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ABSTRACT

This study aims to characterise 4-Sulfocalix[4]arene (SC[4]) thin films using Atomic Force Microscopy (AFM) in
analysing its thickness and surface morphology. Quartz substrates were cleaned using ultrasonic cleaning with an
Elmasonic P70H. SC[4] thin films were then fabricated on a quartz surface using WS-400BZ-6NPP/A1/AR1 model
spin coater from Laurel Technologies, producing thin films with 5, 10, 15, and 20 layers. Each thin film was
characterised in the tapping mode of the AFM Park System NX-10. Scans were conducted on different film areas of
different scales, and the data were analysed using XEI Data Processing and Analysis Software. Height measurements
obtained via Line Profile analysis revealed a progressive increase in film thickness with the additional layers,
demonstrating a significant linear relationship. AFM images showed precise 2D and 3D surface topography, indicating
that the thin films became uneven and non-uniform with the addition of more layers. The findings demonstrated a
linear relationship between film thickness and the number of layers, measuring 58.175 nm for 5 layers, 77.626 nm for
10 layers, 84.608 nm for 15 layers, and 94.806 nm for 20 layers. The surface roughness of thin films was also
determined, and it is significantly influenced by the number of layers, as illustrated by the root mean square roughness
(Rg). The values were found to be 26.512 for 5 layers, 29.777 for 10 layers, 30.177 for 15 layers, and 31.093 for 20
layers, respectively. This increase in surface irregularity indicates that the deposition process leads to progressively
irregular surfaces with an additional number of layers, as proven by equivalent studies on thin films. This study
emphasised the effectiveness of AFM in thin film research by demonstrating its precision in measuring thickness and
analysing surface topography.

Keywords: 4-Sulfocalix[4]arene, Atomic Force Microscope, Spin-Coating Method, Thickness Measurement,
Topographical Analysis

INTRODUCTION

Calixarenes are organic macrocyclic oligomers synthesised by the base-catalysed condensation of
formaldehyde and para-alkyl phenol [1], [2]. These phenolic methylene-bridged macrocycles are composed
of alkylidene groups that connect repeating phenol units at positions two and six, and its basket-like
structure enables the alteration of the upper and lower rims [3], [4], [5]. Modifying and adjusting the lower
and upper rims by incorporating specific functional groups or molecules can improve the selectivity of
calixarenes for various target guest molecules.
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Scientists have conducted extensive studies over the past three decades to synthesise and investigate
numerous types of derivatives and chemical modifications of calixarenes to attain specific properties that
are appropriate for a wide range of applications [6], [7], [8]. These applications include detecting
contaminants, metal ions, and biomolecules through chemical sensing and its acknowledged function in
catalysing organic synthesis [9], [10], [11], [12], [13], [14], [15]. Additionally, the electrochemical
properties of calixarenes have stimulated investigation into its potential for environmental remediation by
capturing toxic substances and for the development of electrochemical sensors and devices [16], [17], [18].
Calixarene derivatives are desirable precursor materials in synthetic organic chemistry due to the widely
accessible polyfunctional hydroxyl groups, which can be quickly incorporated into other functional groups
[19], [20]. One of the derivatives of the calixarene family, 4-Sulfocalix[4]arene (SC[4]), contains the
sulfonate groups in its upper rim and aromatic rings [21], [22], [23], as seen in Figure 1. SC[4]’s phenolic
hydroxyl groups produce intramolecular solid hydrogen bonding, and it also contains acidic sulfonate and
acidic phenolic groups.

Upper Rim (SOzH)

Annulus

(Benzene Rings) ‘
Lower Rim (OH) ‘

Figure 1: Three-dimensional representation of 4-Sulfocalix[4]arene with labels in the upper and lower rims,
with atoms coloured according to the CPK model: black for carbon, red for oxygen, yellow for sulfur and
white for hydrogen

Various fabrication techniques are available for depositing calixarenes and its derivatives, such as
thin films with desired properties and application fields. One such thing is the spin coating method, which
uses centrifugal force to distribute its solution on a substrate surface to form thin layers on flat surfaces
evenly. Another method is Langmuir-Blodgett (LB), which allows for the precise deposition of monolayers
on different surfaces. The films can be modified to adjust its thickness and functional properties, enabling
its use in detecting environmental pollutants or enhancing catalytic reactions. Lastly is the technique called
drop casting, where a solution containing calixarenes is deposited onto a substrate in the form of droplets,
allowing for the formation of thin films upon solvent evaporation when in contact with a hot surface [24],
[25].

The two primary objectives in thin-film coating fabrications are surface protection and surface
functionalisation [26]. Atomic Force Microscopy (AFM) is a sophisticated and highly effective scanning
probe technique renowned for achieving resolutions on a scale of fractions of an Angstrom, surpassing
conventional optical microscopes by over a thousand times. This technique is instrumental in the study of
thin film surface topography [27], [28]. AFM employs a cantilever made from silicon or silicon nitride at
the micro and nanoscales. This cantilever features a sharpened tip used to conduct nanoscale scans on the
sample surface. By measuring the interaction forces between the tip and the surface, AFM can determine
various types of forces, including mechanical contact force, magnetic, van der Waals interactions,
electrostatic, capillary, chemical, and steric force, depending on the experimental objectives and
characterisations.
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Furthermore, AFM involves scanning a sample’s surface with a pointed tip attached to the end of a
microcantilever in order to measure surface forces on thin coatings. It operates in three modes: contact, non-
contact, and tapping. Specifically, in non-contact mode, the cantilever point remains 5-15 nm above the
surface, while in contact mode, it remains in close proximity. However, contact mode encounters difficulties
such as potential malfunction, damage during the scanning process and increased tip wear. The tapping
mode addressed these problems by reducing electrostatic forces and adhesion through its intermittent
contact mechanism, managing tip interaction with rough surfaces, and minimising friction.

Additionally, AFM provides numerical data on surface and structural properties, including surface
morphology of thin films [29], [30], [31], grain distribution [32] and power spectral density (PSD) functions
[33]. Notably, the sample does not need to be conductive and can be applied to either conductive or non-
conductive materials without the requirements for additional treatment. This is advantageous when
electrical current measurements are unnecessary, as AFM senses mechanical deflection rather than relying
on electrical properties [34], [35], [36], [37].

Consequently, this method can directly correlate mechanical interactions with surface profiles and
film thickness [34], [35]. For high resolution, the cantilever tip must be extremely delicate, with the finest
tips measuring only a few nanometers. Moreover, AFM can analyse surface properties and geometry
without requiring the sample to be optically reflective or conductive. It generates three-dimensional surface
profiles and captures deflections using raster scanning. To be more precise, the tip is positioned in a
transition region, such as a border or furrow, to measure the vertical distance differences between the film’s
surface and the underlying substrate, thereby providing precise measurements of thin film thickness [35].

Surface topography encompasses the various three-dimensional characteristics of a surface, such as
micro and nano-pores, nanotubes, gratings, columns, pits, and scattered grooves, that collectively shape its
roughness. This roughness, influenced by environmental factors, surface chemistry, and material properties,
defines the surface’s texture. It incorporates attributes such as roughness, waviness, grain, and defects,
which are deviations from an ideal flat or spherical surface. These features are essential for elucidating
surface-related phenomena, including wetting, adhesion, adsorption, and friction, as well as optimising
surface functionalities and comprehending material interactions in industrial and scientific applications
[38], [39], [40], [41], [42].

The three-dimensional topology of a surface is defined by its measurable deviations, which include
both consistent and sporadic height variations and irregularities. These variations determine the surface’s
degree of smoothness or roughness. It is typically quantified using parameters such as mean roughness (R.)
and root mean square roughness (Rq), which represent the average height deviations of microscopic peaks
and valleys distributed across the surface of the films. This characteristic is essential for comprehending
both the functional and structural properties of material surfaces, as it provides critical observations into
their microcosmic geometric and shape properties [43], [44], [45], [46], [47], [48].

This paper aims to describe and determine the thickness and topographical analysis of SC[4] thin
films using an atomic force microscope for the boundless applications that will become possible in the
following decades, such as nano adsorbents and other fields progressing towards nanoscales. The novelty
of this work lies in the characterisation of SC[4] films, among calixarene derivatives that have rarely been
described in terms of film features due to their distinct properties from the parent calixarene. The parent
calixarene is frequently fabricated using a common and standard method for calixarene, the Langmuir
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method. Additionally, it is unique in that it is characterised using AFM to elucidate its thin film properties,
a characterisation that has never been undertaken before also for thin films of SC[4].

MATERIALS AND METHODS

Solution preparation

The SC[4] solution was prepared by measuring 2.5 mg of SC[4] grains on an electronic digital balance and
transferring them to a sterile vial. The SC[4] was diluted in 10 ml of Deionised water (DI water) and stirred
or swirled to ensure homogenous dissolving. The solution had been prepared for further use and had a
concentration of 0.25 mg ml™! [49], [50].

Fabrication of thin film using the spin coating method

The Elmasonic P70H Ultrasonic cleansing instrument was utilised to prepare the clean substrate prior to the
fabrication of films. Acetone, propanol, and DI water were employed to clean the surface of a 25 mm by 25
mm quartz substrate in order to eliminate any residue or impurities. The substrate was subsequently
immersed in 1,1,1,3,3,3-hexamethyldisilazane, CcH19NSi>» (HMDS) vapour for a period of one day or more,
stored in a Petri dish and sealed with a parafilm to prevent the leakage of HDMS vapour [51].

The SC[4] thin film was fabricated using the spin coating technique, which employs centrifugal force
to distribute thin layers on flat surfaces evenly. A single thin film layer was formed by depositing the SC[4]
solution onto a glass quartz substrate and rotating it at 2000 rpm for 15 seconds. In order to obtain the
required number of layers (5, 10, 15, and 20), this procedure was repeated. Concurrent with the spin coating
procedure, the substrate was dry with a nitrogen gun [52], [53], [54], [55], [56], [57].

Characterisation of the calixarene thin films with AFM

AFM is a standard scanning microscope utilised to obtain a three-dimensional and high-resolution image of
the sample surface. In this study, the AFM Park System NX-10 model at the i-CRIM lab, National
University of Malaysia, depicted in Figure 2(a), was employed to characterise the SC[4] films for both
thicknesses and morphological analysis and the result was analysed with XEI Data Processing and Analysis
Software (XEI) by the Park System. Figure 2(b) shows a schematic diagram of the measurement and a
brief view of its components used for thin film measurements and surface characterisation. The
characterisation was performed beneath atmospheric pressure and circumstances in tapping mode. The
measurement used the scanning frequencies of 0.8 Hz was applied to scanning areas of 10 pm x 10 pum,
30 um x 30 pm and 5 um x 5 um, respectively, for each film layer.

Before performing the analysis, the films underwent a gentle cleaning process with a cotton swab in
a designated small area of the substrate surface, and the back of each substrate was marked with a non-
permanent marker. This step aimed to distinguish between the regions with and without SC[4] coating. The
film was then put onto an AFM sample stage. The next step involves thoroughly cleaning and carefully
installing a cantilever with an adequate tip for the analysis. The AFM controls software was then launched
on a computer, and a connection with the AFM was established. The sample stage was gradually brought
into proximity with the cantilever, ensuring a slow approach to the sample surface to avoid any sudden
contact that could cause damage to it. The ambient temperature of 22 °C and relative humidity of 47 %
remained unchanged throughout the image acquisition process in these AFM analyses.
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Figure 2. (a) The Atomic Force Microscope (AFM Park System NX-10 Model) used in this study (b)
Schematic diagram of AFM during the scanning process on the SC[4] Films.

The height measurements for each SC[4] thin film difference in a number of layers were conducted
using the Line Profile analysis functions in the XEI software. First, a horizontal line profile was inserted
into the image and positioned at the desired points across the surface of the films. The line was ensured to
cross representative areas of the film’s features of interest, touching both the film areas (brighter cyan or
white) and the substrate (darker colour or black). Once the line profile is placed, the software will generate
a height profile along the selected line, displaying height variations across the surface. Subsequently, a
cursor pair was inserted on the line profile to measure the height difference, signifying thickness (AY) and
distance (AX) between two data points. One cursor was positioned on the lowest non-coating region or
substrate surface, while the other was placed on the highest point of the films within the same line profile.
However, the cursor was deliberately not positioned at the absolute maximum peak of the line profile,
particularly in the whitest region denoting the highest altitude or steepest peak. This precaution was taken
to avoid potential errors resulting from non-uniform readings.

Eventually, the surface roughness analysis of SC[4] thin films, varying in the number of layers, was
carried out using the roughness tab in the XEI software. The measurement for Rq was taken by choosing a
constant region of interest measuring 2.5 wm by 2.5 um. This region was maintained across all films to
ensure uniformity in the measurements despite variations in film coverage areas. The roughness parameter,
including Root Mean Square (R,) roughness, was computed and generated automatically upon selecting the
designated region in the processed images. Subsequently, the roughness profiles for the selected regions
were recorded in a table with its respective number of film layers.

RESULTS AND DISCUSSIONS

Thicknesses measurements and topographical analysis of SC[4] thin films using atomic
force microscopes

Figure 3 displays an AFM image of SC[4] thin films with varying numbers of layers (5, 10, 15, and 20)
fabricated on the quartz substrate. The scanned areas differ and are shown in varying shades, with brighter
colours (ranging from white to dark cyan), signifying higher altitudes. AFM imaging details the surface
topography of thin films, and the varying shades in the image suggest variations in surface height.
Approximately half of the scanned region appears in dark cyan or black, showing the exposed surface of
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the substrate. The analysis employed both 2-dimensional (2D) and 3-dimensional (3D) views to capture
comprehensive line profiles [58], [59].

The line profile analysis performed on the AFM images indicates a progressive increase in the
thickness of the film with the deposition of the additional layers, which strongly supports this interaction
from the AFM data. Figure 4 further illustrates the AFM images of SC[4] thin films, showcasing its surface
morphologies in both 2D and 3D perspectives. The image profiles reveal that films formed at varying
numbers of layers exhibit uneven and non-uniform surfaces. This unevenness can be attributed to the spin
coating fabrication method, wherein the solution is dispersed outward due to centrifugal force, leading to
random distribution and variation in thickness as the number of layers increases.

Additionally, the molecular orientation of SC[4] in the films will be distributed arbitrarily, with some
molecules orientated vertically upwards and others downwards. However, the sulfonate groups (SOsH) of
SC[4] will be predominantly oriented upwards relative to the substrate surface. This upward orientation of
SC[4], with sulfonate groups facing upwards, enhances the films’ ability to interact with various molecules
through different chemical interactions, including electrostatic and molecular bonding. Therefore, the
presence of sulfonate groups oriented upward can improve and achieve the desired binding properties and
functionalities of thin films with specific characteristics and specifications in various applications. For
instance, this can enhance the adhesion of guest molecules and the catalytic activities of the SC[4] thin films
[60], [61], [62].

Besides, several factors contribute to the non-uniformity of films in the spin coating process, such as
air circulation disturbances that generate irregular shear forces, complex interactions between centrifugal
and shear forces on non-circular substrates, and fluctuations in solvent evaporation rates. Edge effects on
substrates, mainly rectangular shapes, also affect defects and uneven thickness. In addition to the substrate
geometry and curvature, these parameters make it difficult to achieve a consistent layer of uniform film
thickness [63], [64]. Surface irregularities in adsorption processes generate localised high-energy areas that
increase binding affinities for particular molecules. These roughness and irregularities, also known as
surface defects or heterogeneities, are pivotal in adsorption as they offer active sites with elevated binding
energies relative to more uniform surfaces. The distribution of adsorption site energies in porous materials
highlights the significance of high-energy sites in influencing the efficiency and selectivity of adsorption
processes [65], [66], [67].

The thickness measurement of the SC[4] thin films, generated by the line profile analysis of the
images, is then plotted in the graph shown in Figure 4 (Left). Finally, Table 1 provides a detailed line
profile analysis, correlating the number of layers with the respective horizontal and vertical distances and
the angle between marked cursors on the line profile. In this table, N denotes the number of layers, AX and
AY represent the horizontal and vertical distance, respectively, between two points marked with a cursor
pair on the line profile, and the angle (°) refers to the angle between these two distances, AX and AY. The
AY is equivalent to the thickness of thin films in this study. The results demonstrate a linear relationship
between the number of layers and the film height, suggesting a uniform deposition process.

Furthermore, it was shown that increasing the number of layers of thin films affected its surface
roughness, quantified through its root mean square roughness, R,. Precisely, the R, values were 26.512 nm
for 5 layers, 29.777 nm for 10 layers, 30.177 nm for 15 layers, and 31.093 nm for 20 layers, as plotted in
corresponding Figure 4 (Right) and Table 2. This progressive increase in surface roughness with additional
layers indicates the irregular deposition process commonly assosiated with spin-coated thin films. [68], [69],
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[70]. The surface morphology of spin-coated thin films often demonstrates increased roughness with more
layers, resembling granular and clustered properties. This roughness arises from the aggregation of surface
irregularities, incosistent growth layers across cycles, and insufficient smoothing during deposition and
drying process. Solvent effects, crystallisation, island formation, and suboptimal layer adhesion
significantly exacerbate these surface characteristics. Additionally, the rapid evaporation of solvents
intensifies these effects, causing a more uneven and textured surface as the number of layers increases [71],
[72]. These outcomes corresponded with the results of analogous studies, which indicated that the
incorporation of layers typically leads to enhanced surface irregularities in thin films

In summary, it can be concluded that the thickness and surface texture of the film are both affected
by the addition of additional layers to the thin film coating. The surface roughness and thickness increase
in direct proportion to the number of thin film layers. Thin films with a rough surface offer numerous
advantages, including increased mechanical stability, an enhancement to interaction behaviour, a larger
surface area and improved coating adhesion [73], [74], [75], [76]. This is notably advantageous in
applications such as sensor technology and catalysis, as it enables more extensive interaction with the
molecules in the surrounding area. Furthermore, molecular interactions, including crystallisation and
dissolution dynamics in vapour-deposited films, can be influenced by uneven surfaces. Mechanical stability
is also essential for preserving integrity during interactions with other materials and under pressure.
Nevertheless, uneven surfaces have the potential to impede uniformity, which could result in inconsistent
performance in specific applications. It is crucial for optimising functionality by combining roughness with
other surface properties.

3 1 5 - m

(c) 15 Layers (d) 20 Layers
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Figure 3. AFM images of SC[4] films with varying numbers of layers: (a) 5 Layers, (b) 10 Layers, (c) 15
Layers, and (d) 20 Layers, presented in both 2-dimensional (left) and 3-dimensional (right) views with its
corresponding line profiles.
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Figure 4. The Thickness, AY (Left) and Surface Roughness, R, (Right) of SC[4] Thin Films as a Function
of the Number of Layers

Table 1. Line profile analysis of multilayer SC[4] thin films determined from AFM images

Number of Layers, N AX (um) AY (nm) Angle (°)
5 3.418 58.175 0.975
10 12.539 77.626 0.355
15 0.996 84.608 4.855
20 2.695 94.806 -2.015

Table 2. Roughness analysis of multilayer SC[4] thin films determined from AFM images

Number of Layers, N R, (nm)
5 26.512
10 29.777
15 30.177
20 31.093

CONCLUSION

The primary objectives of this study are to characterise and analyse both the thickness, AY and surface
roughness, R, of 4-Sulfocalix[4]arene (SC[4]) thin films using an atomic force microscope. SC[4] thin films
with a different number of layers (5, 10, 15, 20) were successfully fabricated. AFM analysis was utilised to
ascertain the topographical properties and thickness of these films by analysing surface profiles and
measuring height deviations across line profiles.

The results obtained show that the surface profiles of the films are non-uniform and irregular across
all layer configurations. In addition, the line profile analysis revealed that the thickness of the thin films
increases in proportion to the number of layers, indicating a linear relationship between the number of layers
and the thickness of the film.

In addition to thickness, the surface roughness of the films was also quantified using the root mean
square roughness, R,. The results show that the surface irregularity of the coatings increases as the number
of layers increases. This observation further illustrates the influence of layer aggregation on film properties,
which highlights a correlation between the irregularity of the film surface and the number of layers. Certain
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advantages may be offered upon the desired properties and functionalities by the surface irregularities of
the films for specific applications.

In closing, the insight gathered from this study offers significant advantages for applications and
future research that involve SC[4] and other calixarene derivatives in thin film fabrication. Implementing
these thin films in various nanotechnology fields, such as environmental science, optoelectronics, and
materials science, can facilitate advancements and a deeper comprehension of these areas.
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