 1 Optimized structure of Lu AA33810.  
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impact on the Raman signal enhancement. Additionally, 

the observed changes proved the existence of an interaction 

between the free electron pairs located on oxygen 

atoms from SO2 moiety and GNPs. It was also noted 

that the NH fragment from 2-aminothiazole and/or 

methanesulfonamide was situated in some proximity to 

the metal substrate. Moreover, our previous investigations 

provided information regarding the mode of adsorption 

of NPY and its native NPY3–36, NPY13–36, and NPY22–36, 

as well as mutated acetyl-(Leu28,31)-NPY24–36 C-terminal 

fragments [46]. 

To the best of our knowledge, this is the first report 

to present a novel approach for studying the molecule 

orientation on a metal nanostructure, by employing 

the thermal expansion effect. Previous research has 

demonstrated the application of metal plasmonic 

resonators to achieve local absorption enhancement 

in the mid-IR spectral region with nanoscale resolution 

[47, 48]. Nevertheless, in this study, we used metal 

nanoparticles to obtain the local field enhancement 

and describe the behavior of the Lu AA33810 monolayer 

after conjugation with the substrate. This was dem-

onstrated by using the infrared nanospectroscopy 

technique with the polarized light illuminating the 

sample from above. 

2 Experimental 

2.1 Sample preparation  

Lu AA33810 was purchased from Tocris Bioscience (UK) 

(purity ~ 98.3%) and prepared according to previously 

published data [45]. A freshly prepared aqueous 

solution was obtained by dissolving 2.13 mg of the 

investigated antagonist in the deionized water using 

the sonification process. The concentration of the 

solution was ~ 0.1 mM. 

2.2 Gold nanoparticles synthesis 

The gold nanoparticle suspension (TC-GNPs) was 

synthesized according to the previously published 

procedure [49]. 108 mL of aqueous solution containing 

0.93 mM of hydrogen tetrachloroaurate and 2.89 mM 

of trisodium citrate was heated at 88 °C for 15 min. 

The mass concentration of the nanoparticles in the 

prepared colloidal solution was defined using DMA 

5000M equipment from the Anton Paar Company and 

was 122 mg·L−1. 

2.3 Tip-enhanced infrared nanospectroscopy studies 

Prior to the measurements, 33 μL of the TC-GNPs was 

mixed with 33 μL of the Lu AA33810 solution. For a 

better colloid aggregation, a 0.1 M concentration NaCl 

solution was added. The prepared liquid mixture 

was placed onto CaF2 windows and used for further 

investigations after it was dried. The tip-enhanced 

spectra at nanoscale resolution were collected from 

five different areas by means of the NanoIR2 Anasys 

Instrument (a schematic representation is shown in 

Fig. 2).  

The optical parametric oscillator (OPO) laser with 

a spectral range of 3,350–1,000 cm−1 was applied as an 

infrared source. A laser with a nominal incident power 

of 8 mW, during the measurements, was set to use 17% 

of the incident power. The nanoscale AFM-IR spectra 

were collected with 4 cm−1 spectral resolution and each 

data point was obtained by averaging 256 pulses of 

excitation. The spectral bands from the measured series 

of spectra were almost identical and only slight changes 

in some of the relative intensities (up to 5%) were observed. 

For all spectra, a smoothing with the Savitzky-Golay 

algorithm (second order, three points) and a multipoint 

baseline correction (five points) were performed. It 

should be emphasized that the relative intensities of 

the bands were not affected by these procedures.  

 

Figure 2 Scheme of TEIRA experiment. 
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The topography of the investigated Lu AA33810/GNPs 

system was collected in the tapping mode by use of 

cantilevers with a spring constant of 1 N·m−1 and 

resonance frequency of 75 kHz (the resolution in both 

the x and y directions was 128). The topographic images 

were taken before and after collection of each of the 

series of spectra in order to control thermal expansion 

effects on the sample. During the AFM-IR experiments, 

no thermal modifications within the sample were observed. 

2.4 Fitting procedure 

Fitting of the 1,400–1,225 cm–1 and 1,250–975 cm–1 spectral 

regions for the TEIRA spectra of the investigated 

molecule collected using p- and s-polarization, respectively, 

was conducted using OMNIC software. A Gaussian 

band shape was assumed and fixed for all bands.  

3 Results and discussion 

Figure 3 shows the TEIRA spectra of the Lu AA33810 

after immobilization onto TC-GNPs collected for p- 

(Fig. 3(a)) and s-polarization radiation Fig. 3(b), respectively. 

From each sample area, the fifty spectra were collected 

in different positions (see Fig. 4(a) for the AFM image).  

 

The spectra were collected at each position using p- 

and s-polarization modulations. The most reproducible 

spectra for further analysis were selected. The depth 

histogram (Fig. 4(b)) together with the horizontal and 

vertical height profiles (Figs. 4(c) and 4(d), respectively) 

indicate that the high differentiation observed for the 

selected area of the sample is about 290 nm. The observed 

spectral patterns show crucial variations in the band 

relative intensities as a consequence of the light 

polarization modulation. As discussed in the Introduction, 

the polarized incident field induces excitation only 

for vibrations in which the dipole moment is aligned 

with the applied polarization [50]. Therefore, the NanoIR2 

system, with the IR-tunable laser located at 75° to the 

surface normal (see Fig. 2) and polarization parallel 

to the tip axis (p-polarized light), should provide the 

enhancement of vibrations with dipoles oriented 

perpendicular to the metal nanostructure. Conversely, 

for the orthogonal polarization modulation (s), the bands 

due to the bonds situated tilted or almost parallel to the 

metal surface should be visible. These effects could not 

be observed by using conventional infrared spectroscopy 

in the transmission mode [8].  

These results are constituent with the data published  

 

Figure 3 TEIRA spectra of Lu AA33810 immobilized onto TC-GNPs recorded using p- and s-polarization ((a) and (b), respectively) 
with the appropriate curve fitting; the black solid and red dotted lines are the original and composite result spectra, respectively. IR 
source: optical parametric oscillator laser; spectral resolution = 4 cm−1. 
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Figure 4 AFM image: 5 μm × 5 μm of the GNPs/Lu AA33810 system. (a) The depth histogram and (b) horizontal and vertical height 
profiles ((c) and (d), respectively). The AFM image was processed by flattening. Topography collection: tapping mode. 

by Osawa and co-workers; a significant decrease (1/5) 

of the SEIRA intensities with changing polarization 

from p to s was observed [8, 38]. Moreover, Ataka and 

co-authors suggested a reduction of the SEIRA signal 

to 1/20 upon polarization variation [37]. In our experiment, 

the estimated reduction factor for the relative intensities 

of the corresponding TEIRA bands is 1/14. In the high 

wavenumber range, this is manifested by the dramatic 

decrease in the CH3/CH2/CH vibrational modes intensities 

for the spectra collected with s-polarized IR light. This 

phenomenon coupled with the observed strengthening 

of the aforementioned bands suggest a rather perpendicular 

orientation of the C–H bonds on the metal surface. 

However, there are significant differences between the 

p-polarized TEIRA signal and conventional SEIRA 

bands recorded in the transmission mode [45]. In 

particular, the bands at 2,954 and 2,851 cm−1 in the 

SEIRA spectrum [45], attributed to the asymmetric CH3 

and symmetric CH2 stretching modes, are not observed 

in the p-polarized nanoscale signal. These findings 

confirm that the intensities of the C–H bands reveal a 

strong polarization dependence [36, 51]. A different 

spectral pattern is observed for the amino group. Here, 

the TEIRA p- and s-polarized spectral features at 3,294 

and 3,290 cm−1 due to the NH stretching oscillations 

exhibit a noticeable red shift (Δῡ = 3 cm−1 and Δῡ = 

7 cm−1, respectively) in comparison to the corresponding 

SEIRA spectrum [45]. The wavenumber assignments 

are given in Table 1.  

Furthermore, there is a good correlation between 

the p-polarized TEIRA spectrum and previously published 

SEIRA spectrum [45]. This is consistent with the above 

discussed relation between the polarization state and 

IR signals intensities. Accordingly, the strongest band 

intensities for the molecule adsorbed onto the metal 

surface are observed for the IR beam polarized parallel 

to the incidence plane [31, 35, 36]. This TEIRA spectrum 

is dominated by spectral features attributed to the 

Thz ring vibrations at 1,584 cm−1 (ν(CC)), 1,563 cm−1 

(ν(CC)), 1,541 cm−1 (ν(CC)Phe/Thp/Thz, ρb(NH), ν(CN)), 

1,465 cm−1 (ν(CC)Phe/Thp, ρb(CH)Phe, ρb(NH)), 1,416 cm−1 

(ρb(NH)), 1,364 cm−1 (νs(C=C), νs(C=N), ρb(NH)), 1,330 cm−1 

(ν(CN)), 1,310 cm−1 (ν(C=N)), 1,291 cm−1 (ν(CN)Thz-NH), 

1,181 cm−1 (ν(CN)Thz-NH), 1,142 cm−1 (δ(Thz)), and 1,108 cm−1 

(ν(CN)Thz/Thz-NH) (Table 1). 

These bands exhibit a slight decrease in the relative 

intensities upon p-polarized IR excitation (Figs. 2(c) 

and 2(d)). This confirms the previous analysis indicating 

that the Thz aromatic moiety accepts a tilted orientation 

onto the GNPs, leading to interaction with the Thz 

free electron pair [45]. However, for the p-polarized 

TEIRA signals at 1,310 and 1,142 cm−1, attributed to 
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Table 1 Wavenumber and band assignments for the SEIRA and TEIRA spectra of Lu AA33810 adsorbed on TC-GNPs surface 
according to Ref. [45]a 

Wavenumber (cm−1) 

SEIRA TEIRA Assignment 

 p-polarization s-polarization 

ν(NH) 3,297 3,294 3,290 

ν(CH)ring 3,048 — — 

ν(CH) 3,026 3,024 3,022 

νas(CH3) 2,954 — 2,954 

νas(CH2) 2,924 2,929 2,927 

νs(CH3) 2,865 2,863 2,863 

νs(CH2) 2,851 — 2,848 

δ(NH) 1,632 1,637 1,640 

ν(CC)Phe/Thp/Thz 1,584 1,584 1,596 

ν(CC)Phe/Thp/Thz 1,565 1,563 1,573 

ν(CC)Phe/Thp/Thz, ρb(NH), ν(CN) 1,539 1,541 1,542 

ν(CN), δ(NH) 1,509 1,509 1,513 

ρs(CH2) 1,474 1,472 — 

ν(CC)Phe/Thp, ρb(CH)Phe, ρb(NH) 1,465 1,465 1,453 

ρb(CH2) 1,438 1,440 1,440 

ρb(NH) 1,421 1,416 1,427 

ρb(CH3)as, ρb(NH)MSA — — 1,405 

νs(C=C), νs(C=N), ρb(NH) 1,365 1,364 1,367 

ν(CN), ρw(CH2)chx, ν(CC)chx, ρb(NH)MSA 1,330 1,330 1,332 

νas(SO2) 1,320 — 1,322 

νs(C=N), ν(CC)Phe/Thp 1,306 1,310 — 

ν(CC)Phe/Thp, ρb(CH)Phe, ρw(CH2)Thp, ν(CN)Thz-NH, ρr(CH2)chx 1,301 1,291 — 

δ(CH2), ρb(CH)Phe 1,253 1,256 1,258 

ρb(CH)Phe, δ(Phe), ρt(CH2)Thp, ρt(CH2)chx, δ(Thz), ν(NC), δ(Thp) 1,220 1,220 1,220 

ρt(CH2)Thp, δ(CH2)Phe/Thp, ν(CN)Thz-NH 1,179 1,181 1,181 

νs(SO2) 1,153 — 1,158 

δ(Thz) 1,144 1,142 — 

ν(CN)Thz/Thz-NH, ρr(CH)Phe, ρw(CH2)Thp 1,109 1,108 1,118 

νs(SO2), ρw(CH3) 1,093 1,086 1,095 

ν(CC)chx 1,068 — 1,073 

ν(CC)chx, ν(CC)Phe, ρr(CH2)chx, ρr(CH)Phe, νs(SO2), ρw(CH2)Thp 1,054 1,052 1,056 

Phebreath 1,035 1,032 1,042 

ν(CC)chx, ν(CN)MSA 1,023 1,028 1,022 

aAbbreviations: ν, stretching; δ, deformation; ρb, bending; ρs, scissoring; ρw, wagging; ρt, twisting; ρr, rocking; as, asymmetric; breath, 
breathing; Phe, phenyl; chx, cyclohexyl; Thp, thiepine; Thz, thiazole; MSA, methanesulfonamide. 

 

the C=N stretching and Thz deformation vibrations, 

respectively, a significant enhancement is noticed. 

This suggests that the tilted orientated Thz ring forces 

the perpendicular arrangement of the C=N double 

bond. Additionally, the C–N single bond is located 

almost parallel to the metal surface, confirmed by the 

strong intensity of the 1,118 cm−1 band in the s-polarized 

register signal. Further evidence for this is the 1,513 

and 1,181 cm−1 spectral features (Table 1) present in the 

s-polarized spectrum that are invisible in the p-polarized 
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spectral patterns.  

It should also be noted that the benzothiepine 

(Phe-Thp) oscillations appearing at 1,256 cm−1 (δ(CH2), 

ρb(CH)Phe), 1,220 cm−1 (δ(CH2), ρb(CH)Phe), and 1,028 cm−1 

(Phebreath) in the p-polarized TEIRA spectrum are 

noticeably weakened in comparison with the conventional 

SEIRA spectrum. Furthermore, significant enhancement 

of the above-listed bands in the s-polarized spectrum 

is observed. Consequently, the Phe-Thp group is tilted 

towards the metal surface, while the tilt angle between 

this moiety and the surface is smaller than that observed 

in the case of Thz. 

As discussed above, for s-polarization modulation, 

the highest IR absorption is expected for molecular 

vibrations with dipole derivatives parallel or tilted to 

the surface plane. Regarding the spectral features 

observed in the s-polarized TEIRA spectrum, it could 

be assumed that the C–C bond from cyclohexyl is 

localized almost parallel with regard to the metal 

surface. This is manifested by the presence of the greatly 

strengthened band at 1,073 cm−1 (ν(CC)chx, ρb(CH)). It 

should be noted that the aforementioned modes are 

not observed in the corresponding p-polarized spectrum.  

Moreover, the enhancement of the s-polarized bands 

due to the SO2 stretching vibrations appearing at 1,322 cm−1 

(νas(SO2)), 1,158 cm−1 (νs(SO2)), 1,095 cm−1 (νs(SO2)), and 

1,056 cm−1 (νs(SO2)) cannot be omitted. It may suggest 

that the S–O bond adopts a tilted orientation onto the 

studied metal substrate. This statement is further 

supported by the significant relative intensity decrease 

of these bands in the p-polarized spectrum. As was 

discussed in the previously published results [45], 

the methanesulfonamide moiety from the investigated 

antagonist interacts with GNPs via the free electron 

pairs situated on the oxygen atoms from the SO2 

moiety. The spectral patterns observed in the p- and 

s-polarized spectra indicate that both oxygen atoms 

from the O=S=O fragment interact with the metal 

surface.  

Figures 5 and 6 show the p- and s-polarized spectra 

collected from eight different positions marked in the 

5 μm × 5 μm AFM image (Fig. 4(a)). 

Some slight differences were observed for the relative 

band intensities. The enhancement of the ~ 1,028 cm–1 

p-polarized band and simultaneous decrease of the 

~ 1,072 cm−1 s-polarized signal indicate that the angle 

between the C–C bond from cyclohexyl and metal 

plane slightly increased in some positions.  

 

Figure 5 TEIRA spectra of Lu AA33810 immobilized onto the TC-GNPs surface recorded using p-polarization. The spectra were 
normalized using the min–max normalization procedure. IR source: optical parametric oscillator laser; spectral resolution = 4 cm−1.  
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Figure 6 TEIRA spectra of Lu AA33810 immobilized onto the TC-GNPs surface recorded using s-polarization. The spectra were 
normalized using the min–max normalization procedure. IR source: optical parametric oscillator laser; spectral resolution = 4 cm−1. 

The situation is somewhat different for the C–N 

bond from the Thz and SO2 moiety, where a more 

parallel orientation for these two fragments was expected. 

This finding can be supported by noticeable variations 

of the 1,513, 1,332, 1,158, 1,115, and 1,056 cm−1 bands 

intensities in s-polarization (see Table 1 for the assignments). 

The observed differentiation is a likely consequence 

of the irregular substrate, forming large aggregates 

containing bifurcations and protrusions. This anisotropy 

may induce a cross-polarization effect, affecting the 

variations in the spectral signals [52]. 

4 Conclusions 

We presented the first TEIRA results obtained for the 

Lu AA33810 monolayer adsorbed on gold nanoparticles 

at the nanoscale level. From these results, we conclude 

that a combination of classical IR spectroscopy with 

AFM enabled better monitoring of the adsorption 

process of the investigated molecule. The application 

of the gold coated AFM tip allowed the detection of 

local thermal expansion within the sample and the 

additional near-field electromagnetic field trapping effect. 

This phenomenon results from the optical field induced 

in the nanogap between the gold tip and gold nanostructure. 

The effect of two orthogonal polarizations (p- and 

s-polarized exciting laser beam) on the spectral feature 

changes was also considered. There was a strong 

dependence of the state of polarization of the incident 

radiation on the spectral pattern changes associated 

with the defined molecular orientation. The observed 

spectral variations at some points of the investigated 

areas may be due to the irregular surface creating 

large aggregates with numerous bifurcations and 

protrusions. Therefore, such differences may be related 

to the cross-polarization effect. 

From the performed analysis, it is possible to conclude 

that the C–C bond from the cyclohexyl moiety adopts 

an almost parallel position on the GNPs surface. 

Furthermore, it can be stated that the O=S=O angle is 

large enough for the simultaneous interaction of both 

oxygen atoms with the gold substrate. The observation 

of the tilted oriented Phe-Thp moiety demonstrated 

that the tilt angle between this group and the GNPs 

is smaller than that observed for the Thz ring, forcing 

the perpendicular arrangement of the C=N double 

bond. It should be emphasized that the application of 

the IR exciting light in two orthogonal polarization 

modulations provides a more precise characterization 

of the adsorption geometry of the investigated molecule. 
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