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Abstract
One of the areas of competence of a modern specialist is the ability to determine the characteristics of nanoobjects. Such characteristics include the shape, size of particles, their spatial configuration, uniformity of structure, the relationship of chemical components, etc. Various research methods are used to study them.
During the Start program, some methods of studying materials were mastered, namely Small-angle X-ray Scattering, Atomic Force Microscopy, Dynamic Light Scattering. The test sample under investigation was a copolymer based on indolo[3,2-b]carbazole and polyethylene glycol 3000. The report provides an introductory description of these methods, as well as the obtained experimental results.


[bookmark: _Toc116550129]Introduction
A specialist in the field of materials science should have knowledge of various approaches to material research. A professional who has the skills to work with certain installations, as well as who is able to correctly process and interpret the results obtained at these installations, becomes indispensable.
The purpose of my work was to master the methods used in the study of nanomaterials, such as small-angle X-ray scattering (SAXS), atomic force microscopy (AFM), dynamic light scattering (DLS).  The test sample was a copolymer based on indolo[3,2-b]carbazole and polyethylene glycol 3000.
The following tasks were set:
· Acquisition of skills in working with the Xeuss 3.0 X-ray scattering unit, obtaining and further processing of small-angle scattering curves in the XSACT and SasView 4.2.2 programs.
· Familiarization with the atomic force microscope device, obtaining an AFM image and its subsequent processing of an AFM image.
· Mastering the method of dynamic light scattering using the Photocor Complex spectrometer as a method for determining the hydrodynamic radius of spherical particles.



[bookmark: _Toc116550130]Methods
[bookmark: _Toc116550131]Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) is the result of the interaction of X-ray radiation with the electrons of a nanostructured sample. The principle of the method is that uniformly distributed inhomogeneities of a polydisperse medium with a size of 1-100 nm scatter X-rays at small angles. 
[image: ]
Fig.1 The principle of the small-angle scattering experiment [1].

Small-angle scattering makes it possible to study structures ranging in size from units to several hundred nanometers. The interference pattern of scattering is formed by the addition of a set of secondary elastically scattered waves that differ from each other in phase. The phase differences and amplitudes of the terms depend on the spatial distribution of the electron density, that is, on the structure of the object. They determine the shape of the experimental scattering curve, the analysis of which makes it possible to uniquely determine the shape and size of molecules (for protein and nucleic acid molecules), the nature of the mutual stacking of components (in viruses), the packing of polymer chains in polymers, the size distribution of particles and pores in powders and sorbents, etc [2].
[image: ]
Fig.2 Scattering curve [3].
[bookmark: _Toc116550132]Atomic force microscopy
Atomic force microscopy (AFM) is a type of scanning probe microscopy based on van der Waals interactions of the probe with the sample surface. 
The principle of operation of the atomic force microscope is based on the registration of the force interaction between the surface of the test sample and the probe. A nanoscale tip is used as a probe, located at the end of an elastic console called a cantilever. The force acting on the probe from the surface causes the console to bend. The appearance of elevations or depressions under the tip leads to a change in the force acting on the probe, and hence a change in the bending size of the cantilever. Thus, by registering the amount of bending, we can conclude about the relief of the surface. The resolution of this method is approximately 0.1-1 nm horizontally and 0.01 nm vertically[6].
[image: ]
Fig.3. Scheme of operation of the atomic force microscope [4]. 

By the forces acting between the probe and the sample surface, we mean the long-range Van der Waals forces, which at short distances are repulsive forces, and with a further increase in distance they turn into attractive forces.

[bookmark: _Toc116550133]Dynamic light scattering 
The principle of particle size measurement is based on measuring at different times the intensity of scattered light in a volume containing particles in a solvent. Due to the Brownian motion of dispersed particles, which causes microscopic fluctuations in Rtheir local concentration, and due to the resulting local inhomogeneities of the refractive index, the light intensity oscillates relative to its average value when a laser beam passes through such a medium. By the frequency of these oscillations, it is possible to obtain information about the particle diffusion coefficient, which depends on the particle size. 
Also, the measurement results depend on the concentration of particles. With a high concentration of particles, a beam of light scattered from one particle can meet another particle before it is registered by the detector, and the information is lost. Therefore, only weak solutions are considered [6].
[image: ]
Fig.4. Representation of dynamic light scattering principle [5].




[bookmark: _Toc116550134]The object of research
The object of the research was copolymers based on indolo[3,2-b]carbazole and polyethylene glycols. A polymer matrix obtained by solvent deposition was also investigated by SAXS. It is assumed that these copolymers have good solubility, and also retain luminescent properties, unlike carbazole.

[image: ]

Fig. 5. Indolo[3,2-b]carbazole-PEG copolymer, where m=68.1 for PEG 3000.
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All measurements were carried out at the Xeuss 3.0 X-ray scattering station. The measurements were out in a vacuum at room temperature. The X-ray tube was with a copper anode with a wavelength of 0.154 nm. 

[image: ]
Fig.6. Set-up for small-anle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) [7].

The samples were powder of (IС-alt-OE-3000) and powder of A polymer matrix obtained by solvent deposition. The powders were used as test samples. The powders were placed in Sample Holders, secured on both sides with cardboard film. During processing, two layers of kapton were subtracted as a buffer.
Measurements were carried out for distances of 100 mm, 900 mm, 1800 mm, 4500 mm between the SAXS detector and the sample. WAXS modes were also measured for 3 different detector positions.
The initial processing of small-angle scattering curves was in the XSACT program. Data on small-angle scattering of X-rays for individual P (IС-alt-OE-3000) and mixed with polymer matrix A (RA) were obtained in the Sas View 4.2.2 program[8].
[image: ]
Fig. 7. Small-angle scattering and X-ray diffraction for powder P (IС-alt-OE-3000) (1); matrices PA, precipitated from solvent (2)

In the region of large q values from 0.4 to 4 Å⁻1 corresponding to wide scattering angles, Bragg peaks corresponding to the diffraction pattern of PEG scattering were found for the powder P (IС-alt-OE-3000). The PA matrix is in an amorphous state.
	[image: ]
	[image: ]

	Fig. 8. 2D presentation of WAXS mode for powder P (IС-alt-OE-3000) (a); matrices PA, precipitated from solvent (b)




For polymer A (PA) obtained by solvent deposition, the obtained small-angle scattering curve was processed in the range of transmitted pulses from 0.004 to 0.3 Å⁻¹.
For the region of small, transmitted pulses, an approximation of the X-ray power dependence used in the form of a Pareto distribution was used:

Then
 is the radius of a sphere if A is equal to 3.
n=A+1 is the Porod Exponent.
The Porod exponent – the magnitude of the degree Exponent - turned out to be 4.16. Based on the data obtained, it can be assumed that there are spherical homogeneous inhomogeneities in the system with a characteristic size exceeding the diameter D > 2/q0 = 2/ 0.004 = 500 Å. 
[image: ]

Fig. 9. Small-angle matrix PA precipitated from solvent (blue curve). Approximation by the Porod power dependence, represented as a Pareto distribution (red curve).

An approximation with a wide Lorentz-type peak at the end of the power decay was also used:

where A is the scale factor of the Porod law; n is the exponent of the Porod law; R is the correlation size of scattering inhomogeneities according to the  Porod law; C is the Lorentz scale factor; m is the Lorentz exponent for q; ξ is the length of the screening, and B is the "shelf" for the background.
[image: ]
Fig.10. Small-angle matrix PA precipitated from a solvent (blue curve). Approximation by a wide Lorentz-like peak at the end of the power dependence decline (red curve).

The obtained approximation allows us to conclude that there is a short-range correlation order in the system with a characteristic distance d₀=2π/q₀=2π/0.055 Å = 114.2 Å for inhomogeneities of an almost spherical shape with a diameter of 43 Å.  These can be rigid-chain domains formed by aromatic groups.




[bookmark: _Toc116550137] AFM
In atomic force microscopy (AFM) experiments, NTEGRA PRIMA (NT-MDT Spectrum Instruments, Zelenograd, Russia) system was used. AFM images were recorded at intermittent contact mode, also known as tapping modem, with standard (NSG01_ Au) tips of 10 nm curvature radius (NT-MDT Spectrum Instruments, Zelenograd, Russia) at room temperature. The imaging rate was 0.3 Hz.
The samples were prepared according to the developed methodology.
The 1% by weight solution IC-PEG3000 in N-MP was added to distilled water in a ratio of 1:1000. Before the experiment, a glass cuvette with a sample was placed in an ultrasonic dispersion bath for one minute. A drop of this solution was applied to the freshly prepared mica. The solution was kept on mica for 5 minutes, after which the mica was washed with water. Then the mica was dried at room temperature for 30 minutes to finally get rid of moisture.
[image: ]
Fig. 11. AFM image of the 1% by weight solution IC-PEG3000 in N-MP ( 2.5 × 2.5 um, 1024 × 1024 pixels) at RT

Based on the results of image processing, the following histogram of the distribution of particle diameters was obtained:


[image: ]
Fig.12.  Histogram of particle diameter distribution
	
[bookmark: _Toc116550138]DLS
A solution of 1% by weight was prepared  solution IС-PEG 3000 in N-MP in a ratio of 1:1000 in distilled water. Before the experiment, a glass cuvette with a sample was placed in an ultrasonic dispersion bath for 1 minute. The following particle size distribution was obtained by the DLS method: 30.53 ± 7.12 nm.
[image: ]
Fig. 13. 1% by weight solution IС-PEG 3000 in N-MP in a ratio of 1:1000 in distilled water
After 1.5 hours, the analysis was repeated as 46.81 ± 17.58 nm. 
[image: ]
Fig. 14. 1% by weight solution IС-PEG 3000 in N-MP in a ratio of 1:1000 in distilled water.
Then the sample cuvette was left in the device overnight. The next day, the particle size distribution was analyzed again, and the following result was obtained as 26.7 ± 3.56 nm.
[image: ]
Fig. 15. 1% by weight solution IС-PEG 3000 in N-MP in a ratio of 1:1000 in distilled water

[bookmark: _Toc116550139]Conclusion
During the START program, methods of small-angle scattering, atomic force microscopy, and dynamic light scattering were studied. During the work, skills were acquired on such installations as Xeuss 3.0, AFM, Photocor Complex. Small-angle scattering curves were obtained and processed in the Sas View 4.2.2 program, AFM images in the Nova program, and histograms of the hydrodynamic radius distribution were additionally obtained. The test sample was a copolymer based on indolo[3,2-b]carbazole and polyethylene glycol 3000.
According to the results of processing the small-angle scattering curve for IС-PEG 3000 mixed with a polymer matrix PA (fig. 10), precipitate from solvent, we can talk about large spherical inhomogeneities with sizes exceeding 50 nm, these sizes can be correlated with tangles of macromolecules. Bragg peaks were found in the regions of large transferred for the copolymer itself (curve 1, fig. 9). Analyzing the histogram obtained using AFM (fig.12), we can to some extent talk about a bimodal distribution of particle sizes: 27 nm and 33 nm for IС-PEG 3000. Analyzing the data with DLS (fig.15) it can be assumed that the hydrodynamic radius of IС-PEG 3000 is equal to 27 nm with a high degree of polydispersity
The knowledge acquired during the START program will become a starting point for me in the development of my scientific activity. And skills in complementary methods, such as SAXS, AFM, DLS, will help me become a high-class specialist in many scientific fields.
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