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Polymeric nanocomposites containing nanodiamonds are attractive multifunctional materials with a
growing range of applications. Since the microstructure of the system determines its properties, it is an
important task to establish the features of structure formation of nanodiamonds in the polymer matrix.
The structural features of nanocomposites based on polyethylene glycol (PEG) and ultradispersed nanodi-
amonds (UDNDs) were investigated using the methods of wide-angle and small-angle X-ray scattering.
Systems based on nanodiamonds of detonation synthesis and crystalline PEG were prepared by ultrasonic
dispersion in melt. The studied UDNDs are found to be polydispersed particles with a narrow size distribu-
tion. The average radius of the UDNDs primary particles is 20 nm. It is shown that as the content of nano-
diamonds in the system increases, the aggregation processes increase. The structure of such systems is
well described within the model with multilevel fractal aggregation. Fractal analysis identified the type of
fractal aggregates of each structural level and determined their sizes. Depending on the content of the fill-
er in the system, particles of UDNDs form different types of aggregates. At low filler content, dense mass
fractal aggregates and surface aggregates with a smooth surface are formed. At high contents, dense ag-
gregates of surface-fractal type with a rough surface are formed. It is established that aggregates with an
average size of 60-75 nm are formed at the first structural level, and aggregates with an average size of
225-240 nm are formed at the second level.
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1. INTRODUCTION

In recent years, particular interest has been given
to the study of the structure and properties of nanosys-
tems. Increasing attention to them is primarily related
to the observation in their exploration of a set of new
unique properties (compared to macrosystems), which
makes their use extremely promising in nanotechnolo-
gy [1]. The properties of nanosystems are determined
not only by the size of the clusters or nanoparticles, but
also by the methods of their organization. The nature
of the structural organization of such systems depends
both on the nature of the nanoparticles (as well as the
matrix in which they are distributed) and on the meth-
od of their production.

Nanodiamonds (NDs) are an allotropic form of car-
bon nanomaterials characterized by unique physical,
mechanical, thermal, optical and biocompatible proper-
ties [2]. The NDs particles are preferably spherical,
having a diamond core and a graphite outer shell. In
addition, the NDs particles have a highly reactive sur-
face that surrounds their diamond core and contains a
variety of functional groups. In the case of detonation
synthesis of NDs, oxygen-containing groups such as
carboxylic acids, esters, ethers, lactones and amines
may be present on their surfaces. In addition, the NDs
surface is partially covered by thin layers of graphite or
graphene structures [3].

Due to such unique structure and properties of
NDs, they are, in fact, promising for the development
of multifunctional polymer composites [4]. However, for
the creation of nanocomposite materials with specified
functional characteristics, it is important to establish
the structure of such systems, since the structural or-
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ganization of nanoparticles in the polymer matrix de-
termines the final properties of the material [5]. De-
spite the large number of publications devoted to NDs,
there are almost no works that have examined the
structural organization of NDs particles in the polymer
matrix. Instead, there is a study of the features of NDs
structure formation in low molecular weight media.
For example, Ozawa et al. obtained a number of highly
dispersed particles of NDs in various protic and aprotic
solvents, including water. Dispersion of particles by
ultrasonic disintegration in high-polar alcohols and
polar or hydrocarbon solvents allowed to obtain nano-
suspensions with a particle size from 4 to 100 nm [6].

It was reported that NDs are characterized by a
complex multilevel fractal-like structure that exhibits
self-similarity at scale change (scale-invariance) [7]. In
addition to the higher-level agglomerates (10 um), the
fractal structure consists of aggregates of various levels
classified as secondary sizes (2-3 um) and primary siz-
es (100-200 nm), including primary particles (4-5 nm).

Kovarik et al. investigated the structural organiza-
tion of NDs in systems based on deionized water and
dimethylformamide prepared by ultrasonic dispersion
or centrifugation [8]. It is shown that NDs form aggre-
gates in the liquid medium. The size of aggregates var-
ies in the range from 61 to 73 nm and strongly depends
on the type of solvent and the particle content.

Therefore, the purpose of this work was to establish
the character and features of the structural organiza-
tion of NDs particles in a polymer matrix. To solve this
problem, a PEG-1000 matrix was selected, which has
unique properties such as low melting temperature
and melt viscosity, which makes it easier to enter the
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filler, and a crystalline structure that allows to fix the
NDs in the matrix [9].

2. EXPERIMENTAL PART
2.1 Materials

Polyethylene glycol (PEG) HO[-CH:-CH:—O-].H
(n ~22) with a molecular mass My = 1000 (Aldrich)
was used as a polymer matrix. Its density at 7= 293 K
was pn = 1093 kg/m?. PEG-1000 is a solid. Before using
PEG-1000 was dewatered by heating in vacuum
(2 mm) at residual pressure p =270 Pa and tempera-
ture T'= 363 K during 5 h.

Ultradispersed nanodiamonds (UDNDs) (,ALIT”
Ltd., Ukraine) with a spherical shape were used as a
filler. UDNDs are formed by an explosion of unbal-
anced oxygen explosives in the absence of extra sources
of carbon. The average particle size of UDNDs is near
20 nm and the specific surface area is 200 m?2/g.

2.2 Preparation of Composite Materials

The composites were obtained by adding the appro-
priate weights of filler to PEG-1000 at 7'= 363 K (vis-
cosity is 30 mPa-s) with subsequent 5 min sonication of
the mixture using a UZDN-2T ultrasonic disperser at a
frequency of 22 kHz and the output power of 150 W.
The series of samples with content of UDNDs within
0.5-3 wt. % (thereafter %) were investigated.

2.3 Testing and Characterization

The structure of the composite at a small spatial
scale was investigated using wide-angle X-ray scatter-
ing (WAXS) instrument DRON-2 with CuK, source of
emission at a wavelength 2 =0.154 nm.

The small-angle X-ray scattering (SAXS) experi-
ments were performed using a Kratky camera. The
emission from the copper anode was monochromated
by the total internal reflection and a nickel filter. The
intensity curves were recorded in the step-scanning
mode of the scintillation detector. The FFSAXS pack-
age was used to smooth out the SAXS curves, to correct
them for parasitic scattering and to make a desmear-
ing procedure. The SAXS curves were recorded in the
range of scattering angles from 0.03 to 4° correspond-
ing to the wave vector, ¢, of 0.022-2.86nm-1
(q = 475106/, 6 is one half of the scattering angle, 1 is
the wavelength of the X-ray radiation). The Origin 9.0
program package was used to determine the structural
parameters and modelling of the SAXS curves.

3. RESULTS AN DISSCUTION

Fig. 1 shows a wide-angle diffraction pattern of the
investigated UDNDs. The source of the diffuse scatter-
ing component observed in the region of scattering an-
gles up to 10° is most likely the presence of a signifi-
cant proportion of disordered carbon material, in which
the distances between adjacent graphite layers vary
from one to tens and hundreds of nanometers. It
should be noted that the presence of a maximum at a
44° angle is explained by the scattering from the crys-
tal lattice of diamond (111) [10].
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Fig. 1 - The WAXS curve of the original powder UDNDs

To determine the size of UDNDs particles and the
nature of their spatial distribution, the method of
SAXS was used.

The SAXS curves on a logarithmic scale for the
UDNDs output powder are shown in Fig. 2. It is seen
that the scattering intensity of the test sample de-
creases with a slope close to — 3.5, from the minimally
recorded value of the wave vector to ¢~ 0.05 nm~-1.
Then there is the so-called "Guinier region", in which
there is a smooth change in the slope of the curve. Af-
ter this area, the scattering intensity begins to in-
crease. This increase corresponds to the contribution of
the tail part of the so-called WAXS which is caused by
the close ordering in the spatial arrangement of adja-
cent atoms and atomic groups of the studied material,
which corresponds to a range of distances from tenths
to 1-2 nm.

1(g), pulses

Fig. 2 - The SAXS curve for the UDNDs powder. Blank cir-
cles show experimental data, dashed line — Guinier contribu-
tion. The arrow shows the "Guinier region"

The slope of the SAXS curve of the initial UDNDs
powder — 3.5 is obviously due to the spatial distribution
of the nanoscale regions whose density is different from
the average value for the material [11].

To determine the size of UDNDs particles, we used
the Guinier approximation, which determines the de-
pendence of the intensity of particle scattering I(q) on
the wave vector ¢ [12]:

@)

R 2
I(q) =1, exp{— @ ;) }

where Io is the scattering intensity at zero angle; Ry is
the radius of gyration of the particle. To determine Ry,
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the curve in Fig. 2 is built in the coordinates of Guinier
equation (Inf(g) vs. ¢2). The result of the approximation
is shown in Fig. 3a. It is found that for the UDNDs R
is equal to 15 nm. Assuming that the UDNDs particles
have a spherical shape, one can determine their geo-
metric radius using the next equation [12]:

R= \/gRg . @)

Therefore, the geometric radius of the UDNDs par-
ticles is approximately 20 nm. Using the approxima-
tion data and Eq. (1), the contribution of the scattering
intensity from spherical particles to the total intensity
was calculated. This contribution (Guinier contribu-
tion) is shown by the dotted line in Fig. 2. Fig. 2 shows
that the Guinier curve coincides with the general curve
only in a certain region. This is evidence of the aggre-
gation of UDNDs particles at a higher scale.
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Fig. 3 - SAXS data for the UDNDs powder in the Guinier
coordinates (a); distribution over the radii of the UDNDs par-
ticles (b)

Using the experimental data shown in Fig. 1 and
the GNOM calculation program [13], the particle size
distribution of the UDNDs was obtained. In software
calculations, we used the hard-sphere form factor. The
results are shown in Fig. 3b. It is seen that the distri-
bution curve is unimodal with a maximum of about 18-
20 nm, which correlates well with the results obtained
by the approximation of the Guinier equation (1).

To determine the type of structural organization of
UDNDs in a PEG matrix, profiles of their small angle
X-ray scattering were obtained and analyzed. The
curves are shown in Fig. 4 in double logarithmic coor-
dinates for their analysis in terms of fractal-cluster
organization of the structure.
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It is known that the intensity of X-ray scattering on
fractal type structures is described by the following
power law [11]:

(@) ~q“. 3)

Information on the construction of fractal-like ag-
gregates can be obtained from the fractal dimension
(D) which is determined by the slope of the straight
section of the curve (o) [14].

The fractal dimension of the mass fractal (Dy) varies
within 1 < Dr< 3. The greater the value of Dy, the more
compact the fractal object is. The fractal dimension of
the surface fractal (Ds) varies within 2 < Ds< 3 and is
given by the equation Ds = 6 — D. The higher the value of
D, the rougher the surface of the fractal object is. If the
dimension of space D is non-integer, then the structure
of such objects is described by fractal geometry [15].

The obtained results show that all SAXS curves for
nanocomposite systems with different UDNDs content
are characterized by a two-level fractal structural or-
ganization. The slope of the linear sections and the
corresponding values of the fractal dimension of the
structural formations are given in Table 1.

To determine the true size of fractal aggregates, we
use the method of global unified power functions devel-
oped by G. Beaucage [16]. Using this method, efficient
diagnostics of nanosystems of various types is carried
out by scattering modelling of multilevel fractal struc-
tures [17]. As a result of fitting the model curves to the
experimental ones, the structural parameters of the
material, such as the type of fractal aggregates (mass
or surface), fractal dimension, aggregate sizes and the
number of lower-level primary particles in higher-level
fractal aggregates, are determined. The following
equations are used to describe an arbitrary number of
interrelated structural levels:

n _ 2R2 7q2R2
I@ =2 |G, exp[ q3 |+ Byexp| ——He I

s P
X {erf{qf/%g’ H /q

where G is the coefficient on the Guinier ratio for the
i-th level; B; is the coefficient for the Porod term for the
degree-dependence of the logarithm of the intensity on
the logarithm of the wave vector; P; is the exponent
that determines the fractal dimension of the aggre-
gates of the i-th level; Rgi is the radius of inertia of the
fractal aggregate of the i-th level. Assuming that the
units are spherical, we can determine their average
radius as R = 1.29R, [14].

Fig. 4 shows the SAXS curves for systems contain-
ing different amounts of UDNDs modelled by Eq. (4).
Fig. 4 shows that the model well describes the experi-
mental data, which allows us to determine the parame-
ters of Eq. (4) with sufficient accuracy. The character-
istic dimensions of the structural formations deter-
mined by the simulation are given in Table 1.

, (@)
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Fig. 4 — SAXS curves for PEG-based nanocomposites containing 0.5 % (a), 1 % (b), 1.5 % (c) and 3 % (d) of UDNDs modelled
in the frame of the Beaucage equation. The arrows show the Guinier region. Blank points are experimental data, red solid
line is the model, dashed line is the first Guinier contribution, dotted line is the second Guinier contribution

Table 1 — Parameters of the fractal structure of PEG and

UDNDs systems

w, % | Str.level | Type| a D |Re,nm| R, nm
05 I M [-29] 29 | 594 74.9
) 11 S —-3.8| 2.2 | 186.2 | 240.1

1 1 M |-28]| 2.8 55.6 70.9
11 S -39 2.1 | 179.7 | 232.2

15 I S |-31]29 | 523 68.0
) 11 S |—-39] 2.1 |178.1 | 230.1

3 I S |-32| 28 | 46.4 59.8
11 S -39 2.1 | 173.2 | 224.3

The obtained results made it possible to estimate
the mechanisms of structure formation of NDs parti-
cles. Depending on the content of the filler, structures
with different fractal organization are formed. Thus, a
system containing 0.5 % and 1 % UDNDs is character-
ized by a two-level hierarchical structure of type
M — S, which is schematically presented in Fig. 5a.
The results show that the fractals of the first structur-
al aggregation level for the studied systems are mass-
type with an average size of 71-75 nm. Such values
correlate well with the values obtained for deionized
water-ND systems [8]. However, at the second level,
the NDs particles form surface-fractal aggregates with
an average size of 230-240 nm. It should be noted that
the fractal dimension values for mass-fractal struc-
tures of the first hierarchical level are close to 3, which
is evidence of their compactness and density. The val-
ues of fractal dimension for surface-fractal structures
of the second hierarchical level are close to 2, which
indicates the formation of very smooth structures.

Ilevel II level

Fig. 5 — Schematic representation of the structural organi-
zation of UDNDs particles in the PEG matrix. UDNDs con-
tent: 0.5 % and 1 % (a), 1.5 % and 3 % (b)

As the content of the filler in the system increases,
the nature of fractal aggregation changes. For a system
containing 1.5 % and 3 % UDNDs, a hierarchical struc-
ture of type S — S is observed, which is schematically
presented in Fig. 5b. Unlike a system containing 0.5 %
and 1% UDNDs, surface-fractal aggregates with an
average size of 60-68 nm are formed at the first level.
At the second level, the NDs particles form surface-
fractal aggregates with an average size of 224-230 nm.
The fractal dimension values for the surface-fractal
structures of the first hierarchical level are close to 3,
which indicates a very rough surface of aggregates.
The value of the fractal dimension for the surface-
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fractal structures of the second hierarchical level is 2.1,
which indicates a radically different nature of the sur-
face of aggregates, which varies from rough to smooth.
It should be noted that there is a tendency to reduce
the average size of aggregates with increasing content
of UDNDs in the system, which is probably due to the
compaction of fluffier structures.

Therefore, in the studied systems there is a change
in the nature of aggregation from M — S to S— S
when the content of the filler is 1-1.5 %. This change is
likely to be due to the formation of the UDNDs parti-
cles by a structural percolation cluster that permeates
the entire volume of the system. Achieving the percola-
tion threshold at such a relatively low filler content is
characteristic of PEG-based systems and carbon nano-
fillers [18, 19]. When the content of the filler is lower
than the percolation threshold (< 1.5 %), the growth of
branched clusters is observed, which is gradually com-
pacted. At high filler content, compact aggregates are
formed characterized by a rough fractal surface. At the
same time, the surface in such clusters is large enough
that it is possible to use UDNDs as a reinforcing compo-
nent in materials with improved mechanical properties.

4. CONCLUSIONS

As a result of the researches, the features of NDs
particles structuring in the PEG matrix have been stud-
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Oco0IMBOCTI CTPYKTYPHOI Opradisanii HaHOAJIMA31iB y MATPHIIl II0JIi€THIEHTJIIKOJII0

E.A. JInceuxos!, B.B. Knenxo?, I.I1. JIucerkonal

1 Yopromopcovruii hauionanvruil yuisepcumem imerni Ilempa Moeunu,
8yJi. 68 decanmmuukia, 10, 54003 Mukonais, Yikpaina
2 ITnemumym ximii sucoxomosexynaprux cnonyk HAH Yrpainu, Xapriscoke woce, 48, 02160 Kuis, Yrkpaina

TlomiMepHI HAHOKOMIIO3UTH, AKI MICTSATH HAHOAJIMA3H, IIPUBEPTAIOTH BCE OLIIBIILY yBary 4epes3 3pOCTAHHA
obsacreit ix 3actocyBaHHs. OCKIIBKH MIKPOCTPYKTYpa CHUCTEMM BU3HAYAE 11 BIIACTUBOCTI, BAKJIUBUM 3a-
BIAHHAM € BCTAHOBJICHHSI OCOOJIMBOCTEN CTPYKTYPOYTBOPEHHS y MOJIIMEepHii marpuirl. MeTogamMu IMIrpoKo-
KYTOBOT'O Ta MAJIOKyTOBOT'O PO3CIIOBAHHS PEHTTEHIBCHKHX IIPOMEHIB JOCIIIMKEHO CTPYKTYPHI 0COOJIMBOCTI
HAHOKOMIIO3UTIB Ha ocHOBI mosriermiieHraikoo ([TEL) Ta yaprpamucnepcaux Hamoanmazie (YJIHA). Cuc-
TeMH: Ha OCHOBI HAHOAJIMA3IB JEeTOHATOIIMHOrO cuHTedy Ta Kpucraymiunoro [IET rorysamucsa meromom yibT-
Pa3BYKOBOTO IWCIEPTYBAHHA y po3IuiaBl. Busasieno, mo gocmimrysani YJIHA e momgucnepcHUMY YaCTHH-
KaM® 13 BY3bKHM pPO3IOALIOM 3a poamipamu. CepemHiit pamgiyc mepBuHHuHX dacTuHOK YJIHA cranoButh
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20 um. [Torasawmo, mo 31 30LIBIIEHHSM BMICTY HAHOAJIMA3IB y CHCTEMI IIOCHJIIOIOTHCA IIPOIECH arperaril.
CrpyKTypa TaKuxX CHCTeM J00pe OMUCYEThCA B PAMKAX MOJIeJIl 3 6araTopiBHEBOIO (DPAKTAIBHOIO arperalriero.
3a momomMoron GpakTaJIbHOIO aHATI3Y 1MeHTH(IKOBAHO TUI PPAKTATHLHUX arperaTiB KOMKHOTO CTPYKTYPHOTO
PIBHSA Ta BU3HAYEHO iX pO3MipHU. 3aJIeHO BiJl BMICTy HAIOBHIOBAYa y cucremi, yactuaku Y [HA yrBoprooTs
piguuit Tum arperatiB. [Ipu HE3BKOMY BMiCTI HATIOBHIOBAYA YTBOPIOIOTHCS IIIIBHI MacOBO-PpaKTaIbHI arpe-
TaTH Ta MOBEPXHEBl arperaru 13 TIaJKoi0 moBepxHeo. [[pr BMCOKOMY BMICTI YTBOPIOIOTHCS ITIHHI arperatu
TOBEPXHEBO-(PPAKTAIHHOIO THUITY 13 IMIOPCTKOK IMTOBEPXHEK. BCTaHOBJIEHO, 10 HA IMEPIIOMY CTPYKTYPHOMY
PiBHI YyTBOPIOIOTHCSA arperartu i3 cepemHiMm poamipom 60-75 um, Ha npyromy pisai yactuaku ¥YJIHA dopmy-
0T arperaTy i3 cepegHimM poamipom 225-240 HM.

KmiouoBi cmosa: Hamoanmasu, Hanoxommoswuru, [losmierwieHririkonb, PeHTreHOCTPYKTYpHUI aHaIis,
DpakTajabHI CTPYKTYPH.
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