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S
CONTINUUM ELECTROSTATICS INVESTIGATION OF IONIC MICELLES

USING ATOMISTIC MODELS

V. 8. Farafonov,* A. V. Lebed, N. O. Mchedlov-Petrossyan

V. N. Karazin Kharkiv National University, Svobody sq., 4, Kharkiv, 61022, Ukraine
*e-mail: farafonov@karazin.ua

The key parameter related to the structure of the electric double layer of ionic surfactant
micelles — electrostatic potential - is considered. A brief overview of experimental methods
and theoretical models for estimating electrostatic potential is given. The calculating meth-
od for the electrostatic potential based on a numerical solution of the Poisson-Boltzmann
equation using an atomistic model of anionic surfactant micelle is proposed. The parameters
necessary for the construction of atomistic models are obtained from molecular dynamic
modeling. The electrostatic potentials for the micelles of sodium dodecyl sulfate and cetyl-
trimethylammonium bromide at different ionic strengths were calculated by this method.
The results are discussed in comparison with the values calculated in the simplified model, the

Ohshima - Healy — White equation.

Keywords: surfactant micelle, Stern layer, electrostatic potential, Poisson — Boltzmann

equation, solvent-accessible surface.

INTRODUCTION. Micelles of colloidal
surfactants are widely used in different fields
of chemistry and related sciences and techno-
logies [1-3]. Aqueous micellar solutions are
almost transparent and thermodynamically
stable (i.e., reversible) liquid systems [3-5].
They may be considered as the most simple and
at the same time most important and unique
representatives of the so-called organized solu-
tions [6, 7]. Hereafter, we shall consider ion-
ic surfactants, which are diphilic molecules
consisting of a hydrophobic portion and ionic
group. In fact, they are colloidal electrolytes
with a hydrocarbon chain containing from 8 to
18 carbon atoms.

Micelles of a given colloidal surfactant are
formed in aqueous solutions upon reaching
a certain concentration, the so-called critical
micelle concentration (CMC) and at a tempe-
rature equal or above the so-called Krafft point.
The driving force of micellization in water is
the hydrophobic interaction [3-5]. The hydro-
philic parts of the surfactants are directed to-
wards the bulk (aqueous) phase, while the
hydrophobic tails form the internal hydrocar-
bon core. According to the generally accepted
model, these surfactant aggregates are highly
porous, highly hydrated, disordered clusters in
a state of dynamic equilibrium with monomers
in the bulk phase. In the concentration range
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about the CMC, the micelles are several nm-
sized and practically sphere-shaped.

Although many models of the structure of
micelles of ionic surfactants can be found in
the literature, they all agree on the main point.
Namely, an electric double layer (EDL) appears
at the micelle-water interface. The ionic head
groups form the inner layer characterized by
surface electrostatic potential ¥ . It attracts the
counterionsfromsolution, whichformtheouter
layer. Different approaches were proposed
for its description, starting from the Gotiy -
Chapman model, where the counterions are
considered size-less and adopting Boltzmann
distribution of concentration immediately af-
ter the inner layer, and then the Stern model,
where some portion of counterions is assumed
to adsorb strongly and form a thin dense lay-
er (subsequently called Stern layer), while
Boltzmann distribution starts from its outer
boundary. The thickness of the Stern layer is
usually denoted as §, and the electrostatic po-
tential at its boundary is hence denoted as \¥';.
Various departures from this model were de-
veloped beginning with the classical papers by
Stigter [8, 9]. For the counterions in the Stern
layer, mobile and localized adsorption mo-
dels were considered by Rathman and Scame-
horn [10]. Treating micelle formation by small
system thermodynamics, Gilanyi suggested
a diffuse monolayer structure instead of the
idealized Goiity — Chapman model [11]. This
listing can be continued up to the latest works
utilizing molecular dynamics (MD) simula-
tions [12-14].

In many cases, the electrostatic potential is
considered as a key parameter governing the
properties of the micellar solutions of ionic
surfactants, affecting their behavior in photo-
physical and analytical processes, chromatog-
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raphy, shifting of equilibrium states and acce-
leration of a variety of reactions, binding vari-
ous compounds, in synthesis of nanoparticles,
etc. [1-4,7,15]. Consequently, there are many
approaches to determine its value for ionic mi-
celles.

Among the experimental methods, the
most popular and universal one is based on the
application of colored or fluorescent acid-base
indicators [3,15-20]. There, ¥ is determined
using the so-called apparent dissociation con-
stant, K™, of the indicator bound to the mi-
celle and the so-called intrinsic constant, K.,
Eq. 1,

lP:RTlnIO

<(pK! -pK™) ()

Here R, T, F have their usual meanings.

The apparent constant is in fact a two-phase
equilibrium constant because the pH value is
determined in the bulk phase, whereas the ac-
id-base couple of the indicator dye is located
in the micellar palisade. As the pK! value, the
pK.™ value of the same indicator in micelles
of nonionic surfactant is usually used. Some
more sophisticated assumptions to determine
these values are also used [3, 15, 16, 19, 20].
A similar approach is based on using acid-base
equilibria of stable free radicals and the elec-
tronic spin resonance method [21]. A method
of monitoring the fluorescence changes along
with electrostatic potential alterations was de-
veloped for membranes and vesicles [22]. Uti-
lization of the small-angle neutron scattering
method for determination of the surface elec-
trical charge and potential of surfactant mi-
celles is also reported [23].

Yet, all these experimental methods are
based on the use of molecular probes, which
makes their results depending on the chosen
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probe. One of the reasons is the variation of the
probe location in the micelle. In general, the
probes are considered to be located within the
Stern layer, which implies the ¥ in Eq. 1 should
be somewhere between ¥ and ¥, Another
reason is the possibility of specific interactions
between the probe and surfactant. In total,
for sodium dodecyl sulfate (SDS) micelles the
variation of ‘¥, as found using Eq. 1, reaches
about 200 mV [15].

This makes the demand for approaches that
consider the sole micelles and, hence, are free
from this issue. In this connection, the most
relevant approach is the electrophoretic meas-
urement of the electrokinetic (or (-) potential
of colloid particles. No foreign probes are re-
quired, and the obtained ( values characterize
solely the particles and the solution. However,
(-potential is a priori of a lesser magnitude
than ¥ because corresponds not to the surface,
but to some slipping plane located ~1 nm far
from it. Hence it is just a lower estimate of |¥|.
It was supposed that the rough and dynamical

character of the micelle surface due to mono-
mer motion reduces the potential fade near the
surface smearing the difference between the ¥
and ( values [24]. However, this assumption
was later considered improbable because the
slipping plane is located about 0.8 nm farther
than the Stern layer [25].

So that, at present, only theoretical methods
to the stated problem are available. The mostly
used ones are based on solving the Poisson -
Boltzmann (PB) equation, Eq. 2. This equation
establishes the relation between the charge
density of the system and the electrostatic po-
tential created by it. The density is represented
as a sum of two contributions: the fixed one,
which is constant and belongs to the solute, and
the mobile one, which depends on the electro-
static potential distribution in a self-consistent
manner and represents the coions and coun-
terions in the solution [26]. It is this equation
that grounds the Goily - Chapman model of
EDL, as well as the Debye — Hiickel theory of

V() (5,0, 2)) =~ 2 (j;; ) _

0
Here y(x, y, z) is the electrostatic poten-
tial, &, has its usual meaning, p(x, y, z) is total
charge density, (x, y, 2) is the relative permit-
tivity (in the general case it is a function of co-
ordinates, t00), p, is the fixed charge density, ¢
is the total concentration of the electrolyte (as-
sumed here to consist of single-charged ions).
Overall, the solvent is treated here as a con-
tinuum characterized with uniform relative
permittivity, thus, disregarding the discrete
nature of solvent molecules and ions. The so-
lute is also treated as a continuum with some
other value of relative permittivity. The ions are

https://ucj.org.ua
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strong electrolytes.
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originally considered to be point charges oc-
cupying no volume. Nevertheless, by adjusting
boundary conditions the ions may be attribu-
ted with a radius R for interaction with the so-
lute making them unable to approach it tightly,
as is assumed in the Stern model of EDL.

The PB equation is a non-linear differential
equation of the second order, which makes its
analytical solving possible just for the simplest
geometries of charge distribution like uni-
formly charged planes, spheres, or cylinders.
It can be linearized to facilitate solving, but
this procedure is correct for relatively weakly

nh(_ Fy(x,y,2)

27z, RT
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charged solutes only. The approximate analy-
tical solution of this equation in its non-linear
form for a uniformly charged spherical particle
with radius r was deduced by Ohshima, Healy,
and White, Eq. 3 [27]. It will be called Ohshi-
ma - Healy - White (OHW) equation further
in the text.

The authors also derived the formula for cy-
lindrical particles [27]. If the g_value is known,
‘¥ can be calculated and vice versa. In summa-
ry, there are two parameters for a micelle rep-
resented as a homogeneously charged sphere:
radius and molecular area of a head group. In
this respect, it is worth to mention the work
by Lukanov and Firoozabadi who numerically
solved the PB equation modified to incorpo-
rate non-electrostatic solute — ions interactions
for similar geometry [28].

In principle, Eq. 3 may be used to predict
the potential of Stern layer ‘¥, instead of the
surface potential ¥ . In such a case, the surface
charge density is reduced due to the presence
of adsorbed counterions. Hence, the g_value
must be multiplied by (1 - f) to reflect the par-

tial neutralization of the micelle charge, where
B is the degree of neutralization. Additionally,
the r value should be increased to match the
total size of the micelle together with its Stern
layer. It was shown that for well-defined col-
loidal systems like aqueous micellar solutions
of SDS or cetyltrimethylammonium bromide
(CTAB) such calculations give plausible results
(16, 17].

Yet, despite the usefulness of the described
equation, it is a severe simplification origina-
ting from the inability to analytically solve the
PB equation for a case of complex geometry.
However, at present one is no more constrained
to analytical solutions due to the availability of
computers allowing the direct numerical sol-
ving of this equation. Nowadays there is a va-
riety of software developed for this sake [29].
There, the input is the atomistic model of the
system of interest (consisting of the positions
of atoms, their van der Waals radii and atom-
ic point charges) and, the output is the corre-
sponding distribution of the electrostatic po-
tential in surrounding space.

1
81 h(Y /4)] )2
_2RTE Gy oy 1 — 2, Sholeosh(Y /)]
‘ xrcosh” (Y /4) (xr)’sinh*(Y/2) (3)
_E_eNagg . _FTO. _ 2F1
b= RT’ £,6RT

Here, g_ is the surface charge density, s is
the molecular area of a head group on the mi-
cellar surface, N is the aggregation number,
e is the elementary charge, « is the reciprocal
Debye length, I is the ionic strength of a solu-
tion. (represented as a three-dimensional grid
of y(x, y, z) values). The solution parameters
(relative permittivity, temperature, ionic
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strength) are also required. The main benefit
of the numerical approach is that the charge
distribution is considered in all its complexity
with no need to simplify or impose some limi-
tations on its geometry. Additionally, the inter-
polation schemes can be applied for &(x, y, z) at
the solute-solvent boundary to form a smooth
contact between the two continuums. Hence,
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this technique is widely used for studying va-
rious biomolecules and biological assemblies
(lipid membranes, individual proteins, and
protein complexes including viruses) having
an elaborate structure, where it reveals the re-
gions of high positive or negative charge den-
sity [30-33]. However, to our knowledge, such
objects as surfactant micelles have not been in-
vestigated with this method up to date.

This work aims to fill this gap and perform
the numerical computations of the electrostatic
potential around ionic micelles based on their
accurate atomistic models instead of the sim-
plified ones. We chose SDS and CTAB micelles
for this study as the typical and well-defined
ones. The produced results will be contrasted
with the predictions of the simplified model
given by the OHW equation.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Computational procedure. The
parameters of micelles required by the OHW
equation (radius, surface area, degree of neu-
tralization) were calculated grounding on the
molecular dynamics simulations of SDS and
CTAB micelles composed from 60 (the former)
or 80 and 95 (the latter) surfactant monomers.
Unlike SDS, for CTAB there is some spread in
the experimental data about aggregation num-
ber, hence, two values of N, were considered.
We used the last 10 ns interval of the trajecto-
ries generated during our previous investiga-
tions of these systems, for details please refer
to the corresponding papers [13, 14]. The radi-
us was calculated in two ways: 1) as the gyra-
tion radius of hydrocarbon core multiplied by
/573, and 2) as the position of the maximum
of the radial distribution function (RDF) be-
tween micelle center of mass and S (N) head
groups atoms. Both ways provided similar val-
ues (within 0.05 nm).

https://ucj.org.ua

The solution parameters submitted to the
OHW equation were: € = 78.5; T = 298.15 K;
I=0.05M =50 mol m™.

To determine the degree of neutralization
we calculated the radial distribution func-
tion g(d) of counterions around the micelle,
Eq. 4. It shows how much the density of coun-
terions on distance d from the surface dif-
fers from the cell-average value. Preliminary,
the function N(d) was calculated as the total
number of ions laying within distance d from
the surface. The peaks on RDF’s indicate the
regions of increased ions density, hence, it is
reasonable to define the Stern layer as the peak

in g(d).

pd) 1 dN(d) _

Py Py dV(d)

1 1 dN(d)
" An(r+d)’ dd

Where p, is the cell-average number density
of counterions, p(d) is the number density of
counterions at distance d from micelle, dN is
the number of counterions within an infinitely
thin layer around micelle at distance d, dV is
the volume of this layer, which is approximat-
ed by the volume of a spherical layer, r is the
micelle radius.

The input for PB computations was ob-
tained in two stages. At first, the distribution
of electrostatic potential around micelles was
calculated using the Adaptive Poisson - Boltz-
mann solver (APBS) software [34,35]. The box
size was chosen similar to the MD cell size,
namely 8 nm for SDS and 10 nm for CTAB,
and grid dimensions were 257x257x257. The
micelle was centered in the box. Relative per-
mittivity was set to 78.5 for water and 2 for mi-
celle (matching higher alkanes like n-decane).
Radius of solvent molecules was set to the

g(d)=
(4)
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default value that is 0.14 nm. Because we deal
with highly charged systems, non-linearized
version of Poisson-Boltzmann equation was
chosen. Both the cation and the anion of the
background electrolyte were single-charged
and were attributed with radius 0.1 nm for SDS
and 0.2 nm for CTAB matching the ionic radii
of Na* and Br, respectively [36]. The computa-
tions were carried out at a range of electrolyte
concentrations from 0.05 M to 1 M including
the case of no electrolyte.

The atomistic models were obtained from
the above stated MD simulations of SDS and
CTAB micelles. For each surfactant, 3 models
were prepared by extracting instantaneous
configurations from MD trajectory at 10 ns,
15 ns, and 20 ns. The atomic point charges
were taken from the used potential models,
which belong to the optimized potentials for
liquid simulations - all-atom (OPLS-AA) force

field [13, 14]. The atomic radii were provided
by gmx editconf utility executed with -mead
option specified.

The second stage was averaging the spa-
tial distribution of the electrostatic potential
w(x, y, z) over relevant regions to get meaning-
tul average values, which can be interpreted and
compared with predictions of other methods.
The quantities predicted by analytical models
of micelles are usually related to the distance
from the micelle surface, while the micelle
shape itself is considered as a simple geometric
form (sphere, cylinder etc.). However, in our
case it appears non-trivial to define the concept
of “distance from micelle surface” because the

atomistic models have rough, irregular shapes
preventing the application of simple geometric
criteria like distance from the micelle center of
mass. Consequently, it is difficult to outline the
regions for averaging the y(x, y, z).

Fig. 1. A: The principle of calculation of solvent-accessible surfaces. Dark blue circles - CH

, groups

of hydrocarbon core, dotted orange circle — a head group, red line “vdW” - van der Waals surface of
hydrocarbon core, light blue outlined circles - solvent probes with radius R, light green outlined circle -
solvent probe with radius (R, + x), solid and dashed violet lines — SAS of hydrocarbon core obtained with
the smaller and the bigger probes, respectively. The former SAS establishes the origin of the distance scale,
d = 0, and the points of the latter SAS are considered as located on distance x from the hydrocarbon core.

B: SDS micelle within its solvent-accessible surface. The regions of the surface located within 0.4 nm
of S atoms are highlighted orange, and the regions within 0.5 nm of two S atoms are highlighted white.
S and O atoms are shown as red and yellow spheres, respectively.
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We solved this problem by employing sol-
vent-accessible surfaces (SAS). According to
the definition, SAS is the locus of the center of
a spherical probe as it rolls over the accessible
regions of the van der Waals surface of object.
The probe radius R is usually set to the approx-
imate radius of water molecules R, that is 0.14
nm. In turn, the van der Waals (also called mo-
lecular) surface is the union of atom-centered
spheres each having the radius set to the van
der Waals radius of the corresponding atom
[37]. Here we generated the solvent-accessible
surface of the hydrocarbon core of micelles us-
ing the gmx sasa utility with the default value of
the probe radius (0.14 nm) and increased pre-
cision (parameter -dots 100). The head groups
0SO,” and CH,N(CH,)," were omitted in the
calculation as not forming the surface but pro-
truding from it. This SAS was considered as the
actual micelle surface, and it set the origin for
measuring distance d towards a bulk solution:
all points of this SAS were attributed with d = 0.
Further, a series of SAS was generated using
larger probe radii of (0.14+x) nm where x
ranged from 0.05 to 1 nm. These surfaces were

larger than the original one and represented an
accurate equivalent to the notion “the place of
points at distance x from micelle”. The princi-
ple is illustrated in Figure 1A.

These surfaces were used then as the regions
for averaging the electrostatic potential distribu-
tion. The average of y(x, y, z) evaluated over the
surface generated using probe radius (0.14+x)
nm was considered as the ¥ value at distance
d = x from micelle surface. Because each surface
was intrinsically represented as a set of points,
and the potential distribution was a three-di-
mensional grid, calculation of the average value
was done by enumerating the surface points and
summing up the values of potential there, which
were in turn determined via trilinear interpola-
tion between the neighboring grid points. Im-
portantly, not all surface points were used here,
but only a subset: we excluded the SAS points
located closer than 0.4 nm to any S (N) atom
of head groups and the points within 0.5 nm of
two or more S (N) atoms at the same time. The
justification is provided in the Results section
below. An example of a SAS with the indication
of the excluded regions is shown in Figure 1B.

Table 1
The parameters of micelles and subsequent solutions of OHW equation
surfactant N r, nm s, nm? | |¥ |, mV | B | |V |, mV
aggr 0 8
SDS 60 1.81 0.686 139 0.48 94
CTAB 80 2.22 0.774 134 0.61 75
CTAB 95 2.35 0.731 138 0.65 74
Table 2
Electrostatic potential of micelles from numerical solution of PB equation at I = 0.05 M
surfactant wcer ¥ |, mV [¥(0.2)], mV | |¥(0.4)], mV |¥,|, mV
SDS 60 100 85 68 75
CTAB 80 149 106 76 70
CTAB 95 151 111 85 78
https://ucj.org.ua 61
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Firstly, we focus on the theoretical predic-
tions of the OHW equation. The parameters
of micelles obtained from MD simulations (7,
s, ) and the subsequent solutions of Eq. 2 are
collected in Table 1. For Y, calculation, the
micelle radius r was increased by 0.1 nm in
order to reflect the incorporation of neighbor-
ing ions (the s value was accordingly changed,
too). We deliberately chose the addition less
than § because the visual examination of MD
trajectories revealed that most of these coun-
terions are located in between the head groups
or alongside them, therefore, do not advance
far towards a bulk solution. The analysis of
g(d) graphs suggested placing the Stern lay-
er boundary § at about 0.32 nm for SDS and
0.45 nm for CTAB, Figure 2. The correspond-
ing f8 values found as N(8)/N,  are 0.48 and
0.61, respectively. We note that the experimen-
tally determined f values vary within the range
of 0.5-0.9 for different surfactants and depend
on the method used [3, 15].

There is no significant difference found be-
tween ¥ values of CTAB micelles composed of

60

——SDS _

1 |- cTAB
50

40 4
s j
= 30+ o
20+ /

104 /

O T T
0.0 0.2

0.3 0.4 0.5 0.6 0.7
d, nm
A

80 and 95 monomers indicating the negligible
effect of the micelle size in this case.

Now we turn to the results of PB calcu-
lations. From the qualitative point of view,
visual examination of the electrostatic poten-
tial distribution depicted as equipotential sur-
faces (isosurfaces) reveals its complex shape.
v(x, y, z) is quite uniform near the regions
where the hydrocarbon core is exposed to wa-
ter, however, it sharply increases in magnitude
upon approaching the head groups. Its gradi-
ent increases there, too, as is evidenced by a
tighter spacing between isosurfaces: there the
magnitude reaches >260 mV/nm, while far
from head groups it drops to <80 mV/nm.

To get quantitative results we averaged
v(x, ¥, z) following the procedure described in
the Computational procedure section. The pre-
vious observations motivated us to exclude the
vicinities of head groups from averaging: these
regions, while having comparatively small total
area, are located at y(x, y, z) values very dif-
ferent from the rest of the surface. Therefore,
keeping them would distort the average.

0.6

——8DS
1 ™ ---- CTAB
054 |
|
!
1
044 |
] 1
S i
5 037 |
024 |
1
0.1
0.0 T T T T T T 1
00 01 02 03 04 05 06 07
d, nm
B

Fig. 2. A: the number of counterions at given distance from micelle surface; B: radial distribution
function of counterions around the micelle. The origin corresponds to the solvent-accessible surface of

hydrocarbon core.
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The produced dependences of ¥ on dis-
tance from micelle surface and ionic strength
are presented in Figures 3, 4A and summa-
rized in Table 2. The profiles demonstrate
the expected behavior of gradual monotonic
decrease towards zero with distance and ion-
ic strength. At similar conditions, ¥ around
CTAB micelles have a larger magnitude than
around the SDS ones. It should be emphasized
that the data for high ionic strengths is rather
evaluative because all the computations were

0

-204

404

¥, mV

60

d, nm

A

done using the same atomistic model. While
at such conditions the micelles usually change
shape from ellipsoidal to rod-like.

A feature of the numerical computa-
tions is the possibility to handle the case of a
“bare” micelle in the absence of counterions
and background electrolyte. In this case I = 0
and «' tends to infinity preventing the use of
the OHW equation. The estimated ¥ values
equaled -535 mV and +630 mV for SDS and
CTAB micelles, respectively.

Fig. 3. Profiles of electrostatic potential fade with distance for SDS (A) and CTAB (B) micelles at dif-

ferent ionic strengths.

140+
120
100

80+

¥ ), mV

60

40 |

20 T T T T 1
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I'M

160
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B

Fig. 4. A: Dependence of surface electrostatic potential on ionic strength for SDS and CTAB micelles;
B: Profile of electrostatic potential fade with distance for CTAB micelles of different sizes at I = 0.05 M.
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Table 3

Effect of counterions radius on ¥ from the numerical solution of PB equation
at I = 0.05 M. The original values are highlighted in bold

|¥,|, mV
surfactant
assr Ri =0.2 nm Ri =0.1 nm Rl. =0
SDS 60 130 100 71
CTAB 80 149 106 74

To check the robustness of the presented
results, we varied several factors, which can af-
tect the computed y(x, y, z) distributions.

The graphs presented above were produced,
basing on a single model for each micelle.
To estimate the effect of the choice of con-
figuration, we repeated the computations at
I = 0.05 M using two other models. The pro-
duced VW profiles were within 5 mV at d = 0 and
within 3 mV for larger d indicating that using
a single model is enough to get a correct result.
The possible reason is that the main structur-
al motifs of the micelle surface are observed at
any time during the evolution of its shape. We
note that the values in Table 2 are averages over
three models.

Next, because of the uncertainty with N
of CTAB micelles we repeated the computa-
tions using the models with N, =95 instead of
80. Both results are confronted in Table 2 and
Figure 4B. It is seen that while some difference
is present, the profiles agree well: the ¥ values
almost coincide at the shortest (<0.15 nm) and
longest (=0.7 nm) d values. In between the dis-
crepancy is no more than 10 mV that is mo-
derate. This is in line with the behavior of the
OHW equation.

A crucial factor is the radius of ions of the
background electrolyte. We tested the values
0.2 nm for SDS (instead of 0.1 nm) and 0.1 nm
for CTAB (instead of 0.2 nm). Also, the point-
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like case (R, = 0) was checked. Unlike the previ-
ous factors, here the influence appeared signif-
icant for both kinds of micelles: each decrease
of R by 0.1 nm reduced |¥ | by 30-40 mV, Ta-
ble 3. This effect is expected due to the appear-
ance of counterions closer to the surface.

Finally, we tested the influence of the com-
putation parameters. The box size increase to
12x12x12 nm® and the grid dimensions de-
crease to 129x129x129 were found to cause
the negligible difference of ¥ (<3 mV).

First of all, the comparison of results in Ta-
bles 1 and 2 shows that both OHW equation
and numerical computations provide the mag-
nitude of ¥, in the range of 100-150 mV for
both kinds of micelles. The closer look, how-
ever, reveals a discrepancy: while OHW equa-
tion predicts almost equal |¥ | for SDS and
CTAB (within 5 mV), their numerical results
are much different (by ~50 mV). This behavior
seems rather surprising because both ways are
based on the same theory (that is Eq. 2) and
requires explanation.

The main distinction between the ways is
the geometry of the model: while the OHW
equation represents the micelle with head
groups as a smooth sphere with the uniformly
distributed charge, in numerical computations
the protrusion of head groups from the hydro-
carbon core and their discrete charge is taken
into account.
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The second distinction is more subtle but
no less important: in the derivation of the
OHW equation, the ions were treated as point
charges implying they approach infinitely close
to the solute. Oppositely, the used software for
numerical solution allowed tuning the dis-
tance of the closest approach between the ions
and the solute in terms of ions radii R. As was
mentioned before, this parameter strongly af-
fects the results. The examination of Table 3
shows that if equal radii are used, the ¥ values
of SDS and CTAB become much closer (with-
in 7-20 mV) resembling the behavior of the
OHW equation.

Still, there remains the difference in pre-
dicted ¥ magnitude. Surprisingly, the closest
match between OHW and numerical predic-
tions is observed for R, = 0.2 nm instead of
zero size. We attribute this fact to the geome-
try of the models via the following qualitative
consideration. The discrete head groups have
a high charge density. When their charge is
smeared across the whole surface, the charge
density proportionally decreases. As a result,
such uniformly charged surface exerts pro-
portionally weaker attraction to counterions.
This, however, leads to exponentially smaller
concentration and charge density of the ap-
proached counterions. Therefore the origi-
nal surface charge becomes neutralized to a
lesser extent resulting in higher |¥ | values.
To achieve the same magnitude in numerical
computation one has to artificially prevent
counterions from accumulating around high-
ly charged head groups by attributing the ions
with ~0.2 nm radii.

Considering the surface potential of “bare”
micelles without counterions, its large magni-
tude against the |V | values in Table 2 indicates
the effect exerted by the outer part of EDL.

https://ucj.org.ua

Turning to the potential of Stern layer ¥,
both ways agree that for CTAB it equals ~75 mV.
For SDS the numerical result is -75 mV. Its
direct comparison with the OHW solution is
impossible because of the discrepancies de-
scribed above.

To summarizing, in our opinion the distinc-
tion of results of the used ways is caused by the
different treatment of head groups and coun-
terions. Among the two ways, we have a pre-
ference for the numerical solution because it
implies fewer simplifications and assumptions
and, thus, provides a more realistic treatment
of the examined systems. Nevertheless, the
analytical equation produces the values of cor-
rect magnitude with much less computational
effort.

CONCLUSIONS. The surface electrosta-
tic potential ¥ of micelles of common sur-
factants sodium dodecyl sulfate and cetyltri-
methylammonium bromide was estimated
by two theoretical approaches based on the
Poisson - Boltzmann equation. The analy-
tical equation derived for uniformly charged
spherical particles and point-like counterions
was found to provide similar ¥ values for both
micelles. Oppositely, the numerical solution
with the geometry of the systems accurate-
ly reproduced and ions attributed with radii
equal to their ionic radii resulted in pronounc-
edly higher ¥ of CTAB micelles than of SDS
ones. Namely, at background electrolyte ionic
strength of 0.05 M the values equaled +150 mV
and -100 mV, respectively. By the same ap-
proach, the electrostatic potential on the
boundary of the Stern layer ¥, was found to
be ca. +74 mV and -75 mV, respectively. The
discrepancy between the approaches was ex-
plained on the basis of the assumptions and
simplifications made in them.
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KOHTWUHYAJIbHO-EJNIEKTPOCTATUMHE L0CHI-

JDKEHHSI MOHHWX MILEN I3 BUKOPUCTAH-
HAM ATOMICTUYHUX MOAENEN

B. C. ®apagonos,* O. B. /le6iov,
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PosrnanyTo nurtaHHA mpo KIHOYOBUM IIa-
pameTp, HOB’si3aHMIT 3 OyZOBOIO IOABINHO-
ro €JIeKTPMYHOIO ILIapy Mile/n MOHOIeHHUX
ITAP, - enexrpocratnynmit norenniaa. Hase-
JNEHO KOPOTKMII OITIAJ, €KCHEPUMEHTA/IbHUX
METOJ|iB Ta TEOPETUYHUX MOJIe/IeN i1 OL[iHKU
€/IeEKTPOCTAaTMYHOIO IOTEHIIia/Ty. 3aIIPOIIOHO-
BaHO METOJ, PO3PaXyHKY €IeKTPOCTATUYHOTO
NOTeHIliany, AKUI 6a3yeTbCcs Ha YMCETbHOMY
po3p’sa3anHi piBHAHHA [lyaccona - Bombima-
Ha, 3 BUMKOPMCTAaHHAM aTOMICTMYHOI MOJei
miuenn ionoresHol ITAP. Heo6xigHi gia no-
OyZOoBM aTOMICTMYHUX MOJeJell IapaMeTpu
OJlep>KaHO 3 MOJIEKY/IAPHO-AVHAMIYHOIO MO-
JenoBaHHA. [3 BUKOPUCTaHHAM LIbOTO METO-
Iy PO3paxoBaHO €NEeKTPOCTATUYHMUI IIOTEH-
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ian i Minen popennacynb@ary Harpioo Ta
OpoMify LeTW/ITpUMEeTIIaMOHII0 TPy pi3sHUX
ionHnx cwmax. Pesynpratm  06roBOpPIOIOTH
IIOPiBHAHO 31 3HAYEHHAMH, PO3PaXOBAHUMMU
B paMKax CIIPOIIEHOI MOfei 3a PiBHAHHAM
Ommmu - Xini — Yaiira.

KnrouoBi croBa: Millenla IOBEPXHEBO-aK-
TUBHOI pedoBuHM, wmap IllrepHa, enexrpo-
CTaTWMYHMII TOTeHnian, piBHAHHA Ilyacco-
Ha — bonbliMaHa, JOCTYIIHA JI/14 PO3YMHHIMKA
IIOBEPXHA.
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0COBJINBOCTI EJIEKTPOBIQHOBJIEHHA Li,CO, B EKBIMOJIAPHOMY

PO3MJABI XJIOPUAIB HATPIHO TA KANIHO

I. A. Hoeocenosa"', C. B. Kynewosg', A. O. Omenvuyx’, B. M. buxog?, O. M. ®ecetko’

! Tnemumym 3azanvroi ma Heopeaniunoi ximii imeni B. I. Beprnadcvkoeo HAH Yxpainu, npocn.
Axaodemika Ilannadina, 32/34, Kuie 03142, Yxpaina

2 Incmumym ¢isuku HAH Yxpainu, npocn. Hayxu, 46, Kuis 03028, Yxpaina

*e-mail: inessa_nov@ukr.net

HagepnieHo pesynbTaTu TOC/IiIXKEHDb e/1eKTpOoXiMiuHOro BinHoBieHHs Li CO, B posiiase-
HilT eKBIMOJIAPHIil CyMilm X7TOpUAIB HaTpilo Ta Kaylilo B Pi3HUX Ta30BMX CepefoBUIIAX (IO-
BiTps, aproH, AioKcup Byr/eno). BigHoBnenHa Li,CO, mo Byrento Ha moBiTpi BifOyBa€eTbCsA
4yepes CTalifo MonepeaHboi XiMigHOI peakIlil KMCTOTHO-OCHOBHOI'O TUITY 3 yTBOPEHHAM JIBOX
€JIEKTPOXIMIYHO aKTMBHUX YaCTUMHOK CO2 i LiXCO32'X 3a notennianis -0,8 Ta -1,7, Bigmo-
BigHO, BifHOCHO Pb|PbCl, enexrpopa mopiBHAnHA. O6MBa IpOLeCH HE3BOPOTHI, IPUYO-
My fimiTyiodoro craziero BifHoBnenHa Li CO™ e nudysia nenonspusaropa 10 moBepxHi
enektpoyia. B atmocdepi aprony ta CO, y mpoleci e1eKTpOBiTHOBIEHHSA bepe yJacTb /uiie
LiXCO32"‘. Metomamu POA, CEM ta KP-ciekTpockomnii BCTaHOB/IEHO, 1110 KaTOAHMI IIpoO-
AYKT — Ije aMOp(HMII ByI/Ielb i3 BUCOKOI PO3YIOPSAIKOBAHICTIO. AITIOMEpOBaHi YaCTVHKI
CKJIaJJAI0ThCA 3 JIeTPajJoBaHNUX IpadeHOBUX CTPYKTYP i3 IpuOMM3HUM po3MipoM KpucTati-
TiB — 30-40 HM.

KimrouoBi cnoBa: xap6oHaT JiTiio, €l1eKTPOBITHOB/IEHHSA, PO3IUIABY COJIeil, BYIJIEIeBi
HaHOMaTepianu.

BCTYII. BuBueHHIO 0COOMMBOCTEN €/1eKT- IPOBITHMX HAyKOBUX LIeHTPiB cBiTy [1-10].

POBUJIIIEHHs BYIVIEII0 i3 KapOOHATHMX i
rajIoreHi[HO-KapOOHATHUX PO3IUIaBiB Ipu-
CBSIYEHO BENMMKUI LMK POOIT, MOYMHAYN
3 nmo4y. XX cT. BcTaHOBnEeHO, 110 3a MEBHUX
YMOB eNIeKTPOJi3y Ha KaTofi (opMyeTbcsA
dasa Byreno y BUILAAL ITiBOK abo mopo-
wKiB i3 100% BUXOZOM 32 CTPyMOM ab0 YTBO-
proerbcsa MoHooKceup, Byrnent CO. B ocran-
Hi 10 pokiB 1eif HapsAM JOCTIi)KeHb HaOyB
0c00/IMBOI aKTYa/lIbHOCTI i IpUBepTae yBary

70

Ile mOB’s3aHO 3 NEPCIEKTVBOI BUpillIeHH:
3a JIOIIOMOTOI0 IIbOrO IIPOIEeCy BaXK/IMBOIO
€KOJIOTIYHOI0 3aB/IaHHA — YTU/Ii3alil JiOKCH-
Iy BYITIELIO, 110 BXOAUTDb IO CK/IAJy IIapHMU-
KOBOTO rasy.

Ha cporogHi BifioMo, 11O /11 OTPYIMaHHA
BYIJIEL[}0 BUKOPMCTOBYIOTh TEPMiYHO HECTINMKi
KapOoHaTy mepioi i fpyroi rpyn mepiogud-
HOI cucremu, a came: Li,CO,, Na,CO,, MgCO,,
CaCO,, BaCO, [11-16]. bararo nuranb 1mo70
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Moposorii, CTpyKTypu i AUCIIEPCHOCTI BYT-
NIelleBUX NMPOAYKTIB BilHOB/IEHHA OFHO3HAY-
HO He po3KpuTo 1 goci. Haltyacrine BuB4a-
NN eeKTPOBiHOBNIEHHA KapOOHATy JiTiio
K B YUCTO KapOOHAaTHUX, TaK i 3MilllaHMX
rajIoreHiTHO-KapOOHAaTHUX pO3IlIaBax, aje
JiTepaTypHi BiJOMOCTI 3 €IeKTpOBUMiNEH-
Ha Byrreno i3 Li,CO, mictaTh nimy Husky
posbixkHocTeit. Hampukiazm, He BU3HAYEHO
€IVHOTO MeXaHi3My, 3a AKUM BifOyBaeTbcs
enexkrposifgnosnents Li CO,, To4HO He BCTa-
HOBJIEHO TIOTEHIiaNN, 3a AKX YTBOPIOETHCA
BYIJIEllb, HE BPaXOBAaHO BIUIMB KaTiOHHOTO
OTOYEHHsI Ha OCOOMMBOCTI pO3psARy Kapbo-
HaT-aHiOHy Ta MOpPQOJIOriyHi i CTPYKTypHi
BIACTUBOCTI ByIneneBux (a3, He 3’sAcOBa-
HO, AKi e/leKTpOXiMiuHi 4YacTMHKM OepyThb
y4acTb y mporeci Tomo. Mertoo poboTu
0y710 BUBYEHHs IIPOLECY elIeKTPOBiJHOB-
nenna Li,CO, Ha doni posnnapnenoi cyminri
NaCl-KCl y mmpokomy pgiamasoni KoHIjeH-
tpaniit  Li,CO, (1,0-15,0x10* momb/cm?),
mBupKocTeit momsapusanii (0,02-0,10 mB/c)
Ta pi3HUX ra30BKUX aTMocdepax (mMoBiTps, ap-
ron Ta CO,).

EKCIIEPMMEHT I OBI'OBOPEHH/ PE-
3YJIbTATIB. Oco6mBOCTi €IeKTpOBifHOB-
nenns Li,CO, BMBYQ/MM METOMOM IMKIIYHOTL
BO/IbTaMIIepoMeTpii 3a Temneparypu 750 °C,
HIBUJKOCTAX nonsapusauii - V = 0,1, 0,05, Ta
0,02 B/c, y mupoKoMy fiamasoHi NOTeH1ialiB.
JocnipKeHHA NpOBOAMIN HA IOBITPi, B aT-
mMocdepax aprony i CO, y KBapIjoBiit Ta cTa-
neBiit (po3pobieHiit a1 poOOTH Mif TUCKOM)
KoMipkax (puc. 1).

Pobounmn enexTpomamu (KaTopamm) CiIy-
IyBa/ay IUIATVHOBI TOIYACTi Ta IIACTMHYACTI
enekTpopu mwiomero ~0,24 i ~3,6 cM? Biosif-
HO. SIK aHOZ (MOTOMIKHMII eIeKTPOJ]) BUKO-

https://ucj.org.ua

pucroByBanu ckinosyrienesi (CB) mmactunn,
IUIOIA NTOBEPXHi AKMX Oy/Ia 3HAYHO Oi/lbIIOIO
3a IIOBEPXHIO KaTofa. EnexTpogamy mopiBHAH-
ua (EIT) 6ymu Pt kBasio6epuennit (Pt|O,/0%)
ta cunuesuit (Pb|PbCL) enexrpomm.
PO3IIJIaBJIEeHOTO  €/IeKTPOJIiTY BUKOPUCTOBY-
Ba/IM CK/IOBYIJIELIEBI, a/IyH/IOBi Y IIJIATMHOBI
TurI. EnexTpoximMiyHi KOMipKM poO3TalloBY-
Baym y nedi «CIIIOJI-1.1.6» i3 BepTUKa/IbHOIO
HarpiBa/JbHOK MIAXTOK, TEPMOCTAaTyBaHH:A
AKOI 3a0e3IevyBasy 3a JJOIIOMOTOIO e/IeKTPO-
HHoro norenuiomerpa «KBII-1503» Ta mna-
TUHO-IIJIATUHOPOJIEBOI TEPMOIIAPY AK JaT4M-
Ka TeMIIEpaTypu.

DOHOBMM €NIEeKTPONIITOM CIyryBaia pos3-
IJIaB/IeHa eKBiMoyspHa cymim comeit NaCl-
KCI (1:1). NaCl ta KCI (xBamidikamii «x. 4.»)
HOTIepeIHbO CyIIMIN 3a Temmeparypu 150 °C
YIpPOLOBX 12 rofyH i3 moganbmM CIijiaB/sgH-
HAM y IJIATMHOBOMY TUIJIi 32 TeMIlepaTypy
700 °C. OXonomKeHnii pos3IIaB pO3TUPAIN
B araTtoBilil CTymIi i IOBTOPHO BUCYIIyBa-
mu. Li,CO, («x. 4.»), BUCYIITyBa/Iyu YIIPOTOBX
24 ropun 3a temneparypu 200 °C.

[l BOMbTaMIIEpOMETPUYHMX HOCTIIKEHDb
Ta IPOBEJIEHHA €/IEKTPOJIi3iB BUKOPUCTOBYBa-
mu norenuiocrar «I1V-50-1» i3 mporpamaro-
pom «IIP-8». Peectpanito BombTaMieporpam
3[i/ICHIOBA/IM Ha JBOKOOPAVHATHOMY IIpUJIa-
mi «JIK[I-4» i3 mopmanpmmM ouyudpyBaHHAM
3a JIOIIOMOTOI0 IIPOTPaMHOTO 3abe3IedeHHs
«GetData Graph Digitizer 2.26».

IIpomykTu BiTHOB/IEHHA XapaKTepuU3yBau
metopaM POA (mudpakromerp « IPOH-3M»,
CuKa-Bunpominenns), CEM (pacrposmuit
enekTponHmit Mikpockorn «JEOL JSM-35») Ta
criextpockorii KPC («Renishaw inVia Raman
Microscope», Ne-He-nasep i3 HOBXMHOIO
XBUIi 633 HM).
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Puc. 1. (a) - Cxema crameBoi repMeTUIHOI
YCTQHOBKU A/Is1 pOOOTH i TUCKOM: 1 — CTa/IbHMIL

PeaKTOp aBTOK/JIABHOIO THUIIY; 2 — KBapLIOBUI
CTaKaH; 3 — TUreNb; 4 — IHQUKATOPHUIL €NeKTPOJ;
5 — enexTpop NOPIBHAHHA; 6 — TEpPMOIAPa;

7 — CTPYMOIIPOBiZ; 8 — BOJAHE OXOJIOIKEHHA
peakTopa; 9 — K/lalaH CKUJAHHA TUCKY B KaMepi;
10-3’enHyBa/IbHMII ITAHT; ] | - KpaH peryIoBaHH:A
nopaui rasy; 12 - cranpuuit pecusep (V = 2 n);
13 - maHOMETD.

(6) - Cxema KBapIOBOI eMeKTPOXiMiTHOI
KOMipku s poborm B raszoBii aTmocdepi:
1 - KBapuoOBMII CTakaH; 2 — WITyLep A Ba-
KyyMyBaHHs; 3 — Kinblle 3 pisp0oro; 4 — cTanbHa
raiika; 5 — gropommacToBa BTy/IKa; 6 — Kilblie i3
BaKyyMHOI r'ymu; 7 — Kinblie i3 ¢proporiacra; 8 —
npoOKM 3 BaKYyMHOI Tymy; 9 — iHAVIKaTOPHUI
eneKTpon; 10 — enekTpoj NOpiBHAHHA; 11 -
CTPYMOIIPOBOAIM 1O aHOfa; 12 — tepmormnapa; 13 -
TpyOKa 1 mopiadi cosneit; 14 — CTOIOpPHe Kinblie;
15 - TepMocTiliki maibu; 16 — anyHmoBi TpyOKu.

72

Pesynbratu BOnbTaMIIEpOMETPUYHUX JIO-
CIIi>KeHb BiTHOBJIEHHS Kap60HaTy JIiTiIO B aT-
Mocdepi OBITpsl HaBefieHO Ha puc. 2. AHai3
OTPMMAHMX Pe3y/IbTaTiB I10Ka3aB, 1O PO3PAL
(GOHOBOTO €NIEKTPONITY 3 BUJICHHAM JIyX-
HOTO MeTa/ly IIOYMHAETbCA 3a IOTeHIliany
~-1,8 BBimHOCHO Pb|PbCl2 EIl (xpuBal). Xog-
HJX JJOJATKOBMX XBJ/Ib Ha BOJIBTaMIIEpOrpami
HE PEECTPYEThCH, 10 CBIJYUTH IPO BifCYT-
HiCTb CTOPOHHIX foMimok. Y posmras NaCl-
KCl mocnmigoBao (mo 0,25x10° Monb/cm?)
momasamu Li CO,, mounHaouu 3 KOHIEHTpa-
il 0,1x10° monb/c™m’. InTepBan Mk 3HiMaH-
HAM BOJIbTaMIIEPOrPaM 32 Pi3HMX KOHI[EHTpa-
IIif1 CTaHOBUB He MeHIIe 10 xB.

i, MA
1S, =3,6cm

504 ===

-50 4

-100 +

0,5 10 1,5
C[Li,CO,] X102 M/em?

T T T T T T T

2 -1 0 1
E vs. Pb|PbCL, B

Puc. 2. Bonprammneporpamu posmnasy Na,K|Cl
(1), mo mictus Li,CO,: (2) - 0,5, (3) - 1,0, (4) -
1,5 x 10° monb/cm>. t = 750 °C; V = 0,1 B/g;
S, =36 cM? Pb|PbCl2 EIT; armocdepa nosiTps.
BcTaBka — 3a/IeKHICTb CU/IM CTPYMY Bijj KOHIIEH-
tpauii Li,CO,.

3a KoHIeHTpauii y ¢oHOBOMY po3IUiaBi
0,5x107 momp/cm® Li,CO, B xaTonHiit o6mac-
Ti MOTEHIia/IiB Ha BOJbTAMIIEPOIPaMi peecT-
PYIOTb Bi XBUIIi KI iKzan EH/2 =-0,45Ta-1,6 B
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BigmoBsigHoO (xpuBa 2). Ha 3BopoTHOMY XOpi
BO/ITAMIIEPOTPaMM, B aHOAHIN o6macTi, iM
Bi/IIOBilaloTh XBUMi A Ta A, (En/2 = +0,2 Ta
-1,2 B BifIOBigHO), 1110 XapaKTepU3yIOTh OKVIC-
HEHHA IIPOAYKTIB KaTOJHOIO BiJIHOB/IEHHA.
[Topmanpiie 36inblIeHHS KOHI[EHTPALii Li,CO,
y posmnasi (puc. 2, xpusi 3, 4) 3yMOBIIOE
3POCTaHHs BUCOTU AK KaTOHOI XBui K, Tak
i aHonHOi A, 10 1i1 BifinoBifjae. Bucora XBuib
K, i A, 3anmuua€rbca NpaKTUIHO HE3MiHHOK.
BinOyBaeTbcsa He3HauHe 3MillleHHS ITOTEHIia-
JiB KaTOJHMX i aHOJHMX XBU/Ib Y TIOSUTUBHY
obnmacte. Ilporec, sikoMy BifnoBimae XBMU-
na K, KOHTPONMIOETHCA MIBUJKICTIO [OCTaB-
KU JemnonApusaTopa O IIOBEPXHi €/IeKTpPo-
71a, OCKiIbKM TIpU 30i/bllIeHHI KOHIIeHTpaIil
Li,CO, y posnnasi (kpusi 3-4) BinOyBaeTbcs
IpAMO TIPOIOPLiiiHE 3POCTAaHHA CUIN CTPY-
MYy, IO BifnoBimae mikaM IuX XBWIb (puc. 2,
BCTaBKa).

I, MA
50

18,=024cw A
25 4

0
-25 4
-50

=75 4

E vs. P{O,/0*, B

Puc. 3. Bonbramneporpamy po3IIaBIeHol Cy-
mimi Na,K|CI-Li,CO, (0,75x10~ momb/cm®) B pi3-
HUX iHTepBajax CkaHyBaHHA OTeHIiany. t=750°C;
S_ = 0,24 cm? Pt|O,/O* EIT; atmocdepa moBiTps.

https://ucj.org.ua

Ko [UKIYHYy BOJIBTAMIIEPOrpaMy 3a-
ICaT B IHTEpBa/li PO3TOPTKM IIOTEHIIia-
JiB, AKUI He [IOCATa€ MOTEHIany XBUIII K2
(-2,25 B), nanpukian, B iHTepBam Big 0 go
-1,2 B (mynkTHupHa niHidg, puc. 3), To, AK i y BU-
HafIKy, KoM BOJIbTaMIIepOrpaMy 3aluCyBalIn
B iHTepBasi norenuiamis Big 0 go -2,25 B (cy-
Li/IbHA JTiHiA, puc. 3), B aHOAHI 06acTi mpu
E , =-0,45 B (BisHocHo Pt|O,/O* EII) Takox
peecTpyroTh OfHY XBWIH0. [le cBigunTh Ha KO-
PUCTB TOTO, 1[0 XBU/ISL A XapAKTEPUIYE OKUC-
HEHHA IPOJYKTY, YTBOPEHOTO B iHTEpBaIi I0-
TeHianis xsui K.

HasBHicTh m0oOpe BiATBOpPIOBaHUX XBUJIb
Ha BOJIbTaMIIepOrpaMax JO3BOAE OLIHUTH JIi-
MITYIOYi CTaJIii eIeKTPOJHOTO MPOLIECY i IeAKi
jioro nmapaMmeTpu. XapakTep CTafiii IepeHeceH-
HA 3apAAy BU3HAYA/IM 33 3aTa/IbHOIPUITHATI-
MU KPUTEPIAMH, a CaMe:

— 13 3aJIEKHOCTI NOTEHILia/lly HAaIiBIIKY
KaTOJHOI XBWIi BiJi WIBUJKOCTI MOIAPU3ALil
(xpurepiit lenaxes [17]):

E ,=-CRT/an F - In(D"?)RT/an F +

+In(k’ )RT/an F - In(an v'?)RT/an F) (1)
neE ,, — TIOTEHIia/I HAMiBIIKY, B; C - xoH1eHTpa-
LI leno/sApu3aTopa, Mojb/cM’; R — yHiBepcasib-
Ha rasoBa craia, [bxMonb-K; T - Temneparypa,
K; & - xoedirtieHT nepenocy; 1 - KibKicTb efex-
TPOHIB, 5IKi O€pPyTb y4acTb B eleKTPOJHOMY IIPO-
neci; F - crana @apapest, Ki/monb; D - koediri-
ent mudysii, cM’/c; k°. — reTeporeHHa KOHCTaHTa
HIBAJKOCTI €7IEKTPOJHOTO IPOLECY; V — IIBUJ-
KicTb nojspu3atiii, B/c.

— 3a 3HAYEHHAMU IIOTEHIIia/Ny MiBIIMPUHA
niky (AE=E_ - E ) (xputepiit Marcymu -
Asbe [18]):

AE=1,857 RT [ an F (2)
3MeHILEeHHs IBMUJKOCTI CKaHYBaHHSA IIO-
TeHIiany (piuc. 4) 3yMOB/IIOE 3MEHIIEHHS CU/IN
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CTpyMy, LIO BIJIOBifla€ IMiKaM KaTOZHUX Ta
AQHOJHMX XBWJIb, 1 3MillJeHHs TOTeHIiany 060X
XBWIb Y TIO3UTUBHY 00/1acTb. 3rifHO fiarHOC-
TUYHOIO Kputepiro [lenaxed 1ie CBifuuTh PO
Te, 0 €/IEKTPOXiMi4Hi Ipouecu B IjbOMY iH-
TepBaJli IOTEHIia/liB HE3BOPOTHI. I3 piBHAHHA
Marcyau - Asbe po3paxoBaHO KoedillieHTH
niepeHocy 3apsany, i xsunb K, i K, BoHu no-
piBHIOIOTD 0,26 Ta 0,41 BigIIOBigHO.

I, MA

S, =024 cv? A

y ---- 0,1 Blc
......... 0’05 B/C
— 0,02 B/c
‘50 T T T T T T
-2,0 -1,5 -1,0 -0,5 0,0

E vs. P{/0,/0*, B

Puc. 4. Bonpramneporpamu po3IIaB/lIe€HOl CyMi-
mi Na,K|CI-Li,CO, (0,75x10~ Momb/cm’) 3a pisHux
IBMAIKOCTeN CKaHyBaHHs. t =750 °C; S_= 0,24 cM%
armMocdepa noBiTps

Jemo iHIMII XapaKTep MalOTh BOJIbTAM-
neporpamu BigHoBnenHs Li CO, B atmocde-
pi aproHy Ta BYIJIEKMC/IOTO a3y IIif TUCKOM.
3a xonuentpanii Li CO, 0,75x107 monb/cm’
y po3IIaBi Ha BOIbTaMIIEpOrpaMax B aTMOC-
depi aprony (puc. 5, a) pikcyoTh nuiie ofHy
xaropuy (E = -1,5B) xBumo K, a Ha 3B0poT-
HOMY XOJIi pO3TOPTKM IIOTEHIiaTy BiJIIOBIgHY
it anopny A, (E_, = -0,7 B) xBuio (morenui-
amu BKasaHo BiHoCcHO Pb|PbCl, EII). 3a 3Mmi-
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Hu arMocdepu 3 nosiTps Ha CO, i nocrymo-
BOMY 30i/IbIlIeHH] JI0TO TUCKY HaJl pO3IIaBOM
(puc. 5, 6) Bucora xsui K, sMeHIIyeTbcs i 3a
trcky 0,5 MIIa ii IpakTUYHO He peECTPYIOTD,
y To¥i yac Ak BucoTa xpunb K, i A, 36impiry-
€TbCA.

I, MA a

504 S, = 3,6 cm? A

75 Apron
2,0 -1,5 -1,0 -0,5 0,0
E vs Pb|PbCL, B
L MA 6
204 S =3,6cm® A2 A
0 -
-20 4
40 -
—  LiCO,
-60 - s +CO (5 am.)
R .
-2,5 -2,0 -1,5 -1,0 -0,5 0,0
E vs Pb|PbCL, B
Puc. 5. BombrammeporpaMm po3IUIaB/I€HOL

cymimi Na,K|Cl-Li,CO, (0,75x10” monb/cM®) B
armMocdepi aprony (a), moBiTpsA Ta BYITIEKVCIOTO
rasy 3a tucky 0,5 MIla (6). t = 750 °C, V = 0,1 B/c,
S_=3,6 cm?, Pb|PbCL EIL.
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I3 merot0 ifenTH(dikaLii TPOXYKTIB eneKT-
POBiTHOB/IEHH (IIPUPOAN KATOZHMUX XBWJIb)
IIPOBEIEHO TOTEHLIOCTAaTUYHI €IeKTPOoIi3n
(t = 750 °C) sa norennianis E, = -1,0 B (i =
0,08 A/cm®) Ta E, = -1,8 B (i, = 0,15 A/cm?)
Ha TOBiTpi. B 060X Bumazgkax micis enekrpo-
N3y TPUBAJIICTIO 2 TOAVHY Ha KaTO/i yTBOPIO-
Ba/ICA TEMHI CO/IbOBI «Ipyllli» — TBepAa Cy-

Lo enekTponisy

MIIl IPOAYKTIiB €/IeKTPOJIi3y Ta €IeKTPOJIITY
(puc. 6, a). ConboBa CK/IafjoBa «rpyliii» gobpe
pO3UMHAIACA Y TapAYiil JUCTUIbOBAHIN BOJL,
IpyY LIbOMY Ha [IHi CTaKaHa 3a/IMIIABCA JVIC-
IIEpCHUIT YOPHUI IIOPOIIOK, AKUI BigMUBa-
IV TIpY KVIT ATiHHI 10 HeraTMBHOI peakiil Ha
xmopuj-itod. OTpuMaHuii MOPOIIOK CYIUV/IN
3a temneparypu 105-130 °C Ha noBiTpi.

6
E=-18B
E=-10B
10 2I0 3I0 4l0 SIO 6I0 7|0 8I0
20, rpan.
D
_ e
I/1,=122

2650C'

1585

I/, = 1,05

1000 2000 3000

PamawniBCchKHit 3¢yB, cM!

Puc. 6. ®oto Pt kaTopa ;0 Ta micisa enekTpomnisy (a), peHTreHiBcpki audpakrorpamu (6), CEM-
306pakeHHs (8) Ta PamaH-crieKTpy (2) KaTOXHUX IPOAYKTIB, OJleP>KaHNX €IeKTPO/Ii30M PO3IIIaBIeHOl
cymimi Na,K|CI-Li,CO, (2x10° monb/cM®) mpy moTeHIanax, IO BifMOBIZAOTb PISHUM XBUILAM

BO/IbTaMIleporpam 3a temmeparypu 750 °C.

https://ucj.org.ua
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Metopom POA (puc. 6, 6) BCTaHOB/IEHO, 1110
KaTOJHMI IIPOAYKT B 060X BUIAZKaX — aMop(-
Huit Byrens. [Ipo amopdHicTp Byrremno cBiz-
9uTh TOM (pakT, Mo Ha mudpakrorpamax pe-
€CTPYIOTb po3MuTnii (3a 26-21°) ta cmabkoBu-
pakenuii (3a 43°) miku (rano), XapakTepHi st
aMOp(PHO-KPUCTAIIYHOTO BYT/IELo (rpadiry).

Mopdororito Ta CTPYKTYpPY eleKTpOIiThy-
HIUX IOPOLIKIB BYITIEL}0 BMBYAIM METONAMMU
CEM Tta KP-cmexrpockomii. I3 306paxeHb
CEM (puc. 6, 8) BUJIHO, 1110 aI7IOMepOBaHi yac-
TUHKI CKIQJJAl0OThCA 3 JerpafioBaHux rpadi-
TOBUX CTPYKTYp. 3arajJibHUI1 BUIJIAL, Harapye
MOJIeJIb «IIOM SITOTO IAIIepy».

Metonom KPC BcTaHOB/IEHO, 1IIO BYTJIELb,
SKUI Ofiep>KaHuil 3a pisHuX noreHnjianis (-1,0
Ta -1,8 B), Mae BUCOKY pO3yHOpPSAIKOBAaHICTH
(medexTHicTh). Ha 1e Bkasdye Bucoka iHTeH-
cuBHIiCTh miky D (wacrora 1318-1327 cm™),
KUl TIOB’SI3aHUII 3 TOPYLIEHHAM rpadeHo-
BOI CTPYKTYpM, a TAaKOXX BJCOKi 3HAa4€HHH
CIIiBBimHOIIEHHA iHTeHCcHBHOCTI mikiB D Ta G
(puc. 6 ¢). CepenHilt po3Mip KpucTasmiTiB ByT-
JIeTeBOTO MPOAYKTY ckaafae 30-40 HM (po3pa-
xoBaHo 3a ¢popmyroro Tuinstra — Koenig [19]).

Bigminu y mopdororii (puc. 6, 6), xapak-
tTep PamaH-crexTpiB (puc. 6, 2) IpOAFyKTiB
BiJHOB/IEHHA JAIOTh IiICTaBy BBAaXKaTH, 1110 3a
3a3HaYeHNUX YMOB (pi3HHUIA NMOTeHLiaiB Bif-
HoBjteHH: 0,8 B) ByIyielb yTBOPIOETHCS Ha Ka-
TOJI 3 2-X Pi3HMX €/eKTPOXiMiYHO aKTUBHUX
gactuHoK (EXAY).

Ha ocHOBi aHanmi3y IuX eKcrepuMeHTasb-
HUX JAHMX MOXKHA 3aIIpOIIOHYBAaTM HacTYI-
HIIT MeXaHi3M eneKTpoBifHoBnenHs Li,CO, y
XJIOPUJHOMY PO3IIABi.

ITepmia xkarogHa xBua K | BI/ITIOBI/Ia€ €/1eKT-
posigHosnenuo CO,. Ileit mponec MOXHA
OIMCATH 3ara/JibHUM piBHAHHAM (1):

3CO, +4eé>C+2CO>. (1)
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CO, yTBOPIOETHCA B PE3Y/IbTATI TEPMIYHOT
puconianii Li CO, 3a XiMiuHOI0 peakiliero (2),
CIIpollleHe PiBHAHHA fAKOI MOXKHA 3aIlMcaTi B
ionHomy BurIAAi (3):

Li,CO, 2 Li 0O + CO, (2)
CO,> 2CO, + O*. (3)

PiBHoBarm (2) i (3) uyTnuBi go 3MiH raso-
BOTO CepefJOBMILA HaJl PO3IIABOM, OCKIZIbKI B
iHepTHOMY cepefjOBMIIIi aproHy Ta B aTMOCde-
pi CO,, Ha BonmpTammeporpamax (puc. 5) dik-
cywTb nuiie kKatogay xsunio K, (E , =-1,5 B)
I BigmOBifiHY 1il aHONHY XBUIO A, (EH/2 =
-0,7 B), a xBuni K ,Ta A BifcyTHi. BifcyTHicTh
IIUX XBWIb IOSCHIOETbCA TUM, 1[0 NPYU 3MiHi
arMocdepu BifOyBaeTbcs 3MillleHHs piBHOBAr
(2) 1 (3) y niBy cTOpOHY.

3a morenuiany karogHoi xBui K, BifbyBa-
eTbcs enexTposifHosnenns Li,CO, (EXAY -
Li CO,*™) 3 yTBOpPeHHAM BYIJIELI0 33 PeaK-
miero (4):

CO* +4e~> C+30". (4)

Ile migTBEpXEHO JiTEPaTypPHUMM [JaHMU-
mu. Jenimapcepkuit 10. K. i3 cmiBp. [20] mpu
pocmipkenti enekrposigHoBnends Li CO, y
XJIOpUIHOMY PpO3IIJIaBi Ha MOBiTpi, MeTopa-
Mu ocumnorpadivHoi nmosporpadii ta xpo-
HOIIOTEHI[IOMETpPii NPUIIYCTUIN, 10 IIPOLeC
enexktposigHoBnenns CO,* € cTyminyacTum is
IIOTIEPENHBOI0 KiHETUYHOK PEAKIIEI0 KUCIOT-
HO-OCHOBHOTrO THIy. IlifTBepIKeHHAM 1IbOTO
¢dakTy TakoX € poboTa KOJIEKTUBY aBTOPiB
KyHMiHCPKOTO yHiBepCUTETYy HayK! i TeXHO-
norit [21]. MeTonoMm TepMorpaBimMeTpil BOHU
BCTAaHOBI/IM, IO TIPOLieC Aucomiarii kapbo-
HaTy JITiI0 fy>ke 3a7IeXXUTh Bij atMocdepu, B
AKIN IPOBOJATH PO3K/IA/IaHHA.

[TinTBepKeHHSM 3pOOTEHNX BUCHOBKIB
MOXKHa TaKOXX BBXKATM Pe3y/IbTaTu poOiT
[6-16], ockinbku Ha BOJIbTaMIEpOrpaMax,
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OTPMMaHNX ABTOPaMI 3a3HAYEHUX CTaTel, y
pO3IUIaBax, 0 MIiCTATH KapOoHAT JiTito, 3a-
¢dikcoBaHO KaromHi XBWI, fAKi BifmoBimamu
YTBOPEHHIO BYIJIELIEBUX CTPYKTYpP 3a IIOTEH-
LiaiB, OMIM3bKMUX O BCTAaHOB/IEHMX Hamu. Ha
Bi/IMiHY Bi/l BUKOHaHUX HaMI JOCITiJKEHb, aB-
TOpHU poOiT [6-16] eKcriepuMeHTI IIPOBOLYIIN
nuiie B aTMocdepi aprony, TOMy KaTOZHY XBU-
mo K| He peectpyBan.

SIx BKasaHO Bulle, €IEKTPOXiMiuHi Mpo-
necn (1) ta (4) € He3BOPOTHUMMU, OCKibKU
MOTEHIIia/I 000X XBU/Ib 31 3MIHOK IIBUIKOCTI
CKaHYBAaHHA 3MIHIOIOTbCHA, a TAKOX PISHUIA
MK morenuiamamu (E  -E )i(E -E )
3HayHO OinbIna, HDK I 4-X eIeKTPOHHOTO
000pOTHOTO IIEPEHOCY 3apALY.

3a MoTeHIia/liB aHONHUX XBUIb A, Ta A,
BiZIOYBaIOTbCs TaKi IepeTBOPEHHS:

C+2CO,* > 3CO, + 4¢, (5)
C+20*~> CO, + 4e. (6)

He BukmroyeHo, 10 mifi 4ac el1eKTpOIisy
MOKHa yTBOPUTH Kap6if mitito Li,C, y pesyib-
TaTi CyMiCHOTO €/IeKTPOBiIHOB/IEHHA i0HIB JIi-
TiI0 Ta KapOOHATY, SIKMII 3a TeMIlepaTyp, BU-
mux 3a 650 °C, Moxke po3KIafaTucsA Ha JIiTii
i ByI7enb.

Buxin Byreno 3a crpyMoM Ipy €7IEKTPOTi3i
craHoBUB 40-60%. Lle Morno 6yTy HacmigKoM
BTpaT IpU BifMMBaHHI IPOAYKTIB BiJJHOBJIEH-
Hs Bozoio (He 6inbire 3-5 mMac.%); MOOIYHMX
peaKuiil Ha KaTofi: XiMiYHMM BiJHOBJIEHHAM
kap6onar-iionis (CO,” + C > CO, +CO) Ta/
abo syrnekucnoro rasy (CO, +C > 2CO);
OKVICHEHHAM Ha aHOJIi OfIEP>KaHOTO BYIJIEIIIO,
OCKIZIBKM €/IEKTPOJIHI IIPOCTOPU He i3071bOBaHi
OIIVIH Bif] OTHOTO.

BVCHOBKJ. EnextpoxiMiyHe BifHOBJIEH-
HA KapOOHATYy JITiI0 € CKIaJHUM IIPOLecoM,
IO CYNPOBOKYETbCA HU3KOK MOX/IMBUX

https://ucj.org.ua

no6iunmx peakuiit. ITepe6ir mporo mporecy
(cxkmag EXAY Ta obmacTh IMOTEHI[iasiB Bif-
HOBJIEHH:1) 3aJIOKUTH BiJj aTMOCdepu ra3oBo-
IO CepefoBNUILA HaJl PO3IUIABOM i MPOTIKae B
HOBITpsiHIN aTMocdepi yepes cTafiilo momepe-
IOHDBOI XiMiYHOI peakxIiii KMCIOTHO-OCHOBHOTO
TUITy 3 YTBOPEHHAM €I€KTPOXiMi4YHO aKTUB-
Hux 9actuHok CO, i LiXCO32’X, AKi BITHOBJIIO-
I0TbCA 3a pisHuUX norenyianms: -0,8 Ta -1,7 B
(Pb|PbCI, EII) BiamosigHo. B arMocdepi apro-
Hy Ta BYIJIEKMC/IOTO Ta3y 3a BEIMKOIO TUCKY
IIpOIleC IPOTIKa€ Yepe3 yTBOPEHHA KaTiOHHO-
ro kommekcy Li CO >, Akuit BifHOBMIOETbCA
[0 BYTJIELIIO.

SE;/I Il my6nikanis mixrpumana mkepenom

¢inancyBanna HamionanbHol akape-
Mii HayK YKkpainu Ne 0118U003438.

PECULIARITIES OF ELECTROREDUCTION
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Recently, preparation of carbon materials by
molten salt electrolysis has been demonstrated
as a promising way of carbon capture, utiliza-
tion and storage. This paper discusses the results
of studies on the mechanism of carbon electro-
deposition reactions in molten carbonate salts,
especially voltammetric investigations. A CV
study of the electroreduction of Li,CO, against
the background electrolyte NaCl-KCl was car-
ried out. It was found that the electroreduction
of Li,CO, to carbon occurs through the stage
of a preliminary chemical reaction of acid-base
type with forming of electrochemically active
particles - CO, and Li CO,** at potentials of
-0.8 and -1.7 V (against Pb|PbCI2 reference
electrode), respectively. Both processes are ir-
reversible, and the electroreduction of Li CO,**
takes place with diffusion control of the deliv-
ery of the depolarizer to the electrode surface.
Electrolysis of melts have been carried out un-
der potentiostatic conditions in an air atmo-
sphere at different potentials (E = -1.0 and
-1.8 V) at the temperature 750°C. The product
yield was 40-60%. Compositions, morpholog-
ical and structural peculiarities of carbon pro-
ducts have been studied by XRD analyses, SEM
and Raman spectroscopy. XRD study shows
that a symmetrical halo occurs at 20 ~21 and
43°, suggesting that obtained carbon materials
are amorphous. The ratio of the intensities of
D and G bands (I /I.) on Raman spectra was >
1 that indicates the extent of defects and impu-
rities in the electrolytic carbon or the presence
of ultrathin carbon. Agglomerated particles
consist of degraded graphite structures with an
approximate crystallite size of 30-40 nm. Their
general appearance resembles the model of
“crumpled paper”.

The electroreduction of Li,CO, to carbon
in molten salts presented in this study is envi-

78

ronmentally benign and affordable, providing
a promising route for the production carbon
nanomaterials. Also, this work highlights the
possibility of using Li,CO, as a precursor of
high-temperature electrochemical synthesis of
various carbonaceous materials, in particular,
tungsten carbides.

Keywords: lithium carbonate, electrore-
duction, molten salts, carbon nanomaterials.
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MODERN RESEARCH METHODS OF PHYSICOCHEMICAL AND ELECTRO-

CHEMICAL PROPERTIES OF ELECTROLYTES FOR Li-ION BATTERIES
AND HYBRID SUPERCAPACITIES

V. A. Diamant

V. I. Vernadsky Institute of General & Inorganic Chemistry NAS Ukraine, Akad. Palladin Avenue,

32/34, 03680 Kyiv, Ukraine
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In review examinei base properties of modern non-aqueous electrolytes for Li-ion batte-
ries and hybrid supercapacitors taking part in the formation of power density, electrochemical
and thermal stability. Discussed such aspects as the electrolytes functions in electrochemical
power sources, physicochemical and electrochemical properties of electrolytes for superca-
pacitors, the physicochemical and electrochemical properties of electrolytes for primary and
secondary batteries, and methods of electrolytes research. As the base methodi for electrolytes
studies considered: electrochemical impedance spectroscopy, voltammetry, amperometry,
viscosimetry, and combined Ramman spectroscopy.

Key words: electrolyte, non-aqueous solvent, operating life, impedance, voltammetry, vis-

cosity, conductivity.

INTRODUCTION. Modern electrolytes
are complex physico-chemical systems which
properties are formed by all components of
these systems. Hence, receiving new know-
ledge about interactions between components
of electrolytes could give the ability to move
the properties of electrolytes according to their
application. Today, we have a rather limited
amount of methods to study the physicochemi-
cal and electrochemical properties of modern
electrolytes. These are classical methods of
density measurement [1-4], scanning calorim-
etry [5-8], thermal gravimetric analysis (TGA)
[9-11], and electrochemical methods: conduc-
tivity measurement [12-14], cyclic voltamme-

82

try [15-16], and electrochemical impedance
spectroscopy [17-18]. The study of electrolyte
systems in - situ is a more difficult task because
it needs non-destructive physicochemical and
electrochemical control methods [19-20] and
is closely connected with the functions of elec-
trolytes in electrochemical power sources and
energy storages. In dependences of these func-
tions, the research methods could be changed.
For a better understanding of the ability of
methods, it is necessary to know the differences
in these functions according to various types of
energy storage/power sources. Also, the great
interest performs impact of solvent or mix-
ture of solvents on ending properties of such

ISSN 2708-129X. YKp. xim. XypH., 2020
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electrochemical systems. So, the main aim of
this review is to combine specific tasks for the
control of working parameters of batteries or
capacitors with properties of electrolytes.

The electrolytes functions in electrochemical
power sources (EPS). The charge transfer is the
base function of electrolytes in chemical power
sources. The conductivity y of electrolyte forms
by the ion transfer component. The component
with an electron transfer function contributing
to the self-discharge of the element. The basic
requirements for the electrolytes in all cases are:

- high ionic conductivity;

- electrochemical stability window of at
least 4.5 V on a platinum electrode

- temperature range of the electrochemi-
cal window in the liquid state from - 60 °C to
+ 60 °C;

- no corrosion activity happening to struc-
tural materials (aluminum and copper current
collectors, steel housing, etc.) [21].

Some particular requirements exist only for
supercapacitors. Their electrochemical capaci-
ty depends on the number of charges, so very
concentrated electrolytes and the use of ionic
liquid lead to better performance. The region
of electrochemical stability on the electrolyte
plate narrows down from 4.5 V to 2.5 V, when
the working material is replaced with porous
carbon. Therefore, for the electrolyte used in
the supercapacitor, the following characteris-
tics decrease: the electrochemical stability win-
dow is not less than 2.5 V by solubility - 0.9 M
and more [22-23].

Physiochemical and electrochemical proper-
ties of electrolytes for supercapacitors. Often,
for the preparation of the electrolyte, conven-
tional solvents such as acetonitrile, propylene
carbonate, and other carbonate solvents and
their mixtures are used [23-24]. Last year, the

https://ucj.org.ua

solutions of tetrafluoroborate tetraethylammo-
nium in acetonitrile are implemented in batte-
ries manufacturing and the researcher domain.
The last is charged up to the capacity of 2.5 V
[23-28]. This salt has high electrochemical
(~ 2.8 V on carbon) [26] and thermal stabi-
lity (320 °C) [27]. But it is expensive to pro-
duce and highly toxic at the same time. Also,
the hydrolysis with traces of water and fluo-
rine-containing anion results in HE, which can
lead to corrosion of the hull and the current
collector. Therefore, the search for cheap, easy
to manufacture, and environmentally friendly
analogs of this salt is highly relevant.

Other types of known electrolytes are based
on ionic liquids [29, 30, 31] and polymer elec-
trolytes [22-24, 29]. They create a low vapor
pressure, simplifying the assembly stage of the
power source and providing fire safety.

The physicochemical and electrochemical
properties of electrolytes for primary and se-
condary batteries. The properties of an electro-
lyte flow in the batteries are of great importance
since it is the main way to transport the rea-
gents to the electrodes. Thus, it affects the ope-
rational reliability of the entire electrochemi-
cal system. The requirements for electrolytes
are simplified and do not change during the
last decades for the primary power sources in
the presence of irreversible chemical reactions
[32]. In contrast to primary, the secondary
power sources can cycle. The secondary power
sources need a higher electrochemical (ope-
rating potential range) and thermal (operating
temperature range) resistance to ensure high
operating life. Modern electrolytes have suffi-
ciently high values of the potentials operating
range (3.5-5.1 V) [33-40]. Salt components
have significant thermal stability (100-400 °C)
(Table 1) [33-40].
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Table 1

Composition, operating temperature range, and potentials operating range
of commercial and laboratory electrolytes for secondary power sources.

Salt component T,C Elec'troch.eml.cal stability (solvent Literature cited
in which it was measured)
LiClO, 400 °C 5.1 V (propylene carbonat [33, 34],
LiAsF, 340 °C 4> B [33,35]
propylene carbonate
LiBF, 293 °C 5.0 V (propylene carbonate) (33, 35]
LiPF, 30 (36 117 4.5V (propylene carbonate) [41, 36, 35, 33]
o . o 51B [33], [37],
Lithium triflate 300 °C (sulpholane) 38 p. 318],
o 50V [42], [37],
propylene carbonate 360°C (propylene carbonate) [38 p. 318], [39]
Lithium Methanide 340 °C 4.0 V (tetrahydrofuran) [39]
LiSO,F 360 °C 4.9 V (y-butyrolactone) [40]
. L . . Table 2
Electroconductivity of the lithium salts in aprotic solvents.
e
= — E Z
— = e n —~ .
*Crpy -1 5 = 5 @) i [ Literature
0, mCm*Cm Jg G\E 2 5 o O cited
o - wo ’(‘P'j
(1.0 M 25 °C) in TIK 34 58 57 56 1.7 5.1 (33], [35]
(1.0 M 25 °C) in EK/DMK 4.9 10.7 11.1 8.4 9.0 [33], [35]
(Lo M 25°C)
in PC / DME 9.46 15.3 14.8 13.5 6.12 12.6 [35]

Nowadays, the industry samples contained
mainly lithium compounds that have some
operational problems. For example, LiClO,
solutions in organic solvents can explode du-
ring exploitation [33]. LiAsF, and its decom-
position products are toxic. LiAsF, and LiBF,,
LiPF, are sensitive to hydrolysis since their
products - PF,, BF,, and AsF, initiate solvents
polymerization. In addition, these reactions
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result in lithium fluoride, which stimulates the
creation of a blocking film with cyclic carbonate
on the electrodes [43, 37]. The other disad-
vantages typical for these fluorinated salts are
high cost, limited use with cathode materials
based on manganese spinel, and environmen-
tal hazards. But, despite the pointed problems,
LiPF6 remains today the most common salt for
liquid electrolytes in lithium-ion batteries with
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different cathode and anode materials [43]. Al-
though LiPF, begins to decompose by tempe-
ratures above 30 °C, even being in an electro-
lyte [41, 36, 35, 33].

Also, LiSO,F does not dissolve in solvents
which have proved to be efficient for lithi-
um EPS. The lithium triflate solutions in
non-aqueous solvents are inferior to other sys-
tems in terms of electrical conductivity. Lithi-
um methanide and imide lead to corrosion of
aluminum current collector [33, 37, 44].

Methods of electrolytes research. Analysis of
the electrolytes features gives grounds to as-
sert that CEI and CVA are the most informa-
tive methods for the study of electrochemical
properties of electrolytes. For the determina-
tion of the ion’s transportability of electrolyte,
the density measurements are also actual.

Electrochemical impedance of lithium-ion
battery. Spectroscopy of electrochemical im-
pedance (SEI) has been promoted in recent
years, and the number of objects under study
is constantly growing. Many studies are used
to understanding the processes into chemical
power sources and their components. The elec-
trochemical impedance spectroscopy could be
used to study the battery as a whole [18, 4750,
54] or its parts (electrode or electrolyte) [20,
52, 5558]. Modeling allows us to understand
the mechanisms of formation conductivity
in liquid [55], solid and polymer electrolytes
[57], colloidal solutions [52], and other hete-
rogeneous systems. When modeling an elec-
trolyte system and determining its elements,
additional physical and chemical values such
as the relaxation time of the system [18,56],
and the diffusion coefficient (via calculating
the Warburg impedance) should be identified.
A very important aspect in research of lithium
and sodium secondary power sources is to in-
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vestigate the properties, formation, and func-
tioning conditions of a solid protective film
formed on cathode and anode materials after
the first cycle due to the destruction of some
electrolyte part [45-48, 50-51, 54]. The only
possible way to carry out the study of this film
without opening the battery is to construct an
electrochemical model of the system, which
will allow us to interpret the data obtained by
electrochemical impedance spectroscopy and
calculate the values of interest [47]. Most of the
equivalent schemes constructed to explain the
impedance of a lithium-ion battery follow one
of the three examples (Fig.1) [17, 47]:

a |

Fig. 1. Basic equivalent schemes of a lithi-
um-ion battery: a unit model - without the solid
passivation film on the surface of the electrode (a);
2 models - with the solid passivation film on the
surface of the electrode materials (b, ¢). SL - indi-
cates elements of the scheme associated with a solid
passivation film, R, - resistance of solution, C -
capacity of the passivation film, R - resistance of
the passivation film, C - capacity of the double

electric layer, Z_ — boundary impedance.
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As a rule, we have to consider the formation
of a passivation film on the metal surface of the
current collector (or often oxide corrosive film)
and the formation of a solid electrolyte film on
the surface of the cathode and anode material,

as well as the formation of a double electric layer
[47]. Models of this type are given in Fig. 2.

According to [46], model equivalent circuit
diagrams of the battery before discharge and
after may differ significantly (Fig. 3)

Cse Ca
| | [
R, | B
TavavaW I
Fa¥alal W aWa¥aly W
RGEI RCI

Fig. 2. Equivalent circuit diagram of the battery, considering the corrosion film on the surface of the
current collector and the solid electrolyte film on the surface of the electrode material [45]. W - the War-

burg element, Rb - resistance of the electrolyte, R, -

resistance of the passivation film, Rct - resistance of

cathode, C,, - capacity of the passivation film, C - capacity of the double electric layer.

R1 CPE1 CPE2 CPE3
a =N >> > >
R2 R3
R1 CPE1 CPE2 CPE3 CPE4
b —mm " > > > >>
R2 R3 R4

Fig. 3. Model equivalent circuits of the battery before discharge (a) and after discharge (b) [46].

This model has more than two constant
phase elements connected with “capacitance
dispersion” due to electrode porosity, surface
roughness, and heterogeneities [19]. Also, such
interpretation partially corresponds to the
Voight’s model for rubber-like materials (im-
pedance at the local contact area between flexi-
ble surface film and electrode) [17, 59]. More
reasonable is a model that takes into account
the simultaneous transport of electrons and
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ions in the counterflow (Figure 4) [47]. More
reasonable is a model, that takes into account
the simultaneous transport of electrons and
ions in the counterflow (Figure 4), [47]. Among
all the mentioned examples, R elements and
the double layer capacity of CSL / SOL could be
attributed to the electrolyte component of the
batteries because the electrolyte is directly in-
volved in the formation of a solid surface film

and ionic conductivity.
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Fig. 4. Model equivalent circuit scheme of lithium-ion battery [47].

The conception of polymer electrolytes
(PEs) is a highly specialized and multidisci-
plinary field that covers the disciplines of elec-
trochemistry, polymer science, organic and
inorganic chemistry. The good mechanical
strength, ease of thin film fabrication with de-
sirable shapes and the ability of forming good
electrode/electrolyte contact are the main ad-
vantages of dry SPEs. The electrolyte scheme
[17, 57-59] of a polymer electrolyte composed
in a cell following the order Li | Polymer | Li is
simpler (Fig. 5.). This equivalent circuit con-
sists of two shunted CPE elements and closely
connects with electrode porosity [19].

R1
VAN

CPE1 CPE2
R3

CedleT
Fig. 5. Equivalent circuit of polymer electro-

lyte [58].
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Attempts to construct equivalent models of
primary power sources (lithium), sodium-ion
battery, lead, Nickel-cadmium, Nickel-metal
hydride batteries, and their electrodes are also
reviewed [60]. All the described models need
to be revised and refined.

Thus, the modeling of electrolyte systems
is carried out periodically, in general, use the
universal model [17]. We find this approach
fundamentally wrong, as it does not consider
the relationship between conductivity mecha-
nism and the electrolyte aggregate state, as well
as the dissolved salt-solvent interaction. How-
ever, these relationships form the prerequisites
for changing the conductivity mechanisms.

Another method, often used in addition to
modeling equivalent circuit diagrams, is the
direct measurement of the active impedance
component. However, the imaginary part of
the impedance also has a significant effect due
to thermal stress. It depends not only on the
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capacity of the double electric layer on the
electrode surface but also on the change in its
structure after chemical transformations. It is
formed due to the diffusion of ions, which
is increasingly fixed in the low-frequency
range. Therefore, the high-frequency range
is not always advisable, since at a frequency
above 103 Hz the diffusion of the ions will be
blocked [61].

So, EIS could be used to study electrolytes
properties in-situ without the destruction of
batteries and separately to detect their proper-
ties during contact with the electrode surface.

Voltammetry of electrolytes. The voltamme-
try method allows for the investigation of the
overall electrochemical stability of the electro-
lyte and defines the so-called «electrochemi-
cal stability window» (the potentials interval

0

J—

23

where electrochemical processes are impos-
sible), as well as the electrochemical reactions
where the individual electrolyte components
participate. Reference voltammetric studies are
done on platinum electrodes, but the electrodes
and current collectors used in real systems are
made from copper, aluminum, and carbon.
Therefore, voltammetric studies are carried out
on noble metals - silver and gold, as well as
on aluminum, copper, and glassy carbon [62].
The peaks of all these electrodes are associated
with extraneous processes, such as oxygen re-
duction, reduction of the surface oxide film,
reduction/oxidation of surface groups, etc [62].
The characteristic window of electrochemical
stability of different classes of organic solvents
with tetraalkylammonium (a) and a lithium
background salt (b) are shown in Fig.6 [63]:

4 5 6

[ ethers

| E( in relation to L1L1+)

esters

alkylcarbonates

hitriles

Fig. 6. The electrochemical stability of solvents.

Using voltammetry detected that many
modern electrolytes have a low range of elec-
trochemical stability. Their decomposition
takes place at the potential range from 0,5-2 V.
The typical products of solvent decomposition
and the most popular in studies of background
salts LiCIO, and LiPF, are presented in Table
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3. Moreover, it was shown the impact of salt
anion on the electrochemical and temperature
stability of electrolytes by voltammetry. In the
case of the salicyl borate anion - the coordi-
nate covalent bond in the aromatic nucleus has
shifted the recovery peak to higher potentials
(Table 4).
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Table 3

V. A. Diamant

The products of electrolyte decomposition [63].

Solvent and other components

Possible reduction products

Potential limit relative to Li/Li*

0, LiO,, Li,0, 15-2V
H,0 LiOH 1,5-12V
HF PF, LiF, LiXPFy 1.8 and below
Eters ROLi Below 0,5V
esters ROCOOLi (carboxylates) Below 1,2V
alkylcarbonates ROCOOLI, ROLi Below 1,5V
ethylene carbonate CH,(OCOOLi), CH,=CH, Below 1,5V
CH,CH(OCOOLI),
3
propylene carbonate CH,0COOLI, CH,CH=CH, Below 0,5 V
dimethyl carbonate CH,0COOLi, CH,OLi Below 1.2V
LiClO . LiCl, LiCIOX Below 1V
LiPF, LiE LiXPFy Below 1 V
LiE, LiCF,, LiSO CF,,
1 3 2 3
LiN(SO,CF,), Li,NSO,CF. Below 1V
Table 4
Reduction in the first cycle of lithium bis(Saltillo)borate substitution
in the aromatic nucleus to Galogen atom [64].
Recovery Recovery
The salt components of the potential at The salt components of the potential at
the first cycle the first cycle
electrolyte . electrolyte .
relative relative
to Li/Li*, V to Li/Li*, V
0] (@]
F o 0.75 Br o
S 112 S 13
o/ \0 : 0/ \0 ’
L E 1.45 L Br
® 0 ® 0
Cl i o cl 2 Cl
CﬁL R b B 135
o/ \O 1.65 o/ \O ’
Li Cl Li Cl
® o) (¢]] ® lo)
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Measurements of densitometry and ampero-
metry to evaluate the electrical conductivity of
electrolytes. Known, that in non-aqueous sol-
vents, the autoionization of the solvent, if pro-
tic, will be different to water, meaning that the
ionization of these functional polymers will be
different. In aprotic solvents, there will not be
autoionizable protons, so solvent-solute pro-
ton transfer is not possible. The formation
and stabilization of charges in non-polar low
dielectric solvents is known to be challeng-
ing, and so it is not surprising that identifying
ionic species in electrolytes is challenging. At
another hand, introducing insulating phases
into non-aqueous salt solution leads to
remarkable conductivity enhancements,
an effect ascribed to the breaking up of
ion pairs. This new class of electrolytes
combines the high ionic conductivities
of liquids and the beneficial mechanical
properties of soft matter [65].

Electrolyte viscosity is a macrosco-
pic property, although its foundation lies
on molecular-scale interactions between
solvent and ionic species. A comprehen-

<
-

12

10

Conductlvity (mS.cm)

sive understanding of viscosity behavior o -

with respect to solvent composition, salt
concentration and temperature is only
possible with correct interpretations of
molecular interactions and related quan-
tities. For this purpose, the use of a combina-
tion of methods gives more corrective and in-
formational results.

So, the following methods are widely used
to study the physicochemical properties and
conductivity of non-aqueous electrolytes: di-
electrometry, differential scanning calorimetry,
densitometry, viscometry and combined Ram-
man spectroscopy [66]. Such studies found
the ability to form solvat complexes of metal
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cations with solvent components. Analyzing
these calculations could determine the nature
of ion solvation and the mechanism of charge
carrier growth depending on the salt concen-
tration. The difference between the conducti-
vity nature of the systems based on lithium and
sodium was established. It depends upon the
structure and charge of the metal complex. In
systems based on Li+ electrolytes form a com-
plex [Li (TFSI),]", whereas, in sodium systems,
the dominant form is [Na(TFSI),]* complexes.
It directly relates to the density change and
electrolytes conductivity, depending on the
metal salt concentration.

LiPF;EC:DMC 1M NaCIo,

-

PC

8]
=
[=]

Triglyme
EC.:DEC
EC:Triglyme
EC:PC
EC:DMC
EC:DME
EC:PC:DEC
EC:PC:DMC
EC:PC.DME

Fig. 7. Conductivity effect (black bands and axes
of the left side of the axis) on the viscosity (green
bands and the right side of the y axis) of electrolytes
consisting fom 1 M NaClO, dissolved in various
solvents and solvent mixtures [67].

The most informative is one hour study of
the electrolyte’s thermal behavior, ionic con-
ductivity, and viscosity using inert and «real»
electrodes. This approach allows optimizing
the working electrolyte mixtures (salt and
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solvent, to stabilize the film on the electrode
surface, reduce polarization and achieve full
power at a low potential plateau. For example,
the relationship between conductivity, visco-
sity, and composition of the electrolyte system
LiPF,, on reference samples were investigated
in various solvents. Results of measurements
are shown in Fig. 7. There are no linear de-
pendences in such systems, but the correlation
between the optimal range of viscosity and
maximum conductivity could be observed

Thus, the study of the temperature de-
pendence of the conductivity on the salt con-
centration and electrolyte viscosity, dielectric
properties of solvents and their mixtures can
be a tool to select the optimal composition of
electrolytes with high power in a wide range
of potentials and a stable film on the elec-
trode - electrolyte interface.

CONCLUSIONS. Spectroscopy of elec-
trochemical impedance, voltammetry, am-
perometry with viscosimetry, and combined
Ramman spectroscopy have been successfully
used for the study properties of electrolytes
necessary in the manufacturing of modern
batteries and hybrid supercapacitors. They
permit the analysis of properties that are dif-
ficult or even impossible to study by only one
of these methods separately. EIS could be used
to study electrolytes properties in-situ with-
out the destruction of batteries and separately
to detect their properties during contact with
the electrode surface. The voltammetry me-
thod allows for the investigation of the over-
all electrochemical stability of the electrolyte
and defines the so-called «electrochemical sta-
bility window» (the potentials interval where
electrochemical processes are impossible), as
well as the electrochemical reactions where
the individual electrolyte components partici-

https://ucj.org.ua

pate. The study of the temperature dependence
of the conductivity on the salt concentration
and electrolyte viscosity, dielectric properties
of solvents and their mixtures can be a tool to
select the optimal composition of electrolytes
with high power in a wide range of potentials
and a stable film on the electrode - electrolyte
interface.
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B ormapi Hagano 6as3oBi BIacTMBOCTI Cy-
YaCHUX HEBOJHMX €IeKTPOJITIB I JITii-
iOHHMX aKyMy/IATOpiB Ta ribpuAHUX cymep-
KOHJIeHCaTopiB, AKi 6epyTb y4acTb y ¢op-
MyBaHHI IOTY>KHOCTi, €/I€KTPOXiMiYHOI Ta
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TepMiuHOi cTabinbHOCTI. OOroBOpeHo TakKi ac-
HeKTH, AK PYHKIIII eIeKTPOIITIB B €IeKTPOXi-
MIYHUX JDKepernax >KMUBJIeHH:, QisnKo-XiMivHi
Ta €JIEKTPOXiMiYHi B/IACTUBOCTI €/IeKTPOJIITiB
VIS CYIePKOHJEHCATOPiB, ¢isuko-ximiuni Ta
€/IEKTPOXiMiYHI BJIACTUBOCTI  €/IEKTPOJIITIB
JUIs1 TIEPBMHHUX Ta BTOPVHHUX O6aTapeii Ta Me-
TORM HOCTI/KEeHHs eneKTponiTiB. Sk 6asoBi
METOAU [OC/IiPKEHDb €IeKTPOJIiTIB HaBEEHO:
€/IEKTPOXIMIYHY IMIIEJAHCHY CIIEKTPOCKOIIIIO,
BOJIBTaMIIEpOMETPil0, aMIIEpOMETPil0, BiCKO-
3MMeTpil0 Ta KOMOIHOBaHY CIIEKTPOCKOIIiI0
Pamana. BukopucraHHA IUX METO[IB LO3BO-
JiA€ aHaIi3yBaTy BIACTUBOCTI, AKi BAXKKO 200
HaBiTb HEMOXX/IMBO BUBYUTHU 3a JIOIIOMOIOXO
nuire ogHoro 3 nux metofiB. EIC MoxxHa Bu-
KOPMCTOBYBAaTH ISl BUBYEHHSA BIACTUBOCTEN
elIeKTPOJITIB in-situ 6e3 pyliHyBaHHA 6aTapei
Ta OKpPeMO I BUABJIEHHA IXHIX B/IaCTMBOC-
Teil IiJi 4aC KOHTAKTy 3 IIOBEPXHEI0 €JIeKT-
porma. Merop BO/IbTaMIIEpPOMETPil JO3BOJAE
HDOCHDKYBaTU  3arajibHy  €IeKTPOXIMIYHY
CTabi/IbHICTD e/IeKTPOJIiTy i BU3HAYAE T. 3B.
«BIKHO e/eKTpoximiuHOi cTilikocTi» (iHTep-
BaJl IIOTEHIia/iB, [je eIeKTPOXiMIYHI IIpolecn
HEMOXK/IVBI), @ TAKOX e/IeKTpOoXiMiuHi peakiiii,
B AKMX OepyTb y4acTb OKpeMi KOMIIOHEHTU
e/IEKTPONIITy. BuBYeHHA TemmepaTypHOi 3a-
JIEXKHOCTI IIPOBiTHOCTI Bifi KOHLIEHTpaLii coi
Ta B’A3KOCTi €/IeKTPOJITIB, MHie/IleKTPUIHNX
BJIACTMBOCTEN PO3YMHHMKIB Ta IXHIX CyMmillei
Mo)Ke OyTy iHCTpYMEHTOM JIjIsi BUOOPY OITH-
MaJIbHOTO CKJ/Ia[ly €NEeKTPOJITIB i3 BeINKOIO
IOTY>KHICTIO B IIMPOKOMY Jialla3oHi IOTEH-
ianiB Ta cTabiNbHOW IUIIBKOIO Ha iHTepdeiic
€JIEKTPOJ, — €IEKTPOJIIT.

KnrouoBi cmoBa: e1eKTpOJiT, HEBOAHMIA

PO3YMHHMK, TepMiH CITy>k6M, iMITejaHC, BO/IBT-
aMIIepOMeTpis, B’ A3KiCTh, IPOBiHICTb.
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New complexes of Dy (III) and Gd (III) with b-diketones containing unsaturated and aryl
substituents were synthesized. Metal polymers based on synthesized complexes were obtained
by the method of radical polymerization. The composition and structure of synthesized com-
plexes and metal polymers are established. It is shown that during polymerization the coor-
dination environment of the central ion remains unchanged. The spectral-luminescent cha-
racteristics of the synthesized compounds were studied. The presence of water molecules in
the immediate coordination environment causes a low intensity of emission of monomeric
dysprosium complexes. In the luminescence spectra of metal polymers, there are bands mag-
netic dipole transition (‘F; — °H . ) and electric dipole transition (‘F; = °H , ). The close
energies of the triplet level of the ligand and the resonant level of the dysprosium ion cause
low emission characteristics of the synthesized dysprosium complexes.

Key words: lanthanides, complexes, luminescence properties, metalopolymer, gadolini-
um, dysprosium, 3-diketones.

INTRODUCTION. High luminescence One of the most important factors influenc-

[1-6], magnetic activity [7-11], and the pos-
sibility of using as bioactive materials [12-13]
and telecommunication devices [14-16] are
responsible for the continuing interest in co-
ordination compounds of lanthanides.Highly
volatile stable complexes of lanthanides with a
mononuclear structure play a significant role
as precursors for the gas-phase synthesis of
thin-film materials [17-18].

ing the properties is the correct selection of li-
gand systems makes it possible to avoid nonra-
diative energy losses during the transition from
the singlet to the triplet level. Only at mini-
mum phosphorescence and fluorescence en-
ergies can maximum luminescence intensities
be achieved [19-22]. Therefore, the difference
in the triplet energy level of the ligand and the
resonance energy level of the lanthanide ion
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is of great importance. In general, the energy
of the resonance level of the metal should be
somewhat lower than the energy of the triplet
level of the ligand, which neutralizes the non-
radiative deactivation of the resonance level
together with a high probability and efficiency
of the emitting transition. The overwhelming
majority of studies in this area are on lantha-
nide complexes emitting in the visible region
of the spectrum, in particular, Eu(III), Tb(III),
Sm(IID), Nd(III), Yb(IIT) [12, 20, 22-26]. Al-
though dysprosium compounds (III) are also
capable of emitting in the visible region of the
spectrum, such studies are limited due to the
complexity of the ligand selection. Such is due
to the rather high energy of the resonance le-
vel of the dysprosium ion compared to Eu (III)
and Sm (III). Some works considered the pos-
sibility of using dysprosium complexes in the
creation of white light emitters for optoelec-
tronics. It could be realized by doping or titrat-
ing dysprosium complexes with complexes of
other metals, or by mixed-ligand complexa-
tion. Thus, in the work use, bimetallic Dy: Eu
complexes and trimetallic Dy: Gd: Eu com-
plexes emit white light. Doping of gadolinium
complexes with dysprosium complexes or Dy \
Eu Dy \ Sm HMC allowed the authors to ob-
tain white light [15, 27-28]. In particular, the
work showed the possibility of transition from
yellow through white to blue light [29, 30].

In addition, complexes of these metals can
be used as contrast agents for MRI diagnos-
tics. The Gd** and Dy** ions, having an opti-
mal contrast enhancement in comparison with
other paramagnetic ions, are highly toxic in the
free state (10 mg / kg of body weight) [31]. To-
day, the chemical compounds DTPA (diethy-
lenetriaminepentaacetic acid), DTPA-BMA
(gadodiamide), DOTA (tetraazocyclododeca-
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netetraacetic acid), HP-DO3A (2-hydroxypro-
pyltetraazododecanetriacetic acid) and, other
derivatives are used as ligand systems. Their
complexes with metals have paramagnetic prop-
erties, are low-molecular water-soluble, hydro-
philic contrast agents that are excreted from the
body by the kidneys [31-33]. The main problem
of creating paramagnetic contrast agents is to
find the optimal balance of high paramagnetic
properties and toxicity. The ideal contrast para-
magnetic should have the maximum relaxing
ability in the practical absence of toxicity [34,
35]. For the rejection of macromolecular con-
trast agents, it is possible to create a significant
improvement in the relaxation efficiency of
low-molecular-weight compounds [36, 37]. In
addition, polymeric systems based on non-sca-
ling b-diketonates of lanthanides (Gd (III) and
Dy (IIT) can be used as a precursor for rejecting
contrast talkers to compete with other active
materials. cell link in the molecule ligand.

It is unlikely that in the low-molecular state,
B-diketones could be used as precursors for
obtaining contrast agents because they are bi-
dentate ligands. However, polymer systems
based on them can compete with existing ma-
terials. The presence of a final double bond in
the ligand molecule makes it an active mono-
mer in polymerization reactions. Thus, metal
complexes based on unsaturated -diketones
are active monomers in free radical polymeri-
zation reactions [38, 39].

According to the literature data, it could
be pointed the areas of high scientific and
technological interests of this investigations:
1 - the using both mono- and heterometallic
complexes Gd (III) and Dy (III); 2 - doping of
gadolinium complexes by complexes of other
metals emitted in the visible and nearest-IR
spectral regions.
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In this regard, in this work, we performed
the synthesis, studies of the structure and
properties of-diketonate complexes of Gd (III)
and Dy (III) with unsaturated -diketones and
metal polymers based on them.

EXPERIMENT AND DISCUSSION OF THE
RESULTS. As starting compounds were se-
lected B-diketonate ligands (2-methyl-5-phe-
nylpentan 1-3,5, -dion (mphrd) (2-me-
thyl-5-biphenyl penten 1-3,5, -dione (mbphd)

are shown in scheme 1.

O ONa 0 ONa

mphpd mbphpd

Scheme 1. Structure of the ligands.

Scheme 2. Synthesis scheme of ligands.

The synthesis of complexes was performed
by the interaction of aqueous solutions of metal
salts with an aqueous solution of a sodium salt
of the corresponding ligand at a molar ratio of
reagents 1: 3 (pH 8-9) at room temperature.

https://ucj.org.ua

To a three-necked reactor cooled with a
mixture of ice and sodium chloride, equipped
with a magnetic stirrer, a reflux condenser and
a dropping funnel containing 0,5 moles of sodi-
um metal (11,5 g) and, 300 cm’ of dry diethyl
ether, was added dropwise a solution of 0,5 mol
(99 cm®) of biphenylketone and 0,5 mol (63 cm?)
of methacrylic acid ethyl ester. As a result of the
reaction, a yellow precipitate fell out:

The synthesis of ligands was performed by
Kleisen condensation according to the scheme
presented in Fig. The method of ligand synthe-
sis is described earlier [38, 40].

For the synthesis of p-diketonate complex-
es Gd (III) and Dy (III) was used dysprosium
acetate (III) Dy(CH,COO),-4H,0O (c.p), gado-
linium nitrate (III) GA(NO,),'5H,0 (c.p), so-
dium hydroxide NaOH (c.p).

Na_
O 0]
N—a:- W
Na.
Na |

Dy(CH,COO), + 3NaL — DeL, + 3CH,COONa
Gd(NO,),+ 3NaL — GdL, + 3NaNO,

L= mphpd, mbphpd.
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The resulting precipitates of the complexes
were separated from the mother liquor by cen-
trifugation, washed with water, and dried in a
vacuum desiccator over anhydrous CaCl,. All
synthesized complexes were yellowish.

A feature of the synthesis and purification
of B-diketonates of lanthanides Ln(f-dik), is
the need to carry out all operations at room
temperature, since with an increase in tempe-
rature, partial oligomerization of the complex-
es occurs (due to the presence of a reactive C=C
double bond in ligand molecules), significantly
worsens their solubility. Therefore, recrystalli-
zation and additional purification of the com-
plexes by vacuum sublimation were not carried
out, although the volatility of the complexes is
high enough, which was confirmed by the re-
sults of thermal analysis.

Metal polymers of gadolinium and dyspro-
sium were obtained by the method of thermal-
ly initiated radical polymerization. Polyme-
rization was carried out at 80° C in a DMF
solution at a monomer (tris-diketone) concen-
tration of 0.3 mol/dm’ and an AIBN initiator
concentration of 0.003 mol/dm®. The obtained
metal polymers were precipitated from solu-
tions with isopropanol [26, 38].

The synthesized compounds were investi-
gated by elemental analysis, FTIR, electron and
fluorescence spectroscopy, thermal analysis,
dynamic light scattering, and electron micro-
scopy (SEM).

Quantum-chemical calculations of ligand
molecules and metal complexes were carried
out. The geometry of P-diketone molecules
and their complexes with dysprosium and
gadolinium was calculated using the MO-
PAC2016 program. For the calculation, the
PM7 method was chosen, which better shows
the long-range interaction of atoms in a mol-
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ecule, makes it possible to more accurately
predict the crystal structure and heats of the
formation of solids. In addition, the PM7 me-
thod calculates hydrogen bonds in more de-
tail, which makes it possible to better describe
non-covalent interactions. The use of PM7 in
combination with the SPARKLE model, in
which the lanthanide atom is represented as
a point charge [41-42], makes it possible to
obtain reliable data on the geometry of lan-
thanide complexes with both aliphatic and
aromatic ligands.

The estimation of the enthalpy of forma-
tion of complexes was carried out on the ba-
sis of the calculated values for ligands and the
corresponding values for metal complexes.
The energy gap between the upper filled mo-
lecular orbital (HOMO) and the lower vacant
molecular orbital (LUMO) was calculated.
For each ligand and complex, the total energy,
dipole moment, and ionization potential were
given. The populations on the atomic orbitals
and the charges on the atoms of the ligand
molecules and the corresponding complexes
with gadolinium and dysprosium were cal-
culated. This allows us to conclude about the
localization of the electron density and bond
saturation.

Quantum-chemical calculations of ligand
molecules and metal complexes based on them
were carried out. The geometric structure of
the ligand molecule was first optimized by the
molecular mechanics method MM+ using the
HyperChem program, then the resulting ge-
ometric structure was the initial one for opti-
mization of the molecule geometry based on
the SPARKLE PM7 model in the MOPAC2016
program. As a result of calculations, the fol-
lowing geometrically optimized structures
were obtained (Fig.1).

ISSN 2708-129X. Vkp. Xim. XypH., 2021



0. S. Berezhnytska, A. E. Horbenko, 0. 0. Rohovtsov, S. S. Smola, Ya. V. Fedorov, 0. E. Chygyrynets, 0. K. Trunova UCJ N2 6 / Vol. 87

Fig. 1. Geometrically optimized structural formulas of f-diketones (a - mphpd, b - mbphpd).

There were calculated the base energy mation, the total energy of the molecule and
characteristics of the ligand molecules using bond lengths, the parameters of the electron
the SPARKLE PM7 model: the enthalpy of for- populations of the ligands (Table 1).

Table 1
Characteristics of the structure and electronic populations of f-diketone
molecules and (-diketone molecules.

Estimated parameter | mphpd | mbphpd

Total energy (eB) -2225,898 -3001,148

Heat of formation (kJ / mol) -187,341 -119,148
The dipole moment 2,179 2,526
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By (V)
o (eV)

Energy gap
Ionization potential (eV)
Bond lenght (A)
CRCO -R
cC O

RCO -

C

CRCO (e:?]

CCHz - CCo

CCO -0

Cco - Ccfcm
Atomic unit of charge:

Q CRCO /QCR
QCRCO / QO
QCCHZ / QCCO
QC,,/QO

QCCO - QCC-CHZ

Table 1
-10,227 -9,561
-0,697 -1,061
9,53 8,5
10,227 9,473
1,48175 1,4824
1,20643 1,20565
1,50965 1,50799
1,51066 1,5115
1,20514 1,2051
1,48905 1,4891

0,4832/-0,1651
0,4832/-0,4296
-0,4988/ 0,4734
0,4734/-0,4309

0,4734/ -0,0605

0,4953/-0,1693
0,4953/-0,4460
-0,501/0,4814
0,4814/-0,4311

0,4814/ -0,0406

Analyzing the value of the heats of forma-
tion of ligands, we see that the process of forma-
tion of molecules is exothermic, we observed
this in the process of synthesis. As mentioned
above, while mixing the starting reagents, the
reaction mixture was heated. With an increase
in the volume of the ligand, upon going from
phenolic to biphenyl substituent, the heat of
formation increases from -187.341 kJ/mol
(mphpd) to -119.148 kJ/mol (mbphpd). The
dipole moment for mbphpd (2.526) is slight-
ly higher than for mphpd (2.179), which may
be due to the different distribution of electron
charges in the biphenyl molecule. The bond
lengths in both molecules are comparable, as
expected, due to the same nature of the sub-
stituents. The negative charge in both ligands is
concentrated on oxygen atoms. Having calcu-
lated the energies of the highest filled molecular
orbital (E, ) and the lowest vacant molecular

orbital (E ), we can conclude that these com-
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plexes will exhibit weak electron-withdrawing
properties, for mphpd and mbphpd E
-0.697 eV and -1.061 eV, respectively.

The performed quantum-chemical calcu-
lations made it possible to geometrically opti-
mize the molecules of B-diketonate complexes
of gadolinium and dysprosium (Fig.2)

As can be seen from Fig. and fig. all pre-
sented complex compounds have a non-pla-
nar structure, and the ligands are located in
different planes. All ligands are bidentate and
are coordinated to the central ion (c.i) by two
oxygen atoms, which is consistent with pre-
vious studies and literature data. Comparing
the average bond lengths of lanthanides - oxy-
gen, we see that in dysprosium complexes it is
less - 2.2241 A versus 2.2381 A for gadolinium
complexes (Table 1). Such a change in the bond
length can be explained both by the effect of
lanthanide compression and by different popu-
lations of orbitals.

LUMO
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Fig. 2. Geometrically structure of f-diketonate complexes of Gd(mphpd), - 2H,O (a) and Gd(mbphpd),
-2H,0 (b).
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Fig. 3. Geometrically structure of f-diketonate complexes of Dy(mphpd), - 2H,O (a) and Dy(mbphpd),
*2H,0 (b).
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Analyzing the value of the heats of formation
of complexes, it canbe noted thatnegative values
are observed for complexes based on mphpd,
and positive for complexes of Gd and Dy with
mbphpd - +106.474 and +185.622 kJ/mol,
respectively. For the complexes Gd(mbphpd),
* 2H,0 and Dy(mbphpd), - 2H,O, we have a
positive value of the heats of formation, indi-
cating that the formation of complexes occurs
with heat absorption, that is, the process is en-
dothermic.

As can be seen from the energies of the high-
est filled molecular orbital (EHOMO) and the
lowest vacant molecular orbital (ELUMO), the
complexes exhibit electron-withdrawing prop-
erties. EHOMO behaves like an electron donor,
while ELUMO behaves like an acceptor. The
difference between the energies of EHOMO
and ELUMO represents the HOMO-LUMO
energy gap. If a molecule has a small energy
gap, it shows high reactivity.

The ionization potential and the parameters
of the electron affinity were determined using
the energies of E and ELUMO, namely,

[=-E, ,and A=-E . wherelis the ioni-
zation energy and A is the electron affinity.
In ionization by potential, a physical quanti-
ty is understood, which is determined by the
ratio of the smallest energy required for the
single ionization of an atom (or molecule) in
the ground state to the charge of an electron.
Ionization potential is a measure of ionization
energy equal to the work of detachment of an
electron from an atom or molecule and cha-
racterizes the bond strength of an electron in
an atom or molecule.

As can be seen from the table, all calcu-
lated parameters correlate quite well in the
case of pairs of complexes with the same li-
gands, namely: Gd(mphpd), and Dy(mphpd),,
Gd(mbphpd), and Dy(mbphpd),. Somewhat
lower values of the series parameters for dys-
prosium complexes, including the length of the
lanthanide-oxygen bond, which is determined
both by the different electronic structure of c.i.
and by a decrease in the ionic radius of the lat-
ter. All calculated parameters of the complexes
are shown in table 2.

HOMO
Table 2
Characteristics of the structure and electronic populations of complexes.
Estimated parameter Gd(mphpd), | Gd(mbphpd), | Dy(mphpd), Dy(mbphpd),
Total energy (eV) -6675,884 -8230,603 -6675,479 -8872,074
Heat of formation (kJ / mol) - 105,962 106,474 -26,744 185,622
The dipole moment 0,696 0,576 0,723 0,572
E_ (eV) -9,249 -8,932 -9,244 -8,929
E_ (eV) -0,548 -0,868 -0,558 -0,872
Energy gap 8,701 8,064 8,686 8,057
Ionization potential (eV) 9,249 8,931 9,244 8,929
Electron affinity (eV) 0,548 0,868 0,558 0,872
Hardness (eV) 4,3505 4,032 4,343 4,0285
Softness (eV) 0,23 0,248 0,2302 0,248
Bond length lav O-Ln (A) 2,2355 2,2454 2,2266 2,2242
https://ucj.org.ua 105
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The elimination of adsorbed water occurs
at 70°C, further dehydration of dysprosium
and gadolinium complexes with methacroyl-
acetophenone Ln(mphpd), occurs at tempe-
ratures of 1650C and 1900C, respectively, and
is accompanied by significant endoeffects. At
the same time, there is a loss of sample mass by
4.4% (mop = 4.7%) for Dy(mphpd), and 4.6%
for Gd(mphpd), (mop = 4.8%), which corre-
sponds to the elimination of two coordinated
water molecules. Endoeffects at temperatures of
198°C (Dy(mphpd),) and 189°C (Gd(mphpd),)
are due to the melting of the complexes (the
weight loss in this case is 2% and 1.8%, respec-
tively). A further increase in temperature is ac-
companied by small exoeffects (235°C for Dy
and 242°C for Gd) and an insignificant weight
loss, which corresponds to the polymerization
of the complexes. With a further increase in
temperature (> 240°C) in both compounds,
the destruction of the complex occurs by the
elimination of one molecule of methacroylace-
tophenone, which is accompanied by exother-
mic effects at 275 and 278°C, respectively [43].

In the temperature range 285-500°C, the
thermal destruction of both complexes pro-
ceeds with the generation of heat; the ther-
mogram contains exoeffects at 293, 332, 380,
442°C for Dy(mphpd)3; 305, 345, 380°C for
Gd(mphpd),) and a significant loss in the mass
of the samples, which is due to the decomposi-
tion of organic fragments of the molecule. The
total weight loss in the investigated tempera-
ture range for both complexes is ~ 80%. The
general view of the thermograms of complexes
based on mbphpd is practically the same. The
only difference are in the lower dehydration
temperature of complexes 150°C (Dy(mbph-
pd), and 165°C - Gd(mbphpd),. The results of
elemental analysis and DTA made it possible
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to establish that the composition of the synthe-
sized complexes corresponds to the formula
LnL,-2H,0 Ln = Gd, Dy, L = mphpd, mbphpd.

Thermograms of methalopolymers dit-
fer significantly. A significant endoeffect at
175-185°C is due to the elimination of water
molecules, which are located in the cavities of
the metalopolymer. Upon further heating, we
observe an exoeffect at 350°C and a significant
weight loss (Am~30%), which may be due to
the destruction of the metalopolymer struc-
ture. Endoeffect at 440°C may be due to steric
rearrangements in the polymer structure. Fur-
ther heating of the sample is accompanied by
small exoeffects at 480 and 490°C with practi-
cally no change in its weight, which indicates
the stability of the polymer at high tempera-
tures and the absence of destruction of the po-
lymer structure.

The investigating of the results of thermal
analysis, we can say that the dehydration of all
synthesized monomeric complexes with aryl
substituents occurs in the range 120-130°C,
which indicates the outer-sphere coordination
of water molecules. Minor endoeffects in the
region of 195-207°C are due to the melting
of the complexes (the weight loss is insignifi-
cant, up to 2.5%). An increase in temperature
is accompanied by a number of exoeffects in
the range 240-290°C, which corresponds to
the elimination of one ligand molecule, the
weight loss, in this case, is in the range of
24-28%, which is in good agreement with the
theoretically calculated). Further exoeftects af-
ter 300°C correspond to the destruction of the
organic part of the molecule, and a significant
loss of mass. In general, the weight loss in the
investigated temperature range is 75-85%. The
decomposition mechanism for similar coor-
dination compounds was described in detail
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by the authors earlier [43-45]. Weight loss in
this temperature range is accompanied by an
insignificant endoeffect and corresponds to
two coordinated water molecules, together
with elemental analysis allows us to state that
the composition of monomeric complexes cor-
responds to the formula LnL, - 2H,O, where
Ln = Gd(III), Dy(III) L = mphpd, mbphhd.

IR spectra were recorded on a Specord M80
spectrometer in the range of 400-4000 cm™ in
KBr pellet. There are bands of symmetric and
asymmetric stretching vibrations of the bond
v (C-0O) and v (C-C) in the IR spectra of the
synthesized metal -diketonates in the range

of 1500-1700 cm™. Since there is delocaliza-
tion of the electron density in the diketonate
fragment, the stretching vibration bands also
occupy an intermediate place between the
stretching vibrations of single CO and CC
and double C=0 and C=C bonds [45-47]. It
is known that a band with a higher frequency
(~ 1575-1590 cm™) corresponds to a symmet-
ric stretching vibration of the bond (CO), and
with a lower frequency (~ 1520-1555 cm™) -
to an asymmetric stretching vibration of a
bond (CC). However, quite often these bands
are observed as one wide line split into several
components.

Table 3
Characteristic frequencies in IR spectra of Dy and Gd complexes with p-diketones (cm™).
Complex v(M-0) v (CO) v (CC) v (CO) v (CC)+ v(H,0)
hel.ring VS(CPh)
Dy(rnphpd)3 415,422,438, 1427 1555 1590 1640, 1660 3230 3414
475, 520
[Dy(mphpd),] 410, 425, 1430 1560 1590 1640 3380
485, 515
Gd(mphpd)3 415,420,433, 1440 1540, 1557 1595 1645,1652 3350
473,518
[Gd(mphpd),] 412, 425, 1445 1550 1590 1658 3380
490, 515
Dy(mbphhd), 456, 470, 1403, 1415 1542,1560 1610 1680 3425
489, 520
[Dy(mbphhd),] ~ 450, 468, 1410 1550 1610 1670 3420
470, 480, 515
Gd(mbphhd)3 455, 462, 1405 1540, 1560 1612 1675 3430
478,490, 514
[Gd(mbphhd)_] 455, 470, 1400 1550 1605 1670 3430
485,500, 520

Some inequality of ties, despite the deloca-
lized system, is still present. This is especially
noticeable in the region of 400-600 cm, it is
here that there are stretching vibrations of the

https://ucj.org.ua

M-O bond and deformation vibrations of a care-
less ring. Therefore, in this region of the spec-
trum, there is a significant number, mainly of
low- intensity bands. This is due to the different
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nature of the bonds, the electronic structure of
the complexing ion, and the influence of the
substituent in the diketonate fragment. For the
same reason, in the 1400-1600 cm™ region, we
observe an insignificant splitting of the spectral
lines assigned to v_(CC) and v (CO). However,
this inequality of bonds is not significant; there-
fore, it is inappropriate to speak of a significant
deformation of the coordination polyhedron.

For all synthesized complexes in the region
of 3200-3400 cm’', a broadband is observed,
which corresponds to valence vibrations of
coordinated water molecules. Unfortunately,
based on the results of IR spectra, it is impos-
sible to separate coordinated and adsorbed
water molecules, however, based on the width
of this band, we can confidently conclude that
the synthesized compounds are not hydroxo
complexes, this fact is also confirmed by their
rather high solubility in organic solvents, in
particular, DMSO, DMF, chloroform.

In general, the IR spectra of metal poly-
mers table 3 are similar to the corresponding
monomeric complexes, but there is an insignif-
icant long-wavelength shift of the bands cor-
responding to characteristic vibrations, which
suggests a weakening of the metal-ligand bond
for polymers as compared to the monomeric
complex. For polymers, the MO stretching vi-
bration bands have already been split into se-
veral components, confirming a more ordered
structure of metal polymers as compared to
the monomeric complex.

Thus, the shape and position of the bands in
the IR spectra of monomeric and metal-poly-
mer complexes of gadolinium and dysprosium
are characteristic of bidentate-coordinated
p-diketonate ligands with delocalized n-bonds
in the chelate rings (Table 3). The displacement
of the position of the bands of metal polymers
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compared to monomers to the low-frequency
region indicates a weakening of the metal-li-
gand bond, which is due to a higher part of
covalence. Taking into account the data of IR
spectroscopy and DTA, the schematic struc-
ture of complexes of lanthanides with {3-dike-
tones (for example, methacroylacetophenone)
can be depicted as follows:

Ln = Gd**, Dy**

In the diffuse reflectance and electronic
absorption spectra of the synthesized gado-
linium and dysprosium compounds, there are
broadened bands in the range of 230-400 cm™,
which can be attributed to the n—mr* electronic
transitions from the ground (S0) to the excited
state (S1) of ligand molecules. The shift (70—
100 nm) and broadening of this band, in com-
parison with its position for free ligands, may
indicate both the realization of the complexa-
tion process and the influence of the electronic
structure of the metal and substituents in the
dicarbonyl fragment, as well as the superposi-
tion of the m—n* bands the electronic transi-
tion and the charge transfer band from the li-
gand to the metal, the different nature of these
transitions (Fig. 4). The lower intensity of the
band of metallopolymers compared to mono-
mers is due to the shielding of neighboring
molecules by polymer fragments due to their
larger size compared to monomeric systems.
Since the main transitions of the gadolinium
ion are observed in the UV region, it is impos-
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sible to identify them for these compounds,
since they overlap with the intense charge
transfer band from the metal to the ligand. The
shape of the band in both monomeric gadoli-
nium complexes is the same, but in the case of
the biphenyl substituent, we observe a shift of
the band by 20 nm, which is due to different
energies of the ligands and, accordingly, diffe-
rent positions of the charge transfer band. The
broadening of the band for metal polymers is

of the maxima in the monomer and polymer
are unchanged, and an insignificant shift by
2-4 nm is due to additional exchange interac-
tions in the polymer structure.

The similar shape and position of this band
both in the diffuse reflectance spectra of the
compounds and in the EAS indicates the simi-
larity of the structure of the complexes in solu-
tion and in the polycrystalline state. In the dif-
fusion reflection spectra of dysprosium coordi-

due to exchange interactions in the polymer; nation compounds, a set of bands with °H , , of
however, it should be noted that the position the main multiplet is observed Table 4.
.
12
Gd(mbphpd),
10 - [Gd(mphpd);],
84
6
1Gd(mphpd),
4 4
2
0 T T T T T T
250 300 350 400 450 2,nm
Fig. 4. Reflectance spectra of gadolinium complexes.
Table 4
The energy of the transition in the reflective spectra of the dysprosium (III)
coordination compounds.
Transition Dy(mphpd), [Dy(mphpd),] Dy(mbphpd), [Dy(mbphpd),]
°H,,, °F,, 756 757 757,763 758
‘H,, ‘F., 806 808 807 810
‘H,, ‘F 906 909 907 910
‘H,,, ‘F,,°H , 1097 1099 1100 1100
‘H,,, ‘F,,°H,, 1287 1289 1289 1290
°H,, °F,H 1697 1700 1699 1702
https://ucj.org.ua 109
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The shape and position of the bands in the
diffuse reflectance spectra of monomeric and
polymer complexes are similar (Fig.5) indi-
cate a similar structure of the coordination
polyhedron in monomeric and metal-polymer
complexes. An insignificant shift of the bands
to longer wavelengths, and in some places their

broadening indicates a weakening of the bond
of the central ion with the ligand in polymers,
and on the presence of exchange interactions
in the macromolecules of the metal chelating
agents. Schematically, the structure of the ele-
mentary unit of metal polymers could be de-
picted as follows:

Ln=Gd, Dy; R=CH,, C ,H,

D

3 JIDy(mphpd)s];

T T T T T
250 300 350 400 450 A,nm

b 6
[)'3 i HB"Z Flle‘ HQ/Z
[Dy(mphpd);], Dy(mphpd);

6.

6 [
H 55~ Fopr H,
0.2 4 132 912 72

0.1

0,0

T T T
600 900 1200 A,nm

Fig. 5. Diftuse reflection spectra of dysprosium compounds.

Unfortunately, the method of electron spect-
roscopy does not allow one to establish the
symmetry or structure of the coordination
polyhedron for the studied coordination com-
pounds. However, based on previous studies of
similar complexes of europium, neodymium,
samarium, and the ability to the splitting of
spectral lines, such complexes have non-cubic
symmetry of the ligand field.
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Therefore, in order to determine the ener-
gy of the singlet and triplet levels of the liga-
nds, the fluorescence and phosphorescence
spectra of gadolinium-containing complexes
were studied (Fig. 6).The excitation and lu-
minescence spectra of solid complexes were
recorded on a spectrofluorimeter Fluorolog
FL 3-22, Horiba Jobin Yvon (Xe-lamp 450 W)
with a light filter OS 11, with their subsequent

ISSN 2708-129X. Vkp. Xim. XypH., 2021



0. S. Berezhnytska, A. E. Horbenko, 0. 0. Rohovtsov, S. S. Smola, Ya. V. Fedorov, 0. E. Chygyrynets, 0. K. Trunova

UCJ N 6 / Vol. 87

adjustment taking into account the radiation
distribution of the xenon lamp and the sensi-
tivity of the photomultiplier tube. The InGaAs
(DSS-IGA020L, Electro-Optical Systems, Inc,
USA) photoresistance was used as a radiation
receiver for the IR region when cooled to li-
quid nitrogen temperature.

In general, ligand energies can be deter-
mined by recording the phosphorescence and
fluorescence spectra of gadolinium, lantha-
num, and lutetium complexes, which is due to
the empty (lanthanum), half-filled (gadolini-
um), and completely filled (lutetium) f shell of
these ions. For methacroylacetophenone, we
recorded the fluorescence spectra of both the
ligand itself and all the above complexes based
on it. The results obtained are in good agree-

lem arb.un.

21000

18000

15000 -
Gn:l(mphpd)3

12000 - [Gd(mphpd);];

9000

T T T T 1
400 450 300 550 600 )\,,I]In

ment with each other, and the obtained energy
value is the same in all cases.

Subsequently, to establish the energy of
the singlet and triplet levels of the ligand, we
chose the Gd (III) complexes, which is due
to several reasons, namely: the high position
of the resonance level of Gd** (32000 cm™) in
comparison with the triplet level of the ligands,
prevents energy transfer from the organic part
of the complex to the lanthanide ion and the
presence of a heavy paramagnetic ion increase
the efficiency of intersystem conversion due to
mixing of singlet and triplet levels («paramag-
netic effect») and, as a consequence, the ratio
of the phosphorescence quantum yield to the
fluorescence quantum yield (> 100).

Ien-l,,alrbun.

400000
320000

240000 +

160000
[Gd(mphpd); ],

80000 4

T T T T T T v
400 450 500 550 600 650 4nm

Fig. 6. Fluorescence (a) and phosphorescence spectra of the Gd(mphpd), complex (CHCI, solution,

A =380 nm).

The fluorescence spectrum of Gd(mphpd),
contains one structureless diffuse band with
maxima at 450,467, and 482 nm. The phospho-
rescence spectrum of the Gd(mphpd), com-
plex is a broad band with two maxima at 505
and 515 nm. It was found that for gadolinium
methacroylacetophenonate, the energies of the
singlet S and triplet T, levels are 22150 cm™

https://ucj.org.ua

and 19520 cm’, respectively (table 5). Simi-
lar studies were carried out for all gadolinium
complexes. It should be noted that the similarity
between the excitation and fluorescence spec-
tra for complexes with mphpd and mbphpd,
which is associated with the same nature of the
substituents in the diketonate fragment. The
fluorescence spectrum of the polymer sample
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[Gd(mphpd),] ~(Fig.7). Contains one diffuse
band with maxima at 431, 447, 461 nm. The
position of the maxima in the [Gd (mphpd),]
phosphorescence spectrum (Fig.7) At 419 nm
(shoulder), 449 nm, and 484 nm indicates that
the energies of the singlet levels of the mono-
meric and metal-polymer complexes are close.
Comparing the energy of the levels for the
monomeric and polymer complexes of gado-
linium (Table 5), it can be seen that polymeri-

zation causes an increase in the energy of ex-
citing levels by ~ 1300 cm™, which is associated
with the delocalization of the electron density
in the ligand molecule.

For gadolinium complexes with mbphpd,
we also recorded the fluorescence and phos-
phorescence spectra, as well as excitation and
emission spectra (Fig. 6). The calculated ener-
gies of the singlet and triplet levels of all ligands
are given in the table 5.

Table 5
Calculated energies of the singlet and triplet levels of the studied ligand systems.
Compounds Ei em™ E. em!
Gd(mphpd), 22150 19520
[Gd(mphpd),]_ 23400 20800
Gd(mbphpd), 22360 19960
[Gd(mbphpd),] 23580 21300
I, arb.un. Larbun.
3500000 4
600000 ~
2
2800000
o emission
5160600 exitation 400000 4
1400000 1
200000 3
700000
0 y T T T T T T T T T 0 T 4 T ' T . T T
300 400 500 600 700 A,nm 300 400 500 600 A,nm

Fig. 7. Exitation (A = 453 nm (1) and emission at 293K (2) [Gd(mphpd),] (A =380 nm) (a) and

77K (3) of Gd(mbphpd), (b) (CHCI3, \__ = 380 nm).

Considering the close energies of the triplet
levels of the ligand systems and the resonance
level of Dy’* (21000 cm™), low emission cha-
racteristics should be expected. The recorded
emission spectra confirm this assumption. As
can be seen from Fig. 8b, the intrinsic lumines-
cence intensity of the ligand is rather high and
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is observed in the visible region of the spec-
trum next to the characteristic emission band
of dysprosium.

Taking into account the excitation spec-
trum (Fig. 8a), it is advisable to record the
emission spectra with exciting different wave-
lengths. As can be seen from Fig. 8b, upon ex-
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citation at a wavelength of 375 nm, a broad
band is present in the emission spectrum,
which corresponds to the intrinsic emission
of the ligand. At A = 329 nm, we observe a
decrease in the emission of the ligand, but
the appearance of emission bands of the
dysprosium ion. For the Dy’* ion, the char-
acteristic emission c transitions ‘F,, - ‘H
J =9, 11, 13, 15. So with a maximum (A__
479-482 nm corresponds to ‘F, — °H , , mag-
netic dipole transition and the band A _

112>

Iex.arb.un.
2000000

1500000 4 [Dy(mphpd);];;

n

1000000 4V,

500000

0

3(‘)0 35’0 4(‘)0 45‘0 5(‘)0 55’() X,rllm
Fig. 8a. Exitation spectra of polymers (ligand

and complexes).

I arb.un.
[Dy(mphpd), ],

1200000 4
1000000
800000 4
600000 4
400000

[Dy(mbphpd),],,

200000 4

0

420 490 560 &0 j.nm
Fig. 8c. Emission spectra of complexes A_=
329 um ([Dy(mphpd),] ) A_ =355 um ([Dy(mbph-

pd),l).
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Tom arb.un.

572-574 nm (yellow-light) is characteristic of
‘F, = °H ,, electric dipole transition. Thus,
the excitation wavelength has a significant
effect on the emission characteristics of me-
tal complexes. In this regard, it is necessary
to choose the correct excitation wavelength,
which will reduce the luminescence intensity
of the ligand and increase the metal complex.
Unfortunately, for monomeric complexes
with both ligands, the emission spectra could
not be recorded for high ligand fluorescence.

— L, %, =385 nm(1)
— L, 2, =454 nm(2)

—— [Dy(mphpd);], %, =329 nm (3)
[Dy(mphpd)s],, % =375 nm(4)

3000000

2500000
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2000000 4

1500000 +

1000000

500000 -

04

—
450 500 550 600 650 700 750 A.nm

4(I)(J
Fig. 8b. Emission spectra of polymer ligand and
complexes at other exatation.

Comparing the emission spectra of meta-
lopolymers with various ligands in Fig. 8c, it
can be seen that the introduction of large aryl
substituents probably has a negative effect
on the emission characteristics of the com-
pounds. Through the shielding of the emit-
ting centers, and a low energy gap between
the levels.

It is known that by changing the particle
size or surface morphology, one can complete-
ly change their properties, which makes it pos-
sible to obtain systems of a given composition
with predictable properties. A change in the
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dispersion can also have affect on the lumi-
nescent characteristics of the complexes. The
method of dynamic light scattering makes it
possible to establish the dispersion and stabili-
ty of dispersed systems in solution. The method
of dynamic light scattering was used to deter-
mine the particle size of complexes dissolved
in dimethylformamide at 25 °C with Zeta
Sizer Malvern. The studies carried out have
shown that the obtained systems are rough
polydisperse systems, the reproducibility of
the results is low. Micrographs were record-
ed to establish the surface morphology. Mi-

WD: 1.97 mm
Det: InBeam

SEM HV: 20.0 kV
View field: 0.611 pm
SEM MAG: 710 kx

wo:198mm || |
Det: InBeam 100 nm

MIRA3 TESCAN|  SEM HV: 20.0 kV
View field: 3.00 um
SEM MAG: 144 kx

MIRA3 TESCAN|  SEM HV: 20.0 kv
View fleld: 3.00 pm
SEM MAG: 144 kx

WD: 2.14 mm
Det: InBeam

b

SEM HV: 20.0 kv
View field: 1.60 um
SEM MAG: 289 kx

WD: 2.14 mm

Det: InBeam 200 nm

500 nm

crophotographs were recorded on a scanning
electron microscope (SEM) Tescan Mira 3.
For polymer complexes, as in most cases, the
characteristic larger particle size is due to ag-
glomeration. When passing from a monomer-
ic to a polymer sample, the surface morpholo-
gy remains unchanged, the structure is layered.
The surface structure of monomeric complexes
is not uniform, which indicates the presence of
agglomerated particles, and, as a consequence,
an increase in the size of individual groups. In
general, photomicrographs of test samples are
similar to those previously described.

WD: 1.97 mm
Det: InBeam

MIRA3 TESCAN|  SEM HV: 20.0 kV
View field: 15.0 pm
SEM MAG: 28.9 kx

MIRA3 TESCAN| SEM HV: 20.0 kv
View fleld: 6.00 pm
SEM MAG: 72.2 kx

WD: 210 mm
Det: InBeam

Fig. 9. SEM microphoto of the povders Gd(mbphpd), (a), [Gd(mbphpd),] (b) scale label 100nm,

500nm, 2 micron, 1 micron.
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Conclusion

It was established the hydration composi-
tion, the structure and symmetry of the nea-
rest coordination environment of the central
atom in coordination compounds GD (III)
and Dy(III) with B-diketones. The spectral-lu-
minescent characteristics of obtained mono-
and poly dysprosium complexes exhibit a low
luminescence intensity in the visible region of
the spectrum, connected with close energies
the triplet level of the ligand, and the singlet
level of the emitting ion. It is shown that at
different excitation wavelengths presence dif-
ferent emission characteristics. The resulting
systems are coarsely dispersed amorphous
powders with a layered structure.
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O. C. Bepesxcnuuvka, A. E. Iop6enxo,
0. O. Pozosuos, C. C. Cmona,

A. B. ®eoopos, O. E. Hueupuneup,
O. K. Tpynosa
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Akaodemika Ilannadina, 32/34, Kuis 03142,
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’HauyioHanvHuii  mexHiuHuti  yHisepcumem
Yepainu “Kuiscokuti nonimexHiuHuti iHcmu-
mym imeni leopst Cikopcvkoeo”, npocn. Ilepe-
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‘Qizuko-ximiunuti Incmumym imeni O. B. bo-
eamcvkoeo HAH Ykpainu, eyn. /Trocmoopg-
coka dopoza, 86, Odeca 65080, Yxpaina

CunTtesoBano HoBi kommtekcu Dy(III) Ta
Gd(I1T) 3 B-gukeToHaMu, 1[0 MICTATH HEHa-
CUYEHI Ta apuWibHi 3aMicHMKM. BuKoHaHO
KBAaHTOBO-XIMi4HI PO3paxyHKM MOJIEKY/ JIi-
raHZiB i MeTa/OKOMIUIEKCiB. PospaxoBano
OCHOBHI €HepreTu4Hi XapaKTePUCTUKU MO-
JIEKY/1 JIiTaH[iB: €HTa/bIlisA YTBOPEHHH, IOB-
Ha eHepris MOJeKY/IM Ta JOBXWHU 3B A3KiB,
IapaMeTpy €IEKTPOHHOI 3aCe/IeHOCT] JliraH-
niB. PospaxoBani eHepril BUI0I 3alIOBHEHOI
MonekynapHoi opbitami (E, ) i Hmkdoi
BaKaHTHOi MonekynsapHoi op6itami (E )
CBiffyaTh Ipo C/nabKi eleKTPOHOAKIeNTOPHI
B/IACTMBOCTI KOMII/IEKCIB.

MeTogoM paiMKanbHOI ITONTiMepU3aLil OT-
PVMMaHO METAJIONOJIIMEPM Ha OCHOBI CHUHTe-
30BaHNUX KOMIIIEKCiB. BcTaHOB/IEHO CKmap Ta
OyIOBY CHTe30BaHMX KOMIUIEKCIiB Ta MeTao-
nonimepis. [lokasano, 1m0 npy momiMepusanii
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KOOpAMHalli/iHe OTOYEeHH IJeHTPa/IbHOTr 0 i0Ha
3a/IMIIAETbCA He3MiHHUM. JliraHam Koopau-
HYIOTbCA [0 LIeHTPaJAbHUX iOHIB 6imeHTaTHO-
X€aTHO, YTBOPIOIOUM Tpuc-Komiekcnu. K.d.
ioniB ragoninito (III) ta gucnposito (III) mo-
piBHIOE 8, KooppuHaliliHa cdepa TOIOBHIO-
€THCSA IBOMa MOJIEKynaMy Bopu. [Jocmimxeno
CIIEKTPaJIbHO-TIOMiHECII€HTHI XapakTepu-
CTUKM CHHTE30BaHMX CIIONyK. BusHayeno
eHepril TPUIUIETHOTO PpiBHA MOHOMEpPHUX Ta
nojmiMepHux JiraHzgis. HaaBuicTbp Momekyn
BOOU B H8.I7[6)II/DK‘IOMY KOOpAVHALITHOMY
OTOYEHHI 3YMOB/IIOE HU3bKY IHTEHCUBHICTb
eMicil MOHOMEPHUX KOMIUIEKCIB [UCIIPO3ilo.
B cnexrpax nmroMiHecLeHIIil MeTalonoIiMepiB
npucyTHi cMyru magnetic dipole transition
(*F, = °H,,,) and electric dipole transition
(‘F, = °H,, ). bimusbki eneprii TpunieTHoro
piBHA JliraHAy Ta Pe30HAHCHOIO piBHA iOHA
OVICIIPO3iI0 3YMOBJIIOIOTb HEBMCOKI eMiCiiiHi
XapaKTepUCTUKM CUHTE30BAHUX KOMILIEK-
ciB gucmposino. JocmimkeHnHs mopdororii Ta
OVICTIEPCHOCTI HAaHOCUCTEMBI, OTPMMAHUX Ha
OCHOBI CMHTE30BAaHUX CIIONYK, CBIJYUTDH IIPO
BENIVMKNI pO3Mip 4aCTOK Ta MOMiIVICIIEPCHICTD,
1110 3yMOBJIEHO HAaABHICTIO TPOMI3JIKMX 3aMic-
HUKIiB Ta arnoMepanii. CTpyKkTypa HoBepxHi
YaCTUHOK € IIapyBaTOIo.

KnrouoBi cmoBa: jaHTaHimy, KOMIIJIEKCH,

JIIOMiHEeCIIeHTH1 B/IaCTUBOCTi, MeTajIoIoIiMe-
PY, TQfOMiHiN, AMCIIPO3ill, B-ANKETOHM.
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