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Abstract—Refractometric studies of hydrosols containing diamond nanoparticles have been carried out in
this work. The samples for the study have been obtained from a statically synthesized diamond powder pre-
liminarily subjected to standard purification by washing with strong acids and sonication. After additional
repeated washing, centrifugation, sonication, and settling for a month, samples, whose particles contained
different fractions of amorphous carbon, have been obtained. The particle size in the obtained samples was
smaller than 100 nm. To analyze the data of refractometric measurements, equations have been derived that
make it possible to determine the fraction of amorphous carbon in the particles and to calculate the thickness
of its layer on the particle surface from the results of studying the refractive index and density of the sols of
diamond particles. The data of the refractometric studies have been used to determine the ratios between the
fractions of crystalline diamond and amorphous carbon in the particles. The performed studies have shown
that the refractometric analysis of particle composition can be used to control the quality of industrially pro-
duced nanodiamonds.
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INTRODUCTION

Optical methods are powerful tools that enable one
to implement a nondestructive analysis of colloids and
suspensions and control their stability.

Diamond sols obtained by various methods have
pronounced optical properties. Such properties
include luminescence [ 1], absorption and scattering of
light [2—5], and electrooptical effect [6—8]. High-
intensity luminescence is generated by defects located
inside and on the surface of diamond particles [9—12].
The high coagulation stability of diamond hydrosols
and the inertness of the particles have opened broad
prospects of using thereof as labels for biosystems in
medicine instead of semiconductor quantum dots,
which are highly toxic [13, 14]. The study of the optical
density of nanodiamond sols has made it possible to
confirm the hypothesis about the existence of the
Pandey chains on the particle surface [15]. It has also
been noted that different modifications of carbon may
be present on diamond particle surfaces, with these
modifications containing 1 electrons that may be dis-
placed along a surface similarly to free electrons in
metals [16]. Important problems are the production of
stable nanodiamond sols and the study of the forma-
tion kinetics of particle aggregates. Static and dynamic
light scattering methods are employed to analyze the

sizes and shapes of particles and determine their coag-
ulation thresholds [17]. Electrooptical methods enable
one to determine the particle size distribution func-
tions and the polarizability values in polydisperse sys-
tems, as well as to study the coagulation kinetics of dia-
mond sols at the stage of aggregate formation from a
small number of particles [18]. They have also been
used to study the polarizability and surface conductiv-
ity of diamond particles in aqueous electrolytes [19].

Composite materials containing diamond and
amorphous carbon are of wide scientific interest [20,
21]. Such composites are used in the production of
films. The structural shells of noncrystalline carbon
on the surface of diamond particles determine, in
many respects, the properties of the particles them-
selves and the materials containing such particles [22,
23]. The studies have shown that functional groups
predetermine the optical properties of both nano- and
microdiamonds, as well as their disperse systems [24].
While intense light scattering by particles in liquid
disperse systems containing microparticles determines
their basic optical properties, in the case of liquid
disperse systems of nanoparticles exhibiting weak light
scattering, refractometric studies may provide import-
ant information about both the internal and surface
composition of the particles. The results of studying
the refractive indices of hydrosols containing nano-
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sized particles composed of crystalline diamond and
amorphous carbon have been presented and analyzed
in this work.

THEORETICAL

If particles of a disperse system are small as com-
pared with the light wavelength (Rayleigh particles),
they scatter light as dipoles subjected to a uniform
electric field of the light wave. If the particle concen-
tration is sufficiently high, a sphere, whose diameter
does not exceed the light wavelength, contains a large
number of particles, their electric dipole moments
induced by the light wave are enhanced by the fields of
other particles, and the light refraction in such
disperse system is similar to the refraction of a molec-
ular solution [25]. This approach was previously con-
sidered when studying carbon black to determine the
refractive index of graphite [26]. At low concentrations
of particles in a disperse system, they scatter light as
individual particles.

The refractive indices of such disperse systems
should be considered to be complex, even when the
particles and the dispersion medium do not absorb
light, because a light beam passing through such a
disperse system loses its intensity due to light scatter-
ing by the particles. When describing the light refrac-
tion in disperse systems, one may use the scattering
amplitude function, which is determined as the sum of
the scattering amplitude functions of the particles.
Assuming the amplitude of an incident wave to be

equal to unity, the § (0, @) scattering amplitude func-

tion for an individual spherical particle is determined
by the following equation [27]:

e—ikr+imt
u=3S,09 0 ,
! ikr

where u is a scattered wave at a large distance from the
particle, k is the wave vector, 7 is the distance from the
particle, and o is the frequency of the incident light
wave. When describing refraction, it is necessary to
consider the forward scattering, which corresponds to
¥=0and ¢=0.

At a low particle concentration, refractive indices

of a disperse system m, and a dispersion medium m,
are close, and it may be stated that [27]

m, —my = -2k S(0), (1)

where S(0) = z:ilsj(O), k' = 2m|my|/%, A is the

light wavelength in vacuum, and N is the number of
particles per unit volume.

For monodisperse systems of small particles, which
are polarized in the field of a light wave as individual
particles, the S(0) amplitude function for a disperse
system can be represented by the following relation [27]
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_ a3 2,6
S(O)—ocN(zk +3k oc). (2)

Particle polarizability o, which enters into Eq. (2),
may be determined by relation [28]

2 2
m; —m,
a=L (3)
4T my, + 2my
inwhich V' is the particle volume and m; is the particle
refractive index. If particles absorb light, m, is a com-
plex value.

Taking into account Eq. (3), N can be repre-
sented by relation

2 2
m, —m
aN =30 4)
At my, + 2my
in which 6 = VN is the volume fraction of particles in
the disperse system.

Substituting Egs. (2)—(4) into Eq. (1), we arrive at
36| my —mg

the following relation:
2
VImE—m
my—my =39 ny (% Mol o)

2 mf, +2mg 2n mg +2mg

IfVv< X3, the second term in the parentheses is
small and can be ignored. The volume fraction of the
particles can be determined, provided that the densi-
ties of the dispersion medium p,, disperse system pq,
and particles p,are known. The value of 0 can be rep-
resented as

0= Ps = Po , (6)
pp —Po
and, taking into account Eq. (5), increment M of the
refractive index can be determined by relation

2 2
mg —my _ 3 m, —my

Ps—Po 2P, —Po)m; +2my
The right-hand side of Eq. (7) is independent of m,
and p,. The plot of the m,—p, dependence is a straight
line, the slope of which is represented by the right-
hand side of relation (7). The left-hand side of Eq. (7)
can be determined experimentally by varying the par-
ticle concentration in a studied disperse system and
experimentally determining the resulting changes in
mg and p. If the values of p,,, py, and m, are known, m,
can be found as a solution of Eq. (7). Relation (7) does
not comprise particle sizes, and it is applicable to

polydisperse systems, provided that the particles are
small.

If the particles are commensurable with the light
wavelength, their contribution to the refractive index
of the disperse system decreases significantly with an
increase in the particle sizes. In the case of a mono-

M =

(7)
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disperse system containing spherical particles, general
relation (1) can be transformed into the form of

35,08

m,—my = —i .
0 2Ak'r)

®)

Here, r is the radius of the particles and 5,(0) is
their amplitude function.

The §,(0) function can be found using the Mie the-
ory, [29, chapters VI, VII]. Having determined the

dependence of m, — m, on particle sizes, it becomes
possible to estimate the range of their variations to
which relation (7) is applicable. According to the Mie
theory, numerical methods were employed to calcu-
late the real components of particle refractive indices
ng using Eq. (8) for the longest wavelength (A =
657.2 nm) of the refractometer that we used. Depen-

dences of difference n, — n, = Re(m, — m,) on size r
for aqueous disperse systems containing diamond and
graphite particles are presented in Fig. 1. The calcula-
tions were performed under the assumption that vol-
ume fraction 0 remained unchanged.

Figure 1 shows that, at » < 100 nm, changes in par-

ticle sizes have a weak effect on the (n, — 1,)/(ps — o)
ratio. In this range of particle sizes, relation (7) can be
used at wavelengths of 657.2 nm and above. However,
as follows from Fig. 1, an increase in size r within a
range of 100—200 nm leads to a significant decrease in
(ng — ny)/(Ps — Py)- It can be seen in Fig. 1 that, at
r > 200 nm, the (n, — n,)/(ps — p,) Tatio is negligible
for disperse systems with diamond particles; more-
over, in the case of graphite particles, it decreases by
more than two times.

The imaginary component of refractive index m
can be determined by nephelometry. However, when
studying polydisperse systems using this method, it is
necessary to take into account the particle size distri-
bution, even if the particles are small. This is due to the
fact that the light energy scattered by particles, which
determines the intensity of the beam passing through
the disperse system, significantly depends on the par-
ticle sizes. This paper presents the results of studying

the real component of m;.

EXPERIMENTAL

The following parameters were determined in the
experiments: the refractive indices of aqueous disperse
systems of diamond, the volume fraction of particles
in them, the relaxation curves of the electrooptical
effect observed in the disperse systems, electron
microscopic images of particles, and the X-ray diffrac-
tion spectra of the dispersed phase.

The volume fraction of the particles was deter-
mined using relation (6). The densities of disperse sys-
tems and dispersion media contained in this ratio were
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Fig. 1. Dependence of (ng —ny)/(ps —pg) on r at
A =657.2 nm.

determined with an accuracy of 5 X 10~° g/cm? using a
DMA 5000M densitometer.

The absolute values of the refractive indices of the
studied disperse systems and dispersion media were
determined using an Abbemat WR/MW refractome-
ter. The measurement accuracy of the refractive index
of a disperse system was 4X 10> nD. Relative measure-
ments were performed using the Rayleigh method.
The measurements were carried out using an ITR-2
interference-type refractometer. The accuracy of such
measurements was no worse than 1x10-¢ nD.

Average size r of nanodiamond particles was deter-
mined by the standard dynamic light scattering (DLS)
method. The experimental studies were implemented
with a serial Photocor Complex device.

The electrooptical (EO) method was used to deter-
mine the size distribution functions of nanodiamond
particles and their aggregates in a size range above
25 nm. The accuracy of its determination by the EO
method was better than that by the DLS method;
however, the EO method is inapplicable to disperse
systems that are destroyed when being exposed to
pulsed electric fields that cause orientational ordering
of particles. The disperse systems studied in this work
did not have high electrical conductivity and were
resistant to the action of electric fields imposed on
them. Electrical dichroism (ED) is highly pronounced
in diamond and graphite sols. Namely, when particles
are oriented in an electric field, a difference character-
istic of dichroism arises in the optical density values
for light beams polarized in parallel and perpendicu-
larly to the electric field, which causes the orienta-
tional ordering of the particles. ED can be defined as
the difference between the relative changes induced in
the optical density by the electric field for these beams.
The relaxation dependence of the ED is related to the
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Fig. 2. Size distribution of diamond particles.

particle size distribution function by the following
expression [18]:

N(r) = Iexp(—6Drt)AK r)o(rydr. )]

Here, N(¢) is the relaxation dependence of the ED,

o(r) is the particle size distribution function, D, is the
rotational diffusion coefficient of particles and their

aggregates (it varies in inverse proportion to r3). If

white light is used to determine N(7), AK(r) = Cr’,
where C is the normalization coefficient [30]. Having
determined the N (¢) dependence experimentally, ¢(r)
can be calculated by solving integral equation (9). In
this article, N (¢) was determined using the experimen-
tal setup designed by the authors of [19], while the @(r)
function was found by the regularization method [8].

X-ray diffraction analysis of the particles was car-
ried out with an R-axis Rigaku diffractometer (CoK,
radiation, A = 1.789 A), while a Zeiss Supra 40VP
scanning microscope was used to obtain electron
microscopic images.

DISPERSE SYSTEMS
UNDER INVESTIGATION

Samples to be studied were obtained using a com-
mercial powder containing nanodiamond particles
produced by static synthesis. This powder had been
subjected to preliminary purification. For the
research, an additional purification was required.
According to the published data, after purification
with acids and mechanical cleaning, the particles
resulting from the synthesis had an internal crystalline
structure of diamond covered with a shell formed from
carbon of other forms [31]. After the additional purifi-
cation, including washing in distilled water and repeated
alternating sonication and centrifugation, a dispersed
phase was obtained that did not contain large particles
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and their aggregates. A histogram of the distribution of
dispersed phase diamond particles over size d is pre-
sented in Fig. 2 (d is the average size in the image).
This histogram was obtained using the results of pro-
cessing electron microscopic images of the particles.

In order to determine the allotropic forms of car-
bon other than crystalline diamond in the dispersed
phase, an X-ray diffraction analysis was carried out,
which showed that the diamond dispersed phase had a
polycrystalline structure inherent in aggregates of
small particles containing additives of amorphous car-
bon. Then, during the sedimentation for a month, the
dispersed phase suspended in water was fractionated
into layers, which had a uniform composition and dif-
ferent colors and were separated by distinct boundar-
ies. Four samples resulting from sedimentation of
the initial disperse system were selected for the stud-
ies. The tint varied from dark gray for the top
layer (sample 1) to light gray for the bottom layer
(sample 4). The obtained samples were used to pre-
pare hydrosols with a particle content of less than
0.01 wt %. Shaking and sonication made it possible to
maintain unchanged optical properties of the sols for a
long time that was necessary for the investigations.

Previous studies of light scattering by diamond sols
[32] had led to the conclusion that the light scattering
by diamond particles is typical for spherical ones, in
spite of their irregular shapes. Hence, when studying
aqueous disperse systems of diamond, we may use
Egs. (7) and (8), which were obtained under the
assumption that the particles were polarized in the
field of a light wave as spherical ones.

RESULTS AND DISCUSSION

For all isolated fractions, the ¢(r) particle size dis-
tribution functions were determined using the elec-
trooptical method. Samples 1—4 contained particles
and aggregates with differed sizes. The ¢@(r) functions
of these samples are shown in Fig. 3.

The control measurements performed by the DLS
method corresponded to the results presented in
Fig. 3. The diffraction patterns obtained by the X-ray
diffraction analysis (CoK, radiation, A = 1.789 A) of the
dispersed phases of these samples are presented in
Fig. 4.

As is seen in Fig. 4, in the diffraction angle regions
of 51.3°,90.3°, and 112.3°, peaks characteristic of dia-
mond are observed for all samples. In an angle region
of 30.5°, peaks characteristic of graphite 2H (30.5°)
and 3R (31.0°) are seen for all samples. A wide band
with a maximum at 20° corresponds to amorphous
carbon. Peaks characteristic of a graphite-like struc-
ture and amorphous carbon indicate that a part of car-
bon in the particles of all samples is in a state other
than the diamond crystal lattice. In this case, the con-
tent of amorphous carbon cannot be assessed quanti-
tatively. However, it can be stated that, for the first
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Fig. 3. Particle size distribution functions.

sample, the fraction of amorphous carbon in the par-
ticles is larger than that for the others.

Volume fraction 0 of particles in the studied sam-
ples was varied by diluting them with distilled water.
The particle volume fraction maximum permissible
for measuring the refractive indices of the
samples depended on their turbidity and did not exceed
3 x 10~*. By diluting the samples with distilled water,
disperse systems were obtained, for which densities p;

and refractive indices n, = Re(m,) were determined

173

experimentally. For sample 4, the particle sizes of
which are close to the light wavelength, no effect of
particles on the refractive index was detected. This was
due to the extremely small difference between the
refractive index of the disperse systems obtained from
this sample and the refractive index of water, even at

volume fraction © = 0.33x 107" of particles maximum
permissible for this sample with respect to turbidity.
For disperse systems containing particles of other
samples, the dependences of #, on p,were linear. The

dependence of n, on p, determined for sample 2 is pre-
sented in Fig. 5.

In addition, Fig. 5 presents variations in the real
component of the refractive index theoretically calcu-
lated by Eq. (7) for disperse systems containing amor-
phous carbon particles and diamond particles, for

which refractive index increment (n, — n,)/(ps — Po)
was equal to 0.87 and 0.26 cm?/g, respectively.

For samples 1-3, the (n, —n,)/(ps —p,) values
obtained at A = 657.2 nm are presented in Table 1.
The error in the presented values was 2%.

Here it should be taken into account that, if a par-
ticle has a surface layer, its influence on the particle
polarization in an electric field is significantly higher
than the influence of the internal part of the particle.
In the case of small colloidal particles, even a mono-
molecular layer containing adsorbed molecules of sur-
factants and having additional chemical bonds can sig-
nificantly affect the polarizability of the particles in a
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Fig. 4. Diffraction pattern of dispersed phase.
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Fig. 5. Dependences of ng on pg at A = 657.2 nm. Dots

refer to experimental data; dashed and dash-and-dot lines
denote diamond and amorphous carbon particles, respec-

tively.

dispersion medium, and, hence, the difference in
refractive indices m, — m,. Such a particle can be con-
sidered as multilayer, and refractive index m,, present

in relation (7) must take into account the optical prop-
erties of the surface layer of the particles.

As follows from the theory, the main contribution
to the polarization of a two-layer sphere is made by the
polarization of the external layer, while the polariza-
tion of the internal part of the sphere is only a small
additive to its total polarization [27, 33]. Equation (3),
which enables one to determine the polarizability of a
particle, is applicable under the condition that the par-
ticle size is small as compared with the light wave-
length, both outside and inside of the particle, namely:
2| my | r < X and 2x | my, | r < A. If a particle or its
surface layer has a high electric conductivity, the elec-
tric field of the light wave does not penetrate the par-
ticle, and the second inequality is reversed [27]. It
should be noted that, for diamond and amorphous

carbon, the values Re (mz) are close, and the polariza-
tion of a diamond particle coated with a layer of amor-
phous carbon weakly depends on the thickness of the

layer. Absorption Im (m2) of light energy by the external
layer only weakens the influence of the polarizability of
the internal part of the particle on its total polarizability.

Table 1. Experimentally  determined  values  of
(ng — my)/(Ps — Po)

Sample 1 2 3
(ng — ny)/(Ps — Po) 0.49 0.44 0.43

VEZO et al.

For uniform diamond particles, it should be
assumed that m, = n, = 2.42; if the particles are cov-
ered with a layer of amorphous carbon,
m, = 2.70 —i1.29, while, for particles with an electri-
cally conductive surface | m, | = oo.

The density of a particle with a surface layer (a two-
layer sphere) depends significantly on the layer thick-
ness, because the densities of diamond and amor-
phous carbon differ significantly.

Values M = (m, — my)/(ps — py) Were calculated for
aqueous disperse systems containing particles corre-
sponding to all three considered cases. It was assumed
that the surface layer was thin and the particle density
was equal to the density of diamond, p, = 3.5 g/cm’.
The results of calculating M by Eq. (7) are presented
in Table 2.

An increase in surface layer thickness /4 weakly
affects the refractive index of particles; however, its
effect on particle density p, must be taken into
account, since the densities of diamond and amor-
phous carbon differ significantly. Taking into account
the densities of diamond pp and amorphous carbon
Pc, as well as volume fraction 3 of the surface layer in the
particle, its density p, can be represented by relation

pp = =PBpp + Ppc. (10)
Substituting the value of p,, from relation (10) into
relation (7) and taking into account that

Re(M) = (n, — ny)/(p, — Py), volume fraction B may
be represented as

B:pD_pO_ 3
Pp —Pc  2(Pp —Pc)
eI (11)
X(”s—noj Re| — 02 .
Ps —Po my, + 2m

Ratio A/r for a spherical particle
L Ny
p

enables one to determine thickness 4 of the surface
layer for particles with a given size.

For samples 1—3, the values of B and 4/r are pre-
sented in Table 3. In calculations performed by
Egs. (11) and (12), it was assumed that
m, = 2.70 —i1.29, and the density of the amorphous
carbon layer is pc = 2.15 + 0.08 g/cm? [34]. The
(n, — ny)/(ps — py) values required for the calculation
of B for these samples are presented in Table 1. The
most probable values of » for particles in samples 1—3
were used to determine thickness 4 of the surface layer
of the particles. The values of 4 are also presented in
Table 3. Taking into account the inaccuracy in the
determination of p., the error in the determination of
B was 8%.

(12)
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Table 2. Values of M calculated for different polarizations
of the surface layer of diamond particles in aqueous sols

Surface layer Amorphous Electrically
. None .
of particles carbon conductive layer
m, 2.42 2.70 —il1.29 oo
M, cm’/g 0.26 0.38 —i0.17 0.60

Table 3. Volume fraction and thickness of amorphous car-
bon layer in the particles

Sample 1 2 3
p _ _ _
Refraction method 0.40—0.45 | 0.25—0.27 | 0.21-0.24
h/r 0.16 0.06 0.08
h, nm 4.8 3.9 6.8
CONCLUSIONS

The performed studies have shown that the refrac-
tometric method is applicable to the study of disperse
systems, the particles of which are small as compared
with the light wavelength. In combination with the
electrooptical method or the dynamic light scattering
method, the refractometric method can be used to
study the properties of the surface layer of particles and
the structure of their aggregates. The study of aqueous
disperse systems of diamond has resulted in determin-
ing the fraction of amorphous carbon in the particles
and the thickness of the layer, which it forms.

The procedure considered in this work enables one
to perform the rapid analysis of the quality of purifica-
tion of industrially produced nanodiamonds for parti-
cles that are small as compared with the light wave-
length. The procedure involves the measurement of
only the density and refractive index of colloidal dia-
mond solutions, which can be performed quickly and
accurately.
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