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[bookmark: _Toc76776546]Abstract
Fullerenes are polyhedral-shaped allotropes of carbon that drew interest on its potential applications. It has been investigated as a potential biological agent in treating disease. Fullerene’s dynamics in solvents with various polarity is poorly understood. Based on previous studies, this study aims to understand fullerenes dynamics insides polar solvent of NMP and non-polar solvent of toluene. Fullerene C60 and C70 inside NMP and toluene solutions were treated with the addition of toluene and NMP and characterized using UVVIS and SAXS. Fullerenes formed charge transfer complex with NMP and solvation shell with NMP due to charge transfer between polar and non-polar molecules (NMP-fullerenes), or Van der Waals interaction (toluene+fullerenes). Addition of NMP in fullerene + toluene solutions showed temporal dependency of UVVIS absorbance and solvatochromic effect. It happened due to molecular kinetics induced charge transfer complex formation. SAXS result of C60 showed existence of mass fractal and diffusive system with the addition of toluene. C70 SAXS results showed surface fractals structure that turned into solvation-shell aggregates upon the addition of toluene.

I. [bookmark: _Toc76776547]Introduction
Fullerenes are a group of carbon allotrope besides graphite, graphene, diamond, carbon nanotube (CNT), amorphous carbon, and carbyne. Fullerenes especially polyhedra C60 and C70 are of great interest after its early discovery by Kroto and Heath who synthesized fullerene using arc-vaporization of graphite1. Since its discovery, fullerenes have been investigated for its usage in wide range of fields including colloids2, radio-chemical3, exotic materials4, and self-assembly structures5. Further applications of fullerenes, including its applications in medicinal field has been pursued6. However, the largest concern on fullerenes application in medicine was its behavior under polar and non-polar solvents which exists inside living organs (water and fat). Hence, it was imperative to find fullerenes dynamics inside polar and non-polar solvents. There had been some efforts to understand fullerenes dynamics under polar and non-polar solvents7–10This study tried to reproduce the results obtained by previous authors and a personal study for author. The scope of this study is to analyze C60, C70 in polar (NMP) and non-polar (toluene) solvents with the addition of both solvents and its characterizations results. 

[image: ]
Figure 1. C60 fullerene and C70 fullerene.11
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Figure 2. Toluene molecular structures. It is composed of carbon atoms (grey) and hydrogen atoms (white). Note: toluene has a double bond due to three delocalized electrons in its main structure12.
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Figure 3. NMP is composed of 5 carbon atoms (grey), 9 hydrogen atoms (white), one oxygen atom (red), and one Nitrogen atom (blue). Note: there is a double bond due to shared electrons between oxygen and a carbon atom13.
II. [bookmark: _Toc76776548]Theoretical Review
	II. I. UV-Vis
Ultraviolet-visible (UV-Vis) spectroscopy is a characterization method to obtain materials UV-Vis spectra absorbance in the range of 180-750 nm and more14. UV-Vis spectroscopy method allows measuring solutions e.g., polymers, bio-organic molecules, nanoparticles, and polycrystalline samples in powder as well15. The versatility of the UV-Vis spectroscopy technique in materials characterization is mainly attributed to its simple sample preparation, non-destructive, rapid operation, low cost, and its sensitivity to measure optical properties of a material. UV-Vis spectroscopy measured a material absorbance when being passed by a UV-Vis beam. The absorbance happens due to the transition of an electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) in organic molecules or transition of electron from valence band to conduction band in crystalline sample when it absorbed photon. From conservation of energy point of view, the energy of a photon absorbed by an excited electron should be the same or larger than the electronic or optical energy gap between the ground state and excited state. Thus, UV-Vis spectroscopy could provide a characterization of material based on the materials' unique energy gap using the absorption of photons by electrons in the molecules.  
The principle of UV-Vis spectroscopy came from Lambert-Beer equation16. For each photon wavelength, A denotes absorbance,  stands for molar absorptivity of the sample, l is the path length of the photon inside the sample holder, and c is sample concentration. Absorbance itself is logarithmic inverse transmittance (T). Transmittance is a ratio of the original intensity of the beam Io over subsequent beam intensity after being passed through the sample. Unlike transmittance, the value UVVIS absorbance intensity above 1 is possible due to the definition between absorbance and intensity. 




There are two main methods for measuring samples using UVVIS: the specular reflection method and the absorption method. In the specular reflection method, the monochromatic beam is directed towards a sample then sample reflectance is measured by the detector from incidence beam direction. This method is useful when the sample being measured is powder, where dynamic properties due to temperatures, times, and concentration from other molecules could influence absorbance. The absorbance method is used for samples in solution. In the absorbance method, the monochromatic-polarized beam is passed through a sample in the cuvette. Beam intensity before and after passing through the cuvette is recorded by a calibrated detector to calculate sample respective absorbance as described by the figure 4.
[image: ]
Figure 4. Schematic diagram of UVVIS spectroscopy where calibration using reference sample is performed simultaneously using a beam splitter17.
UV-Vis has been used for various purposes in science and engineering including determining reaction kinetic, characterizations of shape memory polymers, surface characterizations of biomaterials,  electro-active biofilm, fuel-cell, and band-gap determination of semiconductor and organic semiconductor band-gap17–22. Determining optical band-gap is a feature of UV-Vis spectroscopy. It was first proposed by Tauc and further developed by Mott and Davis to predict amorphous semiconductor band-gap but has been successfully approximated the bandgap of other materials as well23–25￼. This idea relied on the presumption that , which depend on the energy of the incident beam, can be expressed by the Tauc equation below,

	where f is photon's frequency, Eg is band-gap energy, h is Planck's constant, and B is a constant.  factor in the equation depends on the excitation of the elctron which is equal to 2 for excitation in indirect band gap and 0.5 for excitation in direct band gap. Because  is not directly determined value, absorption coefficient can be transformed using Kubelka-Munk function  where R is sample reflectance


So, the Tauc equation to approximate band-gap becomes

Band-Gap can be determined by plotting the left term of the above equation over the energy of photon used in measurement and fit the linear slope of the curve. The section of fitting value over the x-axis is approximately the value of sample Band-Gap.
[bookmark: _Toc76776549]II. III. Small Angle Scattering (SAS)
There are several methods to identify dimensional properties of any materials including diffraction, absorption, and scattering, among others. Diffraction technique is mainly used to analyze long-range order and interatomic distance in crystals or molecules due to the beam used in this method, X-ray and neutron, usually have wavelengths in the order of 0.1-1 nm or the dimension of interatomic spacing26. Since neutron has a magnetic moment, it does not interact with the electron cloud of atoms, instead, it interacts with the nuclear magnetic moment. Thus, a neutron beam may be used to determining the magnetic structure of a sample or hydrogen rich molecules identification e.g., organic and bio-molecules. Absorption techniques, such as in UV-Vis or Dynamic Light Scattering (DLS), use ultraviolet and visual spectrum wavelengths to determine absorption intensity of light passed into materials where particle size distribution inside the materials can be inferred from this process27. SAS method allow determination of molecular shape, structure, and particle distribution using the dependence of intensity of scattered beam on the scattering angle. Here, characteristic sizes of investigated molecular structures are nanometers. It resulted in a very low scattering angle (1-10 mrad) when neutron or X-Ray is being used. Due to Bragg’s law

constructive interference would occur when the left terms equal with integer-multiplied wavelength. To accommodate nanometers objects’ size (nm) against smaller wavelength size (), the resulting scattering angle  should be small. The maximum resolution of sizes is determined by how low the angle of the scattered beam could be recorded by a detector. This technique is called small angle scattering (SAS)28.
Small angle scattering (SAS) is one of several techniques that is often utilized to characterize shape, structure, and size distribution of nanomaterials, polycrystalline, polymers, RNA, or objects with dimension between 1-200 nm29. The technique is used to characterize materials for various purposes including metallurgy, gas separation using nanomembrane, fuel cell, drug delivery and enzymatic processes30–34. As was mentioned, neutron and X-ray sources are two basic tools for small angle scattering characterization. While X-ray and neutron have different properties and interacts with elementary particles differently, small-angle x-ray scattering (SAXS) and small-angle neutron scattering (SANS) are generally treated with the same mathematical apparatus. Like diffraction, any measurement that involved scattering brought information of the system only through the difference of wave vector of the scattered beam and the incident beam, q, or scattering vector. In this study, the data obtained from SAXS is assumed to come from elastic scattering mechanism where the value of wave vector of incident beam, ko, has the same value with scattered beam, k. The schematic diagram of scattering process is described by the picture below. So, the momentum transfer that happened in the system can be described as,

[image: ]
Figure 5. Schematic diagram of small angle scattering momentum transfer. 
As shown from figure above, the magnitude of  would be equal to . Since the value of  then, we would expect the value of  as,

Substituting the value of this Q to Bragg’s law above, we would get the value of  as the function of interparticle distance or correlation lengths, d. From the equation below, it can be inferred that large object can only be measured with very small  value and vice versa. 

Another important parameter when SAS being discussed is scattering intensity, which denoted how many scattering events happening in each second. The scattering intensity is the product of beam flux, , and cross section of the target, , or

The cross section is “apparent” diameter of the sample when being passed by the beam. The size of the cross section is also related to the beam being used. For X-Ray, cross section of an atom in a material is proportional to its scattering length, b. For Neutron, cross section is also proportional to its scattering length even though unlike X-Ray, neutron scattering length is not linear to atomic number. For X-Ray, the scattering length is proportional to atomic number and Thompson scattering factor for electron is . For neutrons, the scattering length can only be determined through quantum mechanics which resulted in differing values of scattering length along isotopes. Moreover, the scattering cross section of a material would be different between coherent scattering and incoherent scattering ()35.



where  and is average of scattering length of all atoms in the sample and average of standard deviation of scattering length. Int this experiment, only coherent beam is being used.
The purpose of SAS experiments is to measure the probability of finding a flux of scattered beam  normalized to incoming beam flux  as a function of scattering solid angle  in any direction. To do that, besides normalizing the sample to its incoming beam intensity, it is beneficial to normalize the probability to the sample volume, V, so that the equation can be written as differential cross section per unit volume, where  stands for the sum of  over a volume. This equation contains the information on shape, size, and correlations between the scattering centers in the sample.

Differential cross section can also be measured as the difference between scattering length density, , between object of measurement and its surrounding environment. Scattering length density itself is the value of scattering length of all atoms in the objects and over its volume, ,


The above equation can be written in general form as,

Where N is the density of scattering particles  per unit volume, .  is a dimensionless function called form factor which describes scattering on a single particle, and it is related to the particle size and its shape while S(Q) is structure factor which determine the arrangement of one particle to another. S(Q) structure factor is particularly important because it describes the interaction of molecules in the sample. Arrangement in any particle can be attributed to either the distance between one particle to another due to the density of the molecules or it can be a result of interaction between two atoms/molecules that interacted and formed aggregates. While the value of P(Q) can be derived analytically from the object’s shape, S(Q) generally described as36,

From the equation above, the value of S(Q)=1 would indicate a system without interaction or correlation while a system with the value larger than 1 would indicate an existence of interaction in the system. In a polymeric system or a system with some physical interaction between solvent and solved molecules, the value of S(Q) would be larger than one. In a polydisperse system, where more than one kind of molecules and molecular size exists, the form factor cannot be derived exactly from the structure of the molecules. In such a situation, we can think of the system as a fractal or a system with a sub-unit that has overall similarity, in shape, with the overall unit.
For a system with mass fractal, or a system with more than one gyration radius (due to the existence of subunit) and formed branching in 3 dimensions, Kuhn and Beaucage describes such a system as follow37,
·  
The first term from the equation describes large-scale structure of the system and it is painted by the value  or first radius of gyration. The second term describes mass-fractal regime with two regimes. The low-q regime is described by the error function and the high-q regime is described by exponential term and the size of the substructure . The last two terms are described as substructure term that describes a smaller unit of the fractal. In a typical mass fractal, there is only one sub-unit which makes the variable inside the error-function term similar. In case there is more than one subunit, the variable inside the error function in the first and last term should not necessarily be equal. In a system of a mass fractal, it is indicated by P<3, for a surface fractal 4>P>3, and for diffusive system P>4. In this study, the previously mentioned equation is the equation that will be used for fitting.
III. [bookmark: _Toc76776550]Methods
In this project, secondary UV-Vis and Small-Angle X-ray scattering data are used to analyze the structure of fullerenes (C60 and C70) diluted in polar (NMP) and non-polar (toluene) solvents. The structure changes during the addition of either polar or non-polar solvent and vice versa described as well. There were several UV-Vis datasets analyzed namely C60 in NMP with the addition of 20-95% Toluene, C60 in Toluene with the addition of 20-80% of NMP, C70 in NMP with the addition of 20-80% of NMP, C70 in Toluene with the addition of 20-90%, and a special dataset of temporal dependence of UV-Vis spectra in C70 diluted in NMP solvent with the addition of 20% toluene. SAXS data, C70 and C60 in NMP solvent with the addition of 20-80% toluene was analyzed and fitted. Data extraction is performed in Microsoft Excel while plotting and fitting were conducted using OriginPro. The materials used in this study were obtained from Merck Company. UV-Vis characterization was performed at Frank Laboratory of Neutron Physics using Nanophotometer-P330 (the wavelength: 200-950 nm), while SAXS experiment was conducted in Germany using P12 BioSAXS Beamline at PETRA III ring (EMBL/DESY)38. Due to the distance between sample and beamline being 3.1 m, scattering vector length resolution of this SAXS measurement is 0.04-4.64 nm-1.
IV. [bookmark: _Toc76776551]Results and Discussion
In this study, there are two measurements performed, UV-Vis and SAXS measurement. In UV-VIS measurements, C60 and C70 inside NMP solution with the addition of toluene was measured and vice versa (C60 and C70 inside toluene and the addition of NMP). In addition to these experiment, temporal dependence of UV-VIS measurement of C70 solved in toluene with the addition of 20% volume of NMP was also measured. In SAXS experiments, we measured samples consisted of C60, and C70, in NMP solution with the addition of toluene volume fractions.
[bookmark: _Toc76776552]IV. I. UVVIS Results
[bookmark: _Toc76776553]IV. I. I. C60 
IV. I. I. I. C60 NMP + Toluene
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Figure 6. UVVIS measurement data of C60 NMP + Toluene (left) and the change of dielectric constant of the solution upon the addition of Toluene (right).
The UV-VIS spectra shows that there are two peaks from C60 NMP solution with the addition of toluene which is in 280 nm and 331 nm. The addition of toluene showed that it increased the absorption value of C60 NMP solution as shown by figure 6. Pure solution of C60 in NMP solvent had peak in 280 nm and absorption intensity of 1.25. The highest peak is obtained when 95% volume fraction of toluene was added to the sample with first peak having 4.5 intensity and second peak has 3.25 intensity. The addition of toluene reduced the dielectric constant of the solution from 33 in pure solvent (for nmp ) up to nearly 5.5 in 95% volume fraction of toluene sample (for toluene )39,40.
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Figure 7. Solvatochromic effect observed on the first peak 280 nm (right), and no apparent solvatochromic shift from the second peak.
As can be seen from figure 7, there is one nanometer solvatochromic shift to the right from the first peak (280 nm to 281 nm) when more toluene is added into the solution as can be seen by figure 7 on the right. No apparent shift is observed on the second peak (330 nm). 
IV. I. I. 2. C60 Toluene + NMP
On the second experiment, we have C60 inside toluene solution with the addition of NMP. In the UV-VIS result, we observed two main peaks, the first peak and the second peak. However, these two peaks do not have clear maximum value due to systemic error during experiment. What could be observed from the overall UVVIS spectra data is that the addition of more NMP volume fraction into C60 toluene solution caused reduction in absorption spectra of the two peaks. Similar with the previous result of C60 NMP solution with the addition of toluene, more toluene volume fraction inside the solution caused a greater absorption peak and a lower value of dielectric constant as shown by figure 8 on the right.
[image: ] [image: ]
Figure 8. UVVIS measurement data of C60 Toluene + NMP (left) and the change of dielectric constant of the solution upon the addition of NMP (right).
Figure 9 showed solvatochromic effect on the first (~280 nm) and the second peak (~335 nm). On the first peak, there was increase in maximum wavelengths when more toluene fraction existed in the solution. There was an increase of maximum wavelengths from 278 nm on 70% NMP data to 284 nm on 20% nm data. It was also observed on the second peak that there was an increase of peak wavelength from 334 nm to 335 nm (redshift). These experiments confirmed the previous data where the addition of more toluene in the sample shifted absorbance peak wavelength to the right or redshift. 

[image: ] [image: ]
Figure 9. Solvatochromic effect on the first peak (left) and the second peak (right) of C60 NMP with the addition of toluene.
A few things could be concluded from C60 experiments. The two variations of C60 experiments, C60 inside NMP solution and the addition of toluene and vice versa, showed consistent results where more toluene volume fraction inside the C60 solution increased absorbance peak wavelengths (redshift) and it reduced the dielectric constant value of the solution. This experiment also showed that peaks absorbance value increased with the addition of more toluene volume fraction. However, there is no correlation between the increase of absorbance due to toluene volume fraction and the decrease of dielectric constant. Dielectric constant is intrinsic value of any molecules. Solutions dielectric constant depended on the solvents and solutes dielectric constants. On the other hand, absorbance could be attributed to various variables including the size of molecules’ molecular orbital band gap, dielectric constant value, and aggregates sizes in the solution. In our case, the decrease of dielectric constant value due to toluene is not responsible for the increase of peaks absorbance value. In any case, the absorbance value obtained from UVVIS experiment could tell the dynamics of solvent-solutes in the solution.
[bookmark: _Toc76776554]IV. I. II. C70
IV. I. II. I. C70 Toluene + NMP
Unlike the previous experiments which involved C60 solutes in both NMP and toluene solutions, UVVIS spectra of C70 fullerenes in NMP solution with the addition of toluene showed seven absorbance peaks and higher absorbance value on each peak as shown by figure 10. The same figure also showed that the dielectric constant of the solution is lower in toluene-rich solution, and higher in NMP-rich solution. Another interesting result is that the absorbance peak decreased with the addition of more NMP into the solution, same with C60s data. The main absorbance peak on 285 nm decreased from absorbance value of 10 in 20% NMP to absorbance value of 1 in 70% NMP. 335 nm peak decreased from absorbance value of 6 in 20% NMP sample to absorbance value of nearly zero in 80% NMP sample. 
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Figure 10. UVVIS measurement data of C70NMP + Toluene (left) and the change of dielectric constant of the solution upon the addition of Toluene (right).
Solvatochromism is observed in this experiment, as showed by figure 11, where the addition of more NMP to the sample shifting absorbance peak wavelength to the left (blueshift). In first absorbance peak, absorbance wavelength is reduced from 282 nm in 20% NMP to 278 nm in 80% NMP sample. In the second and third peak, there was no apparent shift in the sample while the fourth peak showed a blueshift of more than 9 mm. Even though there was blueshift when NMP is added to the sample, this result was consistent with the previous result where solution with more toluene volume fraction was tend to have longer absorbance peak wavelength than solution with more NMP volume fraction.

The decrease of UVVIS absorption spectrum during the addition of NMP or the increase of absorbance during the addition fo toluene is the result of aggregation of fulllerene + toluene monomer due to Van Der Waals interaction and formation of charge transfer complex between fullerene + NMP due to charge transfer between ocygen atom in NMP and carbon atoms in fullerene. The aggregation of fullerene solvation shells with toluene happened due to intermolecular forces of condcuting sp2 orbtial in toluene. 7, 41
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Figure 11. Solvatochromic effect observed on UVVIS measurement of C70 NMP + Toluene in the first peak (upper left), second and third peak (uper right), and fourth peak (lower picture).
IV. I. II. 2. C70 NMP + Toluene
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Figure 12. Overall UVVIS measurement of C70 Toluene + NMP (upper left). Compared to another data, this measurement showed consisten solvatochromic shift on the first peak (upper right), third peak (lower left), and the fourth peak (lower right).
In the C70 NMP solution with the addition of toluene, addition of toluene decreased the main absorbance peak value of the solution, unlike previous result where main absorbance peak tend to be higher on solution with larger toluene concentration. However, subsequent peaks showed increasing absorbance value with the addition of toluene. In the first peak, solvatochromism was observed. As predicted, the wavelength of the main absorbance peak increased with the addition of NMP.

[bookmark: _Toc76776555]IV. I. III. C70 Toluene + 20% NMP

The UV-Vis data for time dependence is described by the pictures and table below. From the data, it is shown that as time goes on, the overall absorbance peak intensity is reduced as shown by the same day data. After two hours, peak intensity for the first, second, third, and fourth data is reduced by more than 0.2 absorbance value. After 18 hours, the main peak intensity has been reduced from 2.5 (1 data) to 1.6 (2_1 data), and the main peak kept decreasing to 1.5 (2_2 data) after more than 24 hours. After 18 hours, other peaks except the main peak have been flattened. The initial UVVIS data of C70 Toluene when being added by 20% NMP showed a good consistency as shown when measured on 9th August 6 pm (1), 10th August 1 pm (1_1), and 10th August 7 pm (1_2). This data described a good initial sample preparation for the measurement. This result showed a time-dependency of UVVIS measurement of C70 Toluene with the addition of 20% NMP and indicate temporal solvatochromic effect. Furthermore, solvatochromism was observed on the first peak with the decrease of peak wavelength from 284 nm to 282 nm as shown by figure 14.
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Figure 1313. Same day measurement (left) and sample consistency measurement (right).

Table 1. Data names of the time dependent measurement result.
	Sample
	Date
	Time
	Time Difference
	Minute
	Second

	1
	9-Aug-16
	18:48:40
	0
	0
	0

	2
	9-Aug-16
	18:50:11
	0:01:31
	1.516667
	91

	4
	9-Aug-16
	19:00:20
	0:11:40
	11.66667
	700

	6
	9-Aug-16
	19:13:25
	0:24:45
	24.75
	1485

	8
	9-Aug-16
	19:26:02
	0:37:22
	37.36667
	2242

	10
	9-Aug-16
	19:32:48
	0:44:08
	44.13333
	2648

	12
	9-Aug-16
	19:44:10
	0:55:30
	55.5
	3330

	14
	9-Aug-16
	19:53:39
	1:04:59
	64.98333
	3899

	16
	9-Aug-16
	20:13:56
	1:25:16
	85.26667
	5116

	18
	9-Aug-16
	20:33:47
	1:45:07
	105.1167
	6307

	20
	9-Aug-16
	20:54:02
	2:05:22
	125.3667
	7522

	1_1
	10-Aug-16
	13:19:56
	0
	0
	0

	2_1
	10-Aug-16
	13:21:22
	0:01:26
	1.5
	86

	1_2
	10-Aug-16
	18:51:28
	0
	0
	0

	2_2
	10-Aug-16
	18:52:07
	0:00:39
	0.5
	39
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Figure 14. Solvatochromic effect of the first peak (upper left), second peak (upper right), third and fourth peak (lower picture).
As shown by figure 14, solvatochromic effect is observed overtime after the addition of 20% NMP. The solvatochromic effect in here was not due to concentration effect. Kinetics of molecules caused charge transfer complex formed after addition of NMP. Intermolecular collisions between free NMP and toluene caused charge transfer complex to be formed through electron sharing between Oxygen atom in NMP and carbon atoms in fullerene.
[bookmark: _Toc76776556] IV. II. SAXS Results
[bookmark: _Toc76776557]The results of SAXS experiments is shown on the figure 15 below.
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Figure 15. SAXS fitting result for C60 NMP with the addition of toluene (left), and C70 NMP with the addition of toluene (right).
Both SAXS results showed no Guinier region or region with q value lower than 0.01 due to limitation of the instrument. Guinier region could also indicated by the existence of intensity plateau on the graphics. In the experiments, both results shows strong indication of porod region as can be shown by the existence of fitting curve between 0.5-4. In C60 data, p value below 3 of 20%-50% datas indicated the existence of double layer strucuture of mass fractal with gyration radius between 11-15 nm and secondary gyration radius of 0.7-1 nm37. The addition of toluene caused exponent variable p to increase more than four which indicated diffused system37. The increase of exponent value could be attributed to the fact that more toluene volume fraction would disrupt the charge transfer structure of NMP and fullerenes due to stronger Van der Waals interaction between fullerene and toluene. As a result of this interaction, monomer of fullere-toluenes formed as toluene volume increased in the sample.9 

Table 2. SAXS fitting results of C60 NMP with the addition of toluene.
	Sample
	Rg1
	Rg2
	P
	S
	Pp
	
	R2

	20%
	11.06±0.135
	0.667±0.09
	2.897±0.05
	23.15±1.80
	0.7±0
	1.123
	0.997

	40%
	11.31±0.58
	0.634±0.07
	2.79±0.02
	8.89±1.33
	0.84±0.009
	1.17
	0.998

	50%
	15.1235
	1.12±0.06
	2.78±0.087
	22.58±2.75
	0.613±0.01
	1.06
	0.998

	60%
	30.2±0.81
	2.09±0.02
	4.06±0.034
	25.11±1.9
	1.01±0.015
	0.999
	0.999

	80%
	44±2.22
	1.55±0.04
	4.4±.05
	70.7±8.7
	0.725±0.01
	1
	0.9985



The result for C70 SAXS data shwos existence of surface fractals as indicated by exponent value . With the addition of toluene, the surface fractals diffused into monomer composed of C70 and toluene molecules which was formed due to non polar Van der Waals interaction. The existence of surface fractal of C70+NMP charge transfer complex has been predicted by first principle calculation42. The CTCs is formed due to induced dipol interaction between electron from non polar carbon atom in fullerenes and electron from oxygen atom in NMP. Addition of fullerenes reduced the amounts of CTCs surface fractal and causing abrupt change in second gyration radius from 60% addition of toluene and 80% addition of toluene and increased gyration radius from 70% to 80% toluene. This result indicated formation of fullerene aggregation with toluene.

Table 3. SAXS fitting results of C70 NMP with the addition of toluene.
	Sample
	Rg1
	Rg2
	P
	S
	Pp
	
	R2

	20%
	-
	1.39±0.001
	3.475±0.12
	-
	-
	1.314
	0.95

	40%
	-
	1.43±0.001
	3.602±0.082
	-
	-
	1.271
	0.95

	50%
	-
	1.46±0.01
	3.6±0.124
	-
	-
	1.16
	0.94

	60%
	-
	2.08±0.02
	4.5±0.7
	-
	-
	1.36
	0.84

	70%
	30.5±0.37
	1.83±0.03
	4.7±0.02
	4.23
	1
	1.08
	0.998

	80%
	31.7±0.69
	4.38±0.14
	6.5±0.4
	26
	0.76
	1.22
	0.997
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V. [bookmark: _Toc76776558]Conclusion
The UVVIS experiments consistently showed that the addition of NMP in fullerenes + toluene solution caused blueshift of peak absorbance wavelength while addition of toluene in fullerenes +NMP solution caused redshift of peak absorbance wavelength. Addition of toluene reorganized CTCs structure into solvation shell formed by toluene and fullerenes. On the other hand, addition of NMP caused solvation shell into CTCs caused by electron sharing between oxygen atom in NMP and carbon atoms in NMP. In UVVIS experiments, both addition of NMP and toluene in the samples showed consistent results which is attributed to bidirectional nature of structural organizations in fullerenes/toluene/NMP ternary solutions. The volume fraction where concentration start to affect the overall initial structure is 60-70% as shown by SAXS result. In both results, significant change in gyration radius and exponent factor happened after the addition of more than 50% concentration of Toluene. Furthermore, SAXS results showed that the addition of toluene as solvent caused the fractal structure to change into diffused monomer in the form of solvation shell. Finally, Both SAXS and UVVIS showed that fullerenes C60 and C70 in Toluene and NMP solution formed solvation shell as well as charge transfer complex.  	Comment by Guest User: 
	Comment by Guest User: 
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