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Abstract 

   The paper presents a topographic study of the surface relief of the solidified phase of polymer 
composite membranes using scanning probe microscopy. The study was conducted using a high-
resolution scanning probe and tunneling microscope, Certus Standart V, equipped with an 
NSG20-type cantilever, operating in non-contact mode. Tips with of radius of probe of 10 nm, 5 
nm, 3 nm, 2 nm, and 1 nm were used, enabling nanoscale structural analysis. 
   Reducing the radius of the probe tip resulted in a consistent increase in spatial resolution, 
making it possible to perform detailed nanoscale structural characterization and to identify 
structural elements of different sizes and shapes. A correlation was identified between the 
conformational state of the polymer and the structural characteristics of the solidified phase. It 
was found that decreasing radius of probe enhances spatial resolution, which allows for more 
precise identification of nanostructural elements and inhomogeneities (heterogeneity). 
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1. Introduction 
   Polysulfone and polyethersulfone membranes are widely used for the separation, purification, 
and concentration of substances. Owing to their high chemical and thermal stability, mechanical 
strength, and resistance to aggressive environments, these membranes play an important role in 
water treatment, pharmaceutical manufacturing, biotechnological processes, and the food 
industry [1-2]. 
   The selectivity, specific performance, and fouling resistance of membranes depend on their 
structural and morphological characteristics, which are in turn determined by surface 
topography, pore size, and relief surface elevations and valleys (roughness) .  
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   The conformational state of macromolecules (helical, extended, or aggregated forms) has a 
significant impact on the spatial organization of the polymer matrix (hard regions), including the 
three-dimensional arrangement of polymer macromolecules, their interconnection between 
crystalline and amorphous regions, and the resulting morphology (pore size, distribution, forme, 
shape relief surface elevations and valleys). In-depth (a comprehensive) analysis of the 
relationship between polymer conformation and surface morphological parameters remains an 
unsolved scientific challenge [3-6].  
. 
   A complete assessment of the structural and morphological characteristics of polyethersulfone 
membranes can be achieved using Scanning Probe Microscopy (SPM), which provides high-
resolution imaging at the nanometric and subnanometric levels and delivers detailed information 
about the topography, morphology, and physical and mechanical properties of the membrane 
surface [7-12]. 
   The aim of this research is to analyze the surface-relief topography of the solidified phase of 
polymer compositions of membranes using a scanning probe and tunneling microscope - Certus 
Standard V, equipped with an NSG20-type cantilever with tip radii of 10 nm, 5 nm, 3 nm, 2 nm, 
and 1 nm, and to correlate the conformational state of the polymer with the structure of its 
solidified phase 

2. Research object 
   The object of research is selected as a polyethersulfone membrane. 

2.1. Research materials and methods 
   Polymer compositions were prepared using a polymer (Polyethersulfone, PES), a solvent 
(Dimethylformamide, DMF), and organic additives (Polyethylene glycol, PEG), which ensured 
solution homogeneity, appropriate viscosity, and the required concentration. 
   Asymmetric, porous polyethersulfone (PES) membranes with a dense selective layer were 
fabricated by the wet phase inversion method (Non-solvent Induced Phase Separation, NIPS), 
which is based on the phase separation of a polymer solution due to diffusional exchange between 
solvent and non-solvent [13]. 

3. Experiment 
   The membrane structure was investigated using a Certus standard V scanning probe and 
tunneling microscope using an NSG20 type cantilever. Scanning was performed over an area of 
13.047μm×13.002μm≈169.6μm2 in non-contact mode. Tips with radius of probe of 10 nm, 5 nm, 
3 nm, 2 nm, and 1 nm were used, whereby the spatial resolution varied and different structural 
elements of the membrane were identified. 
   Before measurement, the membrane prepared by the phase inversion technique was washed 
with deionized water, dried at 4°C, and mounted on a solid support. 
   During the scanning process, dynamic changes in surface forces and electrical signals were 
recorded by moving the probe cantilever tip over the membrane surface. After signal processing, 
the screen displayed 2D (flat geometry, two dimensions - length and width) or 3D (spatial 
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geometry, three dimensions - length, width, and depth) images of the surface high-resolution. A 
detailed analysis of the porous microstructure of the membrane was performed by scanning. The 
results of the study are presented in Tables 1, 2, 3 and 4 and illustrated in Figures 1, 2, 3, 4, 5 and 
6. 
Table 1. Characteristics of measurements using with radius of probes 10 nm, 5 nm, 3 nm, 2 nm, 

and 1 nm  
 

Parameter 

Characteristic 

Distortion type 
Roughness, 

Sameas, 
Сause of loss 

10 nm Expressive convolution Strong topographic smoothing 
Significant loss 
of nanorelief 

5 nm Moderate convolution Is partially is decreasing 
Moderate loss 

of terrain 

3 nm Weak Convolution Good compliance 
Little loss of 

relief 

2 nm Very weak convolution 
Maximum 

Compatibility 
Minimal loss 

1 nm Minimal convolution Almost real terrain 
Practically 

lossless 

 
Table 2. Comparison of probes 

Probe radius, nm Distortion Expansion 

10 nm Strong Low 

5 nm Moderate Average 

3 nm Weak High 

2 nm Very weak Very high 

1 nm Minimum Maximum 

 



 

Georgian Scientists/ქართველი მეცნიერები ტ. 8 N 2,  2026 551 

Table 3. Values of the radius of gyration (Rg) and the measured average roughness (Sameas,) using 
with radius of probe 10 nm, 5 nm, 3 nm, 2 nm, and 1 nm 

№ 

Radius 
of inertia 

Rg, nm 

Roughness 
(True)    

Sa, nm 

Average roughness (measured) depending on the 
radius of probe used, Sameas, nm 

10 nm 5 nm 3 nm 2 nm 1 nm 

1 3 3.32 1.59  2.03  2.35  2.57  2.88  

2 4 3.13 1.67 2.09  2.37 2.55  2.80  

3 5 2.43 1.40  1.72  1.92  2.05  2.22  

4 6 2.06 1.26 1.52  1.68  1.78  1.91  

5 7 1.83 1.17  1.40  1.53  1.61 1.71  

6 8 1.51 1.01   1.18  1.29 1.35 1.42 

 
Table 3. Values of radius of gyration (Rg), measured average roughness (Sameas), and loss 

(absolute and relative)   accuracy when using 10 nm, 5 nm, 3 nm, 2 nm, and 1 nm radius of 
probes 

№ 

Radius of 
inertia 

Rg, nm 

Roughness 
(True)    

Sa, nm 

Probe 
radius,  

Rt, nm  

Average 
Roughness 
(measured), 
Sameas, nm 

Loss accuracy 

Absolute 
loss, 

nm 

Relative 
loss, 

% 

1 3 3.32 

10 

1.59 ≈1.73 ≈52.1 

2 4 3.13 1.67 ≈1.46 ≈46.6 

3 5 2.43 1.40 ≈1.03 ≈42.4 

4 6 2.06 1.26 ≈0.80 ≈38.8 

5 7 1.83 1.17 ≈0.66 ≈31.1 

6 8 1.51 1.01 ≈0.50 ≈33.1 

1 3 3.32 
5 

2.03 ≈1.29 ≈38.9 

2 4 3.13 2.09 ≈1.04 ≈33.2 
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3 5 2.43 1.72 ≈0.71 ≈29.2 

4 6 2.06 1.52 ≈0.54 ≈26.2 

5 7 1.83 1.40 ≈0.43 ≈23.5 

6 8 1.51 1.18 ≈0.33 ≈21.9 

1 3 3.32 

3 

2.35 ≈0.97 ≈29.2 

2 4 3.13 2.37 ≈0.76 ≈24.3 

3 5 2.43 1.92 ≈0.51 ≈21.0 

4 6 2.06 1.68 ≈0.38 ≈18.4 

5 7 1.83 1.53 ≈0.30 ≈16.4 

6 8 1.51 1.29 ≈0.22 ≈14.16 

1 3 3.32 

2 

2.57 ≈0.75 ≈22.6 

2 4 3.13 2.55 ≈0.58 ≈18,5 

3 5 2.43 2.05 ≈0.38 ≈15.6 

4 6 2.06 1.78 ≈0.28 ≈13.6 

5 7 1.83 1.61 ≈0.22 ≈12.0 

6 8 1.51 1.35 ≈0.16 ≈10.6 

1 3 3.32 

1 

2.88 ≈0.44 ≈13.3 

2 4 3.13 2.80 ≈0.33 ≈10.5 

3 5 2.43 2.22 ≈0.21 ≈8.6 

4 6 2.06 1.91 ≈0.15 ≈7.3 

5 7 1.83 1.71 ≈0.12 ≈6.6 

6 8 1.51 1.42 ≈0.09 ≈6.0 

 
4. Judging and Concluding the Research Results 

   The analysis showed that when using a 10 nm radius of probe, the smoothness of the surface 
relief is clearly visible in high-resolution 2D and 3D images (Figure 1), due to the convolution 
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(curvature, distortion) effect, which is due to the imperfect geometry of the probe tip used (the 
probe tip is not thin/sharp enough). The arithmetic mean (Ra) and root mean square (Rq,) values 
of surface roughness are relatively low - approximately 35-45% less than in the data obtained 
with a 1 nm radius of probe, which significantly limits the resolution of pores with diameters less 
than 30 nm. As a result of the convolution effect, the elevations of the polymer matrix are 
artificially enlarged, and the contrast of the image is reduced. The morphological picture of the 
surface is quite uniform. However, it still cannot fully reflect the microstructural differences 
caused by polymer conformation. At this level of resolution, it is impossible to accurately 
differentiate between both extended coil and collapsed globule conformations. 

  
Figure 1. 3D image of the membrane surface obtained 
using Scanning probe microscope a 10 nm radius of 

probe 

Figure 2. 2D image of the membrane surface obtained 
with Scanning probe microscope a 10 nm radius of probe 

   Reducing the probe tip radius to 5 nm revealed an improvement in lateral resolution, which 
provided relatively clear and detailed visualization of pores with sizes ranging from 15–60 nm. 
Under these conditions, a 15-2% increase in surface roughness (Ra, and Rq) parameters was 
observed compared to the data obtained with a 10 nm radius of probe, indicating a more accurate 
reflection of the surface topography. The pore distribution has become adequate and more 
consistent. However, structures smaller than 10 nm are still subject to partial convolution effects, 
which in this case is also explained by the geometric limitations of the probe. At this level of 
resolution, morphological differences due to the conformational state of the polymer are 
relatively clearly visible. In particular, samples with an expanded coil polymer globule 
conformation,  obtained from a good solvent (χ<0.5, good solvent), are dominated by a structured 
system of medium-sized (25-50 nm) pores and increased roughness. In contrast, in the case of a 
compact conformation (χ> 0.5, poor solvent), the polymer chains are more tightly packed, which 
contributes to the formation of a denser structure, where small pores (<25 nm) predominate 
(sponge-like morphology). 
   By reducing the radius of probe to 3 nm, a significant improvement in surface relief detail at 
the micro- and nano-level is observed in the 2D image (Figure 2.), along with its clarity.  The 
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roughness (Ra, and Rq) parameters increased by 25-45% compared to the 10 nm radius of probe, 
and proper identification of small pores with a diameter of 10-20 nm began. The morphological 
picture acquired a more pronounced asymmetric/gradient spatial organization (a more regular 
and ordered arrangement of pores and layers in space), which is typical for polymer membranes 
obtained by phase inversion. Here, a correlation with the polymer conformation was clearly 
revealed: the extended coil conformation of the macromolecules led to the formation of an open 
bi- or trimodal porous structure with well-developed nanofibrillar matrix elements and 
maximum pore size (Rmax) values. In contrast, the partially collapsed globule promoted the 
formation of a denser layer - with a predominance of pores smaller than 15 nm and a 20-30% 
reduction in roughness. 

  
Figure 3. 2D image of the membrane surface obtained 

using Scanning probe microscope a 5 nm radius of probe 
Figure 4. 2D image of the membrane surface obtained 

with Scanning probe microscope a 3 nm radius of probe 

Comparative analysis of 2D images (Figure 3.) showed that the use of high-precision probes with 
a radius of 1-2 nm resulted in maximum surface detailing. Pores with a diameter of less than 10 
nm and the smallest nanostructured elements of the polymer matrix were accurately and reliably 
distinguished (identified). The roughness parameters (Ra, Rq and Rmax) reached their maximum 
values, and the pore distribution became more uniform and differentiated. It is at this level of 
resolution that the dependence of the membrane structure on the conformational state of the 
polymer becomes apparent, namely: 

 In the case of the extended coil conformation of the polymer, a morphology with a wide 
pore distribution (from less than 10 nm to 60 nm) and maximum values of all thickness 
parameters roughness;  

 Under the conditions of the compact conformation of the collapsed globule of the 
polymer, a denser and more uniform surface was formed, which is distinguished by a 
decrease in the number of pores less than 10 nm, a shift in the pore size distribution to the 
region less than 20 nm, as well as a 35–50% decrease in the roughness parameters (Ra, and 
Rq,) compared to the expanded conformation. These changes indicate rapid globular 
aggregation of polymer chains. 
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Figure 5. 2D image of the membrane surface obtained 

using Scanning probe microscope a 2 nm radius of 
probe 

Figure 6. 2D image of the membrane surface obtained 
with Scanning probe microscope a 1 nm radius of 

probe 

   Thus, reducing the probe tip radius results in a substantial improvement in the spatial resolution 
of 2D and 3D images. A probe with a radius of 10 nm resulted in convolutional smoothing and a 
reduction in the roughness parameters, which limits the accurate identification of sub-nanometer 
(<30 nm) pores. Reducing the radius of probe to 3 nm, and especially to 1 nm, revealed the 
nanostructural features of the surface, maximum detailing of the roughness parameters (Ra, Rq, 
Rmax), and a clear differentiation of the polymer conformational states (extended coil and 
collapsed globule) at the morphological level. 
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