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Abstract—A comparative study of the sizes and spatial structure of single dielectric colloidal nanoparticles of
lanthanum fluoride, doped with rare-earth neodymium ions (Nd3+:LaF3), and their conglomerates in an
aqueous solution has been performed. Nanoparticles were synthesized by aqueous co-precipitation method
with subsequent hydrothermal microwave (HTMW) treatment. Experiments were performed using three
methods: transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and dynamic
light scattering (DLS). An analysis of the results has shown that a stable colloidal solution of nanoparticles is
formed during synthesis. The solution consists of single lanthanum fluoride nanoparticles, having a narrow
(10–30 nm) size distribution, and nanoclusters formed on their basis. It is also shown that the spatial struc-
ture of nanoclusters cannot be described in terms of the fractal model, which is widely used to describe clus-
ters formed in colloidal solutions of nanoparticles of various nature.
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1. INTRODUCTION
Luminescent nanoparticles of lanthanum fluoride

Nd3+:LaF3 have a number of unique properties: nar-
row absorption and emission lines in the first (0.75–
0.95 μm) and second (1–1.2 μm) optical transparency
windows of biological tissues, high luminescence
quantum yield [1], long excited state lifetimes, possi-
bility of temporal and spectral suppression of the aut-
ofluorescence of biological tissues, high photo- and
physicochemical stability, and low toxicity. In addi-
tion, techniques of synthesizing stable aqueous colloi-
dal solutions of lanthanum fluoride nanoparticles and
methods of their doping with rare-earth metal ions
have been developed [2]. The above-listed advantages
make these nanoparticles highly promising as f luores-
cent nanoprobes in biological studies and medicine
[3–6] and explain the extraordinary importance of
studying their physical and chemical properties.

Despite the important advantages, the application
of the Nd3+:LaF3 nanoparticles in bioimaging is lim-
ited by several significant factors. First, the absorption
of the radiation used to excite f luorescence is insuffi-
ciently intense, whereas the f luorescence quenching is

strong (in particular, because of the presence of OH
groups inside these nanoparticles); these features sig-
nificantly reduce their luminescence efficiency [2].
Another important problem, causing serious difficul-
ties in real applications of colloidal lanthanum fluo-
ride nanoparticles, is the undesirable processes of
aggregation of these nanoparticles in solution during
their synthesis and storage. Thus, the studies aimed at
developing more efficient methods of synthesizing the
aforementioned nanoparticles of higher quality, free to
a certain extent of the aforementioned drawbacks, are
urgent. It is necessary to gain a better insight into the
mechanisms of f luorescence quenching in these crys-
tals and the reasons for their aggregation, as well as to
develop ways to suppress these undesirable phenom-
ena. In addition, it is important to control the average
sizes of synthesized nanoparticles and their spread in
size. When carrying out these investigations, very
important problems are those related to the character-
ization of synthesized nanoparticles, in particular, the
possibility of real time control of the sizes and spatial
structure of synthesized nanoparticles and conglom-
erates on their basis.
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As is well known, transmission electron micros-
copy (TEM) is the main method for determining the
sizes of colloidal nanoparticles. However, despite the
high spatial resolution of this method, which makes it
possible to visualize nanoparticles studied at the level
of individual atoms, its application for visualizing
nanoparticles in colloidal aqueous solutions meets
several significant difficulties. This is a complex and
not always accessible method, which requires a rather
long time to prepare a sample for measurements. In
addition, in the case of aqueous solutions of nanopar-
ticles, they must be dried before measurements. Dry-
ing of clusters may change significantly their shape
and thus distort information about their morphology
in solutions. As a rule, studies aimed at developing a
technique for fabricating nanoparticles with improved
parameters require many syntheses. Therefore, the
high efficiency and information content of the experi-
mental methods used to characterize the morphology
and sizes of synthesized nanoparticles becomes of
prime importance in these studies, since ТЕМ is not
entirely efficient in this context.

Methods of optical far-field microscopy are free of
most of the aforementioned drawbacks; they are char-
acterized by high efficiency and information content,
which includes a much simpler procedure of sample
preparation, short measurement time, and insignifi-
cant influence on a sample studied. However, the sen-
sitivity of the overwhelming majority of these methods
is insufficient for detecting single nanoparticles. We
have developed a highly sensitive light-sheet laser
ultramicroscope, which makes it possible to visualize
in real time the single nanoparticles and clusters in
aqueous solutions from elastic light scattering signals
and determine on this basis the sizes of these objects
by analyzing the individual trajectories of their
Brownian motion. This method for determining the
sizes of single nanoparticles in a solution is known in
the literature as the nanoparticle tracking analysis
(NTA) [7]. The sensitivity of this ultramicroscope was
improved to a level allowing one to reliably detect sin-
gle lanthanum fluoride nanoparticles in aqueous solu-
tions up to 20 nm in size and even smaller and track
individual trajectories of their Brownian motion.

In this paper we report the results of a comparative
study of the sizes and spatial structure of single dielec-
tric colloidal lanthanum fluoride nanoparticles doped
with rare-earth neodymium ions (Nd3+:LaF3) and
clusters on their basis; the analysis was performed by
the TEM and NTA methods. The former method pro-
vided information about the individual sizes of
nanoparticles and the nanoclusters based on them in
solution, while the latter method made it possible to
determine the hydrodynamic radius of nanoclusters.
In addition, to compare the results and obtain more
correct information about the nanocluster morphol-
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ogy, we measured the nanoparticle sizes by the
dynamic light scattering (DLS) method [8], which is
widely used to measure nanoparticle sizes in solutions
and is based on the photon-correlation spectroscopy
of light elastically scattered from the particles under
study.

NTA was the main tool of real time monitoring of
effective nanoparticle sizes during synthesis. In con-
trast to the DLS method, which yields information,
averaged over a large ensemble of nanoparticles and
requires a high concentration of particles studied in
solution, NTA allows one to perform measurements at
much lower concentrations. In this case, the presence
of large foreign particles (for example, micrometer-
sized dust particles) in the test solution does not affect
the measurement results, in contrast to measurements
by the DLS method [9]. In addition, direct visualiza-
tion of nanoparticles in solution makes it possible to
estimate their concentration and control the solution
purity.

Below, we present ТЕМ data on the distributions of
individual sizes of nanoparticles (without taking into
account their agglomeration), which we will call pri-
mary nanoparticles, and distributions of the effective
sizes of nanoclusters formed due to the primary
nanoparticle agglomeration. Two quantities charac-
terizing the spatial structure of nanoclusters are used
as effective sizes. These are (i) the radius of gyration,
which is widely used to determine the effective sizes of
clusters of various nature and is determined by numer-
ical analysis of the ТЕМ images of observed nanoclus-
ters, and (ii) the hydrodynamic radius, which is deter-
mined experimentally, applying the developed ultra-
microscope and the DLS method.

2. EXPERIMENTAL

Nanoparticles of Nd3+:LaF3 were synthesized by
aqueous co-precipitation method with subsequent
hydrothermal microwave (HTMW) treatment [1, 2,
10]. They were characterized by a narrow size distribu-
tion; the neodymium ion concentration was con-
trolled (up to 50 at %). Primary nanoparticles and
clusters formed based on them were studied. When
carrying out NTA and DLS measurements, nanopar-
ticles were located in an aqueous solution placed in an
optical quartz cell. To monitor the stability of colloidal
solutions of nanoparticles, the ζ potential was also
measured. When performing NTA, DLS, and ζ-poten-
tial measurements, solutions were diluted with puri-
fied deionized water to concentrations of ~5 × 10–5,
~10–1, and ~2 × 10–2 mg/mL, respectively. Before all
measurements, the solutions were treated in an ultra-
sonic bath for at least 10 min. In the case of ТЕМ anal-
ysis, nanoparticles were deposited on a standard car-
bon nanofilm, installed on a Lavsan substrate, using
23
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Fig. 1. (Color online) Block diagram of laser dark-field
light-sheet ultramicroscope for detecting single nanoparti-
cles in aqueous solutions from elastic light scattering sig-
nals: (1) laser beam transmitted through a spatial modula-
tor, (2) cylindrical lens, (3) focusing objective, (4) optical
cuvette, (5) illuminated volume in the form of a light sheet,
(6) radiation scattered by nanoparticles, (7) nanoparticles
located in the illuminated volume, (8) collecting micro-
lens, (9) camera objective, and (10) CCD camera.
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the spin-coating procedure [11]. To this end, a drop of
solution with a particle concentration of ~10–2 mg/mL
was deposited on a rapidly rotating (3000 rpm) carbon
substrate, leaving single nanoparticles on it. This
approach made it possible to observe nanoparticles
under conditions excluding their superposition and
thus significantly attenuating the undesirable pro-
cesses of their interaction during solution drying.
ТЕМ measurements were performed using a Zeiss
Libra 200FE HR electron microscope (Carl Zeiss,
Germany) at an accelerating voltage of 200 kV. DLS
and ζ-potential measurements of nanoparticles were
performed using a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd., Worcestershire, UK) with
a laser wavelength of 633 nm at a temperature of 25°C.

To implement the NTA method, we used a highly
sensitive dark-field light-sheet ultramicroscope devel-
oped by us. This instrument makes it possible to visu-
alize the Brownian motion of nanoparticles in differ-
ent transparent liquids and determine their concentra-
tion and size distribution. The main distinctive feature
of this ultramicroscope is the elimination of the inter-
fering action of the speckle pattern, arising because of
the high degree of spatial coherence of the laser source
of light used to illuminate a sample [12]. This is imple-
mented by transmitting the radiation of the laser
source (diode laser, λ = 405 nm, 100 mW) through an
optical multimode quartz waveguide with a fiber
diameter 100 μm, subjected to random mechanical
deformation with a frequency of 150 periods/s. Ran-
dom spatial and temporal modulation of the phase
front of the laser beam transmitted through the wave-
guide is performed in this way, reducing the spurious
influence of speckles on recorded nanoparticle
images. The waveguide output radiation, used for
phase modulation of the laser beam, is converted into
an astigmatic beam using cylindrical optics; one of the
foci of this beam is directed inside the cuvette to a
selected area in the liquid volume, forming an illumi-
nated area (close to planar) oriented perpendicular to
the observation axis. This area is referred to as the light
sheet. The thickness of this sheet varies from several
micrometers to several tens of micrometers. Due to the
small thickness of the illuminated region, the liquid
and particles beyond it do not contribute to the mea-
sured signal. As a result, the microscope acquires a
high sensitivity, which, in our case, makes it possible
to record reliably the individual trajectories of single
nanoparticles up to 20 nm in size. The solution was
placed in a transparent quartz optical cell with internal
transverse sizes of 10 × 10 mm and height from 10 to
50 mm. The radiation elastically scattered by nanopar-
ticles located in the light-sheet region is recorded by a
sensitive CCD camera (PCO Sensicam em, Excelitas
PCO GmbH, Germany), operating in the continuous
mode with a frame rate of 13.1 Hz. A block diagram of
the microscope is shown in Fig. 1. Some examples of
PHYS
images of single nanoparticles obtained in the devel-
oped ultramicroscope are shown in Fig. 2.

Analysis of the information obtained with the
ultramicroscope is reduced to determination of the
coordinates of “centroid” of individual nanoparticle
images observed in the lateral plane for each frame and
subsequent determination of the trajectories of their
Brownian motion. On this basis the root-mean-square
displacement values d2 (the first stage) for each
nanoparticle in the lateral projection are calculated.
The ImageJ program [13] and built-in TrackMate
plugin [14] were used for this purpose. Then, based on
the data obtained, the values of the individual hydro-
dynamic radius, Rh, were determined for each
observed nanoparticle using the Stokes–Einstein for-
mula [15, 16]:

(1)

where KB is the Boltzmann constant, T is temperature,
t is the total measurement time, and η is the dynamic vis-
cosity of the medium. Measurements were performed at
Т = 22.5°С, and η was assumed to be 0.943 mPa s.

When analyzing trajectories, it is necessary to take
into account the drift of nanoparticles caused by the
presence of convective f luid f lows in the measuring
cell. The direction of the observed drift may be differ-
ent at different points of the measured volume and
change over time. Convection may arise as a result of
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Fig. 2. Images of single colloidal Nd3+:LaF3 nanoparticles in water, recorded using the developed ultramicroscope at low (a) and
higher (b) nanoparticle concentrations.

50 �m 50 �m(a) (b)
poor temperature stabilization of the sample, as well as
due to the absorption caused by laser beam heating.
Figure 3 shows an example of distribution of average
nanoparticle velocities in the sample, calculated from the
measured trajectories in the presence of convection.

The distribution is noticeably shifted relative to the
zero position, which suggests a significant contribu-
tion of convection to the trajectories of observed
nanoparticles. In our measurements, to reduce con-
vective f lows, the solution under study was poured into
the measuring cell to a height of no more than 5–
6 mm, and passive temperature stabilization condi-
tions were created in the surrounding volume. The
influence of the residual contribution of the convec-
tion was eliminated computationally using a corre-
sponding shift of coordinates in the velocity space
(Fig. 4). These measures made it possible to exclude
almost completely the influence of convection on the
results of the analysis.

The individual size of synthesized nanoparticles
with their aggregation disregarded (i.e., the size of pri-
mary nanoparticles) was determined as the radius of a
circle of equal area. To characterize the effective size of
clusters of complex shape, we applied the characteristic
that is often used in this case: radius of gyration, Rg [17].
Since we deal with a two-dimensional image, we first
calculated the Rg value for the observed nanocluster in
the image plane using the general formula

(2)

where N is the number of primary particles in a cluster
and ri are their coordinates. Then the radius of gyra-
tion for the corresponding three-dimensional cluster

( )
= =

= −
2

g 2
1 1

1 ,
2

N N

i j
i j

R r r
N

PHYSICS OF WAVE PHENOMENA  Vol. 31  No. 3  20
was determined by corresponding recalculation with a
factor k = 1.24 (according to [18]).

Figure 5 shows an example of relationship between
the radius of gyration and the model cluster geometry.

3. RESULTS AND DISCUSSION

Typical ТЕМ images of colloidal Nd3+:LaF3
nanoparticles synthesized in an aqueous solution on a
carbon substrate are shown in Fig. 6. It can be seen in
these images that most of observed nanoparticles are
aggregated into clusters having a complex spatial
structure and sizes up to 200 nm in certain directions.
The aggregation of colloidal nanoparticles is a well-
known effect. It can be considered as undesirable, hin-
dering the use of these particles in most of applica-
tions. Therefore, the study of the mechanism of
nanoparticle aggregation and search for ways to sup-
press it is an important and urgent problem. Note that
on the substrate we observe practically f lat aggregates,
the size and structure of which could change in one
way or another as a result of drying.

To analyze the spatial structure of clusters, another
parameter is also widely used: the hydrodynamic
radius Rh. Both parameters, Rg and Rh, make it possi-
ble to characterize the effective sizes of clusters; how-
ever, they are based on different physical properties of
the latter. The radius of gyration characterizes the spa-
tial distribution of the masses of particles composing a
cluster, while the hydrodynamic radius characterizes
its hydrodynamic resistance. The latter parameter is
determined by both the structure of a cluster and the
parameters of its interaction with the environment,
primarily, by the viscosity of the surrounding liquid
and the hardness of the crystal framework. It is conve-
23
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Fig. 3. Example of recording trajectories of Brownian motion of Nd3+:LaF3 nanoparticles in water in the presence of convection:
(b) trajectories obtained by analyzing recorded images, histograms of mean velocities of recorded nanoparticles in the (a) vertical
and (d) horizontal directions, and (c) the calculated mean velocities of nanoparticles in the vertical and horizontal directions.
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nient to use Rh, because it can be measured experi-
mentally, for example, by the NTA method, which
makes it possible to determine the individual Rh value,
and by the DLS method, which makes it possible to
determine the ensemble-averaged Rh value for
nanoparticles in solution. Additional information on
the cluster spatial structure can be derived from the
ratio ρ = Rg/Rh, which is often used to analyze the
morphology of branched structures, e.g., branched
macromolecules [19]. Its value for close-packed struc-
tures is less than unity and tends to ρ ≈ 0.8 for a homo-
geneous sphere. However, in the case of nontrivial
mass distribution, this ratio may exceed unity; for
PHYS
example, ρ ≈ 1.7, as occurs for coils of linear macro-
molecules [20] or fractal-like aggregates [21].

In terms of the concept widely accepted in the lit-
erature, clusters of colloidal nanoparticles are well
described by the fractal model (see, e.g., [22–24]).
Within this model, the fractal dimension Df is used to
describe the complex spatial distribution of a cluster
consisting of identical particles. This parameter is
found from the expression
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Fig. 4. Example of detection and analysis of the trajectories of Brownian motion of detected Nd3+:LaF3 nanoparticles in water
in the absence of convection: (b) trajectories obtained by analyzing recorded images; the distribution histograms of nanoparticle
velocities in the (a) vertical and (d) horizontal directions are almost symmetric with respect to the zero velocity. The centroid of
the two-dimensional distribution of calculated nanoparticle velocities (c) almost coincides with the zero velocity.
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which relates the number of primary particles consti-
tuting a cluster N, with the cluster radius of gyration
[22] in the form of a power law. Here, r is the radius of
primary particles and kf is a factor, which ranges from
1 to 1.2 and depends on Df [25]:

(4)
Clusters with a dimension Df close to 3 are close-

packed structures with a close-to-uniform mass distri-
bution. Clusters with Df close to unity have a shape
similar to “filamentary” [26]. At 1.75 < Df < 2.1 clus-
ters demonstrate a “loose” (in particular, fractal)
structure. In most studies devoted to colloidal

−= 2.08
f f4.46 .k D
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nanoparticles the structure of the clusters formed by
these particles in solutions is described as fractal, with
a dimension Df ranging from 1.75 to 2.1.

The ТЕМ images recorded in our experiments
demonstrate a small number of single nanoparticles
and a much larger number of clusters based on them;
these clusters consist of densely packed cores and
branches. This structure has little in common with a
fractal one, which is characterized by a loose, rela-
tively uniform distribution of the particles forming the
cluster. The presence of separate branches should lead
to an increase in the hydrodynamic resistance of these
clusters, and the close packing of nuclei should
23
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Fig. 5. (Color online) Relationship between the radius of
gyration and a set of constituting particles on the example
of a model cluster consisting of identical particles.

Rg
decrease the cluster radius of gyration. This suggestion
is confirmed by our measurement results.

Figure 7 shows distributions of the effective sizes of
primary nanoparticles and clusters based on them,
calculated from the obtained ТЕМ images: (a) distri-
bution of the radii of spheres of equivalent-area (black
line) for primary nanoparticles; (b) distribution of the
Rg values for the clusters (red line); and (c) distribu-
tion of the Rh values measured for nanoparticles in
PHYS

Fig. 6. Examples of ТЕМ images of nanoclusters formed on the b
idly rotating carbon substrate.
water using the NTA (green line) and DLS (blue line)
methods. The distribution of the equivalent radii of
primary nanoparticles is fairly narrow, with a maxi-
mum near 9 nm and a width of ~12 nm. The other dis-
tributions are characterized by much larger values of
maxima and widths.

The distributions of Rh values for Nd3+:LaF3
nanoparticles (see Fig. 7) show that their maxima
found by the NTA and DLS methods (47 and 45 nm,
respectively) coincide with good accuracy, which indi-
cates objectivity of the data obtained by two different
methods. At the same time, the shapes of these distri-
butions significantly differ, which can be explained by
the fundamental difference between these methods.
NTA provides information about the hydrodynamic
radius of each nanoparticle taken separately, giving
idea about the real shape of the distribution of radii,
whereas the DLS method, being integral, yields only
averaged information about the shape of Rh distribu-
tion. In particular, when processing the data obtained
by this method, the distribution shape is set by fitting
an approximating function and is not the measure-
ment result (in our case, a Gaussian function was cho-
sen for approximation). At the same time, the distri-
bution of the Rg values for nanoparticles, obtained by
processing TEM images, is asymmetric, similar to the
distribution obtained by NTA, which can be described
by the sum of two Gaussians. This coincidence may
suggest objectivity of the obtained result, indicating
the presence of two types of clusters with different
parameters in a solution. Presumably, these may be
ICS OF WAVE PHENOMENA  Vol. 31  No. 3  2023

asis of colloidal Nd3+:LaF3 nanoparticles, spin-coated on a rap-
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Fig. 7. (Color online) Distributions of sizes of primary col-
loidal Nd3+:LaF3 nanoparticles and effective sizes of the
clusters formed on their basis: (black line) distribution of
the radii of equivalent spheres for primary nanoparticles;
(red line) distribution of the radii of gyration of clusters;
and (green and blue lines) distributions of the hydrody-
namic radius of clusters, found by the NTA and DLS
methods, respectively. The black line is the result of
numerical analysis of individual sizes of nanoparticles
(radii of spheres with equivalent areas), disregarding their
aggregation; the red line characterizes the effective sizes of
clusters, calculated as their radii of gyration; and the green
and blue lines are values of hydrodynamic radii of clusters,
determined using the ultramicroscope and DLS method,
respectively.

1.0

0.8

0.6

0.4

0.2

0

R
el

at
iv

e 
pa

rt
ic

le
 c

ou
nt

s,
 a

.u
.

Radius, nm
102101

TEM-primary (9 nm)
TEM-clusters (26 nm)
DLS (45 nm)
NTA (47 nm)
(i) aggregates formed directly during synthesis and
(ii) larger aggregates, formed in later stages (including
the solution storage).

Let us analyze the ratio of the Rg and Rh values,
ρ = Rg/Rh, for the clusters measured in this study. As
can be seen in Fig. 7, the distribution of Rg values is
noticeably shifted to smaller ones in comparison with
the Rh values. The ratio of the maxima of the corre-
sponding distributions is 0.7, which is smaller than the
corresponding value for fractal-like clusters (ρ ≈ 1.75)
[21]. This discrepancy may be caused by the difference
in their morphology. In the case of fractal-like clus-
ters, which are loose structures distributed in space
(Fig. 8a), many primary particles are located far from
the center, which leads to an increase in the Rg value in
comparison with Rh. For closely packed primary par-
ticles (Fig. 8b), ρ approaches the value of 0.8, which
characterizes a homogeneous sphere. For a cluster
consisting of a dense core with a small Rg value and
small number of branches that increase the hydrody-
namic resistance of the cluster (Fig. 8c), the Rh value
can significantly increase and, accordingly, ρ can
decrease.

The above simplified consideration provides a pos-
sible explanation of the difference of the ρ value found
in our experiments from the value predicted by the
PHYSICS OF WAVE PHENOMENA  Vol. 31  No. 3  20
fractal model and suggests that the spatial structure of
the clusters studied here corresponds to a greater
extent to the clusters consisting of a relatively small
dense core and several branches.

4. TEMPORAL STABILITY OF COLLOIDAL 
SOLUTION

Processes of aggregation of nanoparticles are
closely related to their chemical properties and the
impacts of these nanoparticles on biological objects.
Examples are different velocities of migration of
aggregates and single nanoparticles in biological
media; possibility of activation of the phagocytosis
mechanisms in cells; and other effects, related to the
cluster sizes and structure [27], especially in biology
and medicine. In this study, we investigated the tem-
poral stability of synthesized nanoparticles and their
resistance to aggregation. As mentioned above, the
values of their ζ potential (a parameter widely used to
estimate the resistance of a colloidal solution to aggre-
gation) were measured. Our measurements of the
ζ potential gave a fairly large value (47 ± 5% mV),
which suggests that the solution of synthesized
nanoparticles has a high temporal stability.

To verify this, we performed control measurements
of the shape of distribution of hydrodynamic radii of
synthesized nanoparticles in a relatively fresh solution
(kept for three days after preparation) and in a solution
stored for a long time (seven months). The results of
these measurements are shown in Fig. 9.

Measurements were performed with a solution that
was not subjected to treatment in an ultrasonic bath, as
well as with a solution that underwent this treatment.
The obtained distributions demonstrate that the dis-
tribution maximum for the colloidal solution of
nanoparticles stored for a long time shifts to larger
sizes, which may suggest occurrence of larger aggre-
gates due to the aggregation of initial clusters. It is
noteworthy that the observed aggregation effect was
partially eliminated after exposure of the sample to
ultrasound. One can suggest that bonds of two types
arise between primary nanoparticles during aggrega-
tion: a weak bond (apparently, of the van-der-Waals
type) and a stronger one (apparently, electrostatic).
Thus, the results obtained demonstrate a high tempo-
ral stability of synthesized colloidal solution, as well as
the presence of a contribution from irreversible pro-
cesses of nanoparticle aggregation.

It should also be noted that the obtained data on
the processes of nanoparticle aggregation in solutions
of the synthesized nanoparticles are preliminary and
insufficient for a complete understanding of their
nature and the development of effective methods for
their weakening. Therefore, the research in this field
should be continued to get greater clarity on these
important issues.
23
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Fig. 8. (Color online) Hypothetical distributions of the hydrodynamic radius and radius of gyration for different nanoclusters.
(a) Nanocluster with a fractal structure, for which the mass distribution is such that most of the mass is located far from the center
of mass; due to this, the radius of gyration significantly increases and may exceed the hydrodynamic radius. (b) Close-packed
cluster, for which the distributions of Rg and Rh are close to those for a homogeneous sphere. (c) Nanocluster in the form of a
dense core with few branches, which increase the hydrodynamic radius to a greater extent than the radius of gyration, as a result
of which the ρ value for this cluster becomes smaller than for a homogeneous sphere.
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Fig. 9. (Color online) Size distributions of colloidal Nd3+:LaF3 nanoparticles, measured with the ultramicroscope (a) three days
after the sample preparation and (b) after seven-month storage: results obtained (red lines) after ultrasonic treatment of the col-
loidal solution and (blue lines) without any preliminary preparation.
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5. CONCLUSIONS

The size distribution and spatial structure of colloi-
dal lanthanum fluoride nanoparticles doped with
Nd3+ ions, synthesized in an aqueous solution by the
hydrothermal method with subsequent microwave
treatment, and nanoclusters formed on their basis
were studied using highly sensitive optical ultrami-
PHYS
croscopy of elastic scattering and transmission elec-
tron microscopy. A comparative analysis of the size
distributions obtained by two different methods
showed that the mean hydrodynamic radius of nano-
clusters exceeds their mean radius of gyration. This
result contradicts the predictions of the fractal model,
which is widely used to describe the spatial structure of
colloidal nanoclusters: according to this theory, the
ICS OF WAVE PHENOMENA  Vol. 31  No. 3  2023
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hydrodynamic radius of clusters should be smaller
than their radius of gyration.

An analysis of the ТЕМ images of nanoclusters
studied shows that their spatial structure is better
described by a combination of a close-packed cores
with several thread-like branches, whereas fractal-like
clusters are described by a “loose” structure.

Thus, the results obtained by two different experi-
mental methods give grounds to draw an important
conclusion: the fractal model of colloidal nanoparti-
cles is not suitable to describe the spatial structure of
synthesized nanoclusters.

The results of multi-month studies of the temporal
stability of aqueous solutions of synthesized colloidal
nanoparticles showed that they extremely slowly
aggregate during long-term storage at room tempera-
ture. It was shown that, under the action of ultra-
sound, the observed aggregation can be reverted to a
great extent, which indicates weakness of the newly
formed bonds. An analysis of high-resolution ТЕМ
images of nanoclusters did not reveal the joint growth
of primary nanoparticles during storage.
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