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CONTINUUM ELECTROSTATICS INVESTIGATION OF IONIC MICELLES 
USING ATOMISTIC MODELS

V. S. 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 Ψ0. It attracts the 
counterions from solution, which form the outer 
layer. Different approaches were proposed 
for its description, starting from the Goüy – 
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 δ, and the electrostatic po-
tential at its boundary is hence denoted as Ψδ. 
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, Gilányi suggested 
a diffuse monolayer structure instead of the 
idealized Goüy – 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-

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, Ψ is determined 
using the so-called apparent dissociation con-
stant, app

aK , of the indicator bound to the mi-
celle and the so-called intrinsic constant, i

aK , 
Eq. 1.,

i app
a a

ln10 (p p )RT K K
F

Ψ= × −             (1)

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 i

apK  value, the 
app
apK  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 Ψ in Eq. 1 should 
be somewhere between Ψ0 and Ψδ. Another 
reason is the possibility of specific interactions 
between the probe and surfactant. In total, 
for sodium dodecyl sulfate (SDS) micelles the 
variation of Ψ, 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 ζ-) potential 
of colloid particles. No foreign probes are re-
quired, and the obtained ζ values characterize 
solely the particles and the solution. However, 
ζ-potential is a priori of a lesser magnitude 
than Ψ 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 |Ψ0|. 
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 Ψ 
and ζ 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 Goüy – Chapman model of 
EDL, as well as the Debye – Hückel theory of 
strong electrolytes.

0 0 0

( , , )( , , ) ( , , )( ( , , ) ( , , )) sinh
4 4 2

f x y zx y z Fc F x y zx y z x y z
RT

 ∇ ⋅ ∇ = − = − + − 
 

ρρ ψε ψ
πε πε πε

            (2)

Here ψ(x,  y,  z) is the electrostatic poten-
tial, 0ε  has its usual meaning, ρ(x, y, z) is total 
charge density, ε(x, y, z) is the relative permit-
tivity (in the general case it is a function of co-
ordinates, too), ρf is the fixed charge density, c 
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 

originally considered to be point charges oc-
cupying no volume. Nevertheless, by adjusting 
boundary conditions the ions may be attribu
ted with a radius Ri 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 
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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 qs value is known, 
Ψ0 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 Ψδ instead of the 
surface potential Ψ0. In such a case, the surface 
charge density is reduced due to the presence 
of adsorbed counterions. Hence, the qs value 
must be multiplied by (1 – β) to reflect the par-

tial neutralization of the micelle charge, where 
β 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
2

0
2 2 2

8ln cosh( / 4)2 2sinh( / 2) 1
cosh ( / 4) ( ) sinh ( / 2)s

YRTq Y
F r Y r Y

ε ε κ
κ κ

 
= + + 

 	 (3)
 

2
0

2
0

2; ;
4

aggr
s

N Fe F Iq e Y
s r RT RT

κ
π ε ε

Ψ
= = = =

Here, qs is the surface charge density, s is 
the molecular area of a head group on the mi-
cellar surface, Naggr is the aggregation number, 
e is the elementary charge, κ is the reciprocal 
Debye length, I is the ionic strength of a solu-
tion. (represented as a three-dimensional grid 
of ψ(x, y, z) values). The solution parameters 
(relative permittivity, temperature, ionic 

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 ε(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 Naggr 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 

5 / 3 , 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). 

The solution parameters submitted to the 
OHW equation were: ε = 78.5; T = 298.15 K;  
I = 0.05 M = 50 mol m–3.

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). 

	 0 0

2
0

( ) 1 ( )( )
( )

1 1 ( )
4 ( )

d dN dg d
dV d

dN d
r d dd

ρ
ρ ρ

ρ π

= = =

=
+

             (4)

Where ρ0 is the cell-average number density 
of counterions, ρ(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 257×257×257. 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  
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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 
ψ(x, y, z) over relevant regions to get meaning-
ful 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 ψ(x, y, z).

	 A                                                                          B
Fig. 1. A: The principle of calculation of solvent-accessible surfaces. Dark blue circles – CH2 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 RW, light green outlined circle – 
solvent probe with radius (RW + 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 RW 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 
OSO3

– and CH2N(CH3)3
+ 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 ψ(x, y, z) evaluated over the 
surface generated using probe radius (0.14+x) 
nm was considered as the Ψ 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 Naggr r, nm s, nm2 |Ψ0|, mV β |Ψδ|, mV

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 Naggr |Ψ0|, mV |Ψ(0.2)|, mV |Ψ(0.4)|, mV |Ψδ|, mV

SDS 60 100 85 68 75
CTAB 80 149 106 76 70
CTAB 95 151 111 85 78
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Firstly, we focus on the theoretical predic-
tions of the OHW equation. The parameters 
of micelles obtained from MD simulations (r, 
s, β) and the subsequent solutions of Eq. 2 are 
collected in Table 1. For Ψδ 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 δ 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 δ at about 0.32 nm for SDS and 
0.45 nm for CTAB, Figure 2. The correspond-
ing β values found as N(δ)/Naggr are 0.48 and 
0.61, respectively. We note that the experimen-
tally determined β 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 Ψ values of CTAB micelles composed of 

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. 
ψ(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 
ψ(x, y, 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 ψ(x,  y,  z) values very dif-
ferent from the rest of the surface. Therefore, 
keeping them would distort the average.

                                             A                                                                                   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 Ψ 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, Ψ 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 

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 κ–1 tends to infinity preventing the use of 
the OHW equation. The estimated Ψ0 values 
equaled –535 mV and +630 mV for SDS and 
CTAB micelles, respectively. 

 

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

ferent ionic strengths.

                                            A                                                                                          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 Ψ0 from the numerical solution of PB equation 

at I = 0.05 M. The original values are highlighted in bold

surfactant Naggr

|Ψ0|, mV
Ri = 0.2 nm Ri = 0.1 nm Ri = 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-
fect the computed ψ(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 Ψ 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 Naggr 
of CTAB micelles we repeated the computa-
tions using the models with Naggr = 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 Ψ 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-

like case (Ri = 0) was checked. Unlike the previ-
ous factors, here the influence appeared signif-
icant for both kinds of micelles: each decrease 
of Ri by 0.1 nm reduced |Ψ0| 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 
12×12×12 nm3 and the grid dimensions de-
crease to 129×129×129 were found to cause 
the negligible difference of Ψ0 (<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 Ψ0 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 |Ψ0| 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 Ri. As was 
mentioned before, this parameter strongly af-
fects the results. The examination of Table 3 
shows that if equal radii are used, the Ψ0 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 Ψ0 magnitude. Surprisingly, the closest 
match between OHW and numerical predic-
tions is observed for Ri = 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 |Ψ0| 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 |Ψ0| values in Table 2 indicates 
the effect exerted by the outer part of EDL.

Turning to the potential of Stern layer Ψδ, 
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 Ψ0 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 Ψ0 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 Ψ0 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 Ψδ 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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Розглянуто питання про ключовий па-
раметр, пов’язаний з будовою подвійно-
го електричного шару міцел йоногенних 
ПАР, – електростатичний потенціал. Наве-
дено короткий огляд експериментальних 
методів та теоретичних моделей для оцінки 
електростатичного потенціалу. Запропоно-
вано метод розрахунку електростатичного 
потенціалу, який базується на чисельному 
розв’язанні рівняння Пуассона – Больцма-
на, з використанням атомістичної моделі 
міцели йоногенної ПАР. Необхідні для по-
будови атомістичних моделей параметри 
одержано з молекулярно-динамічного мо-
делювання. Із використанням цього мето-
ду розраховано електростатичний потен-

ціал для міцел додецилсульфату натрію та 
броміду цетилтриметиламонію при різних 
іонних силах. Результати обговорюють  
порівняно зі значеннями, розрахованими 
в рамках спрощеної моделі за рівнянням 
Ошими – Хілі – Уайта.

Ключові слова:  міцела поверхнево-ак-
тивної речовини, шар Штерна, електро-
статичний потенціал, рівняння Пуассо-
на – Больцмана, доступна для розчинника 
поверхня.
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ОСОБЛИВОСТІ ЕЛЕКТРОВІДНОВЛЕННЯ Li2CO3 В ЕКВІМОЛЯРНОМУ 
РОЗПЛАВІ ХЛОРИДІВ НАТРІЮ ТА КАЛІЮ
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Наведено результати досліджень електрохімічного відновлення Li2CO3 в розплавле-
ній еквімолярній суміші хлоридів натрію та калію в різних газових середовищах (по-
вітря, аргон, діоксид вуглецю). Відновлення Li2CO3 до вуглецю на повітрі відбувається 
через стадію попередньої хімічної реакції кислотно-основного типу з утворенням двох 
електрохімічно активних частинок СО2 і LixСО3

2-x за потенціалів –0,8 та –1,7,  відпо-
відно, відносно Pb|PbCl2 електрода порівняння. Обидва процеси незворотні, причо-
му лімітуючою стадією відновлення LixСО3

2-x є дифузія деполяризатора до поверхні 
електрода. В атмосфері аргону та СО2 у процесі електровідновлення бере участь лише 
LixСО3

2-x. Методами РФА, СЕМ та КР-спектроскопії встановлено, що катодний про-
дукт – це аморфний вуглець із високою розупорядкованістю. Агломеровані частинки 
складаються з деградованих графенових структур із приблизним розміром кристалі-
тів – 30–40 нм.

Ключові слова: карбонат літію, електровідновлення, розплави солей, вуглецеві 
наноматеріали.

ВСТУП. Вивченню особливостей елект
ровиділення вуглецю із карбонатних і 
галогенідно-карбонатних розплавів при-
свячено великий цикл робіт, починаючи 
з поч. ХХ ст. Встановлено, що за певних 
умов електролізу на катоді формується 
фаза вуглецю у вигляді плівок або поро-
шків із 100% виходом за струмом або утво-
рюється монооксид вуглецю СО. В остан-
ні 10 років цей напрям досліджень набув 
особливої актуальності і привертає увагу 

провідних наукових центрів світу [1–10]. 
Це пов’язано з перспективою вирішення 
за допомогою цього процесу важливого 
екологічного завдання – утилізації діокси-
ду вуглецю, що входить до складу парни-
кового газу.

На сьогодні відомо, що для отримання 
вуглецю використовують термічно нестійкі 
карбонати першої і другої груп періодич-
ної системи, а саме: Li2CO3, Na2CO3, MgCO3, 
CaCO3, BaCO3 [11–16]. Багато питань щодо  
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морфології, структури і дисперсності вуг-
лецевих продуктів відновлення однознач-
но не розкрито й досі. Найчастіше вивча-
ли електровідновлення карбонату літію 
як в чисто карбонатних, так і змішаних 
галогенідно-карбонатних розплавах, але 
літературні відомості з електровиділен-
ня вуглецю із Li2CO3 містять цілу низку 
розбіжностей. Наприклад, не визначено 
єдиного механізму, за яким відбувається 
електровідновлення Li2CO3, точно не вста-
новлено потенціали, за яких утворюється 
вуглець, не враховано вплив катіонного 
оточення на особливості розряду карбо-
нат-аніону та морфологічні і структурні 
властивості вуглецевих фаз, не з’ясова-
но, які електрохімічні частинки беруть 
участь у процесі тощо. Метою роботи 
було вивчення процесу електровіднов-
лення Li2CO3 на фоні розплавленої суміші  
NaCl–KCl у широкому діапазоні концен-
трацій Li2CO3 (1,0–15,0×10-4  моль/см3), 
швидкостей поляризації (0,02–0,10  мВ/с) 
та різних газових атмосферах (повітря, ар-
гон та СО2).

ЕКСПЕРИМЕНТ І ОБГОВОРЕННЯ РЕ-
ЗУЛЬТАТІВ. Особливості електровіднов-
лення Li2CO3 вивчали методом циклічної 
вольтамперометрії за температури 750  °С, 
швидкостях поляризації – V = 0,1, 0,05, та 
0,02 В/с, у широкому діапазоні потенціалів. 
Дослідження проводили на повітрі, в ат-
мосферах аргону і СО2 у кварцовій та ста-
левій (розробленій для роботи під тиском) 
комірках (рис. 1).

Робочими електродами (катодами) слу-
гували платинові голчасті та пластинчасті 
електроди площею ~0,24 і ~3,6 см2 відповід-
но. Як анод (допоміжний електрод) вико-

ристовували скловуглецеві (СВ) пластини, 
площа поверхні яких була значно більшою 
за поверхню катода. Електродами порівнян-
ня (ЕП) були Pt квазіобернений (Pt|O2/O

2-) 
та свинцевий (Pb|PbCl2) електроди. Для 
розплавленого електроліту використову-
вали скловуглецеві, алундові чи платинові 
тиглі. Електрохімічні комірки розташову-
вали у печі «СШОЛ–1.1.6» із вертикальною 
нагрівальною шахтою, термостатування 
якої забезпечували за допомогою електро-
нного потенціометра «КВП–1503» та пла-
тино-платинородієвої термопари як датчи-
ка температури.

Фоновим електролітом слугувала роз-
плавлена еквімолярна суміш солей NaCl–
KCl (1:1). NaCl та KCl (кваліфікації «х. ч.»)  
попередньо сушили за температури 150 °C 
упродовж 12 годин із подальшим сплавлян-
ням у платиновому тиглі за температури 
700 °С. Охолоджений розплав розтирали 
в агатовій ступці і повторно висушува-
ли. Li2CO3 («х. ч.»), висушували упродовж 
24 годин за температури 200 °С.

Для вольтамперометричних досліджень 
та проведення електролізів використовува-
ли потенціостат «ПИ–50–1» із програмато-
ром «ПР–8». Реєстрацію вольтамперограм 
здійснювали на двокоординатному прила-
ді «ЛКД–4» із подальшим оцифруванням 
за допомогою програмного забезпечення 
«GetData Graph Digitizer 2.26».

Продукти відновлення характеризували 
методами РФА (дифрактометр «ДРОН–3М», 
СuКα–випромінення), СЕМ (растровий 
електронний мікроскоп «JEOL JSM–35») та 
спектроскопії КРС («Renishaw inVia Raman 
Microscope», Ne–He-лазер із довжиною 
хвилі 633 нм).
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Рис. 1. (а) – Схема сталевої герметичної 
установки для роботи під тиском: 1 – стальний 
реактор автоклавного типу; 2 – кварцовий 
стакан; 3 – тигель; 4 – індикаторний електрод; 
5 – електрод порівняння; 6  – термопара; 
7 – струмопровід; 8 – водяне охолодження 
реактора; 9 – клапан скидання тиску в камері;  
10 – з’єднувальний шланг; 11 – кран регулювання 
подачі газу; 12 – стальний ресивер (V  = 2 л); 
13 – манометр. 

(б) – Схема кварцової електрохімічної 
комірки для роботи в газовій атмосфері: 
1 – кварцовий стакан; 2 – штуцер для ва
куумування; 3 – кільце з різьбою; 4 – стальна 
гайка; 5 – фторопластова втулка; 6 – кільце із 
вакуумної гуми; 7 – кільце із фторопласта; 8 – 
пробки з вакуумної гуми; 9 – індикаторний 
електрод; 10 – електрод порівняння; 11 – 
струмопроводи до анода; 12 – термопара; 13 – 
трубка для подачі солей; 14 – стопорне кільце; 
15 – термостійкі шайби; 16 – алундові трубки. 

Результати вольтамперометричних до-
сліджень відновлення карбонату літію в ат-
мосфері повітря наведено на рис. 2. Аналіз 
отриманих результатів показав, що розряд 
фонового електроліту з виділенням луж-
ного металу починається за потенціалу  
~ -1,8 В відносно Pb|PbCl2 ЕП (крива 1). Жод-
них додаткових хвиль на вольтамперограмі 
не реєструється, що свідчить про відсут-
ність сторонніх домішок. У розплав NaCl–
KCl послідовно (по 0,25×10-3 моль/см3) 
додавали Li2CO3, починаючи з концентра-
ції 0,1×10-3 моль/см3. Інтервал між зніман-
ням вольтамперограм за різних концентра-
цій становив не менше 10 хв.

Рис. 2. Вольтамперограми розплаву Na,K|Cl 
(1), що містив Li2CO3: (2) – 0,5, (3) – 1,0, (4) –  
1,5 × 10-3 моль/см3. t = 750 °С; V = 0,1 В/с;  
Sк = 3,6 см2; Pb|PbCl2 ЕП; атмосфера повітря. 
Вставка – залежність сили струму від концен-
трації Li2CO3.

За концентрації у фоновому розплаві 
0,5×10-3  моль/см3 Li2CO3 в катодній облас-
ті потенціалів на вольтамперограмі реєст
рують дві хвилі К1 і К2 при Еп/2 = -0,45 та -1,6 В  
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відповідно (крива 2). На зворотному ході 
вольтамперограми, в анодній області, їм 
відповідають хвилі А1 та А2 (Еп/2 = +0,2 та 
-1,2 В відповідно), що характеризують окис-
нення продуктів катодного відновлення. 
Подальше збільшення концентрації Li2CO3 
у розплаві (рис. 2, криві 3, 4) зумовлює 
зростання висоти як катодної хвилі К2, так 
і анодної А2, що їй відповідає. Висота хвиль 
К1 і А1 залишається практично незмінною.  
Відбувається незначне зміщення потенціа-
лів катодних і анодних хвиль у позитивну 
область. Процес, якому відповідає хви-
ля К2, контролюється швидкістю достав-
ки деполяризатора до поверхні електро-
да, оскільки при збільшенні концентрації 
Li2CO3 у розплаві (криві 3–4) відбувається 
прямо пропорційне зростання сили стру-
му, що відповідає пікам цих хвиль (рис. 2, 
вставка).

Рис. 3. Вольтамперограми розплавленої су
міші Na,K|Cl–Li2CO3 (0,75×10-3 моль/см3) в різ-
них інтервалах сканування потенціалу. t = 750 °С; 
Sк = 0,24 см2; Pt|O2/O

2- ЕП; атмосфера повітря.

Якщо циклічну вольтамперограму за-
писати в інтервалі розгортки потенціа-
лів, який не досягає потенціалу хвилі К2 
(-2,25  В), наприклад, в інтервалі від 0 до 
-1,2 В (пунктирна лінія, рис. 3), то, як і у ви-
падку, коли вольтамперограму записували 
в інтервалі потенціалів від 0 до -2,25 В (су-
цільна лінія, рис. 3), в анодній області при 
Еп/2 = -0,45 В (відносно Pt|O2/O

2- ЕП) також 
реєструють одну хвилю. Це свідчить на ко-
ристь того, що хвиля А1 характеризує окис-
нення продукту, утвореного в інтервалі по-
тенціалів хвилі К1.

Наявність добре відтворюваних хвиль 
на вольтамперограмах дозволяє оцінити лі-
мітуючі стадії електродного процесу і деякі 
його параметри. Характер стадії перенесен-
ня заряду визначали за загальноприйняти-
ми критеріями, а саме:

– із залежності потенціалу напівпіку 
катодної хвилі від швидкості поляризації 
(критерій Делахея [17]): 

Eп/2 = -CRT/αnαF - ln(D1/2)RT/αnαF + 
+ ln(k0

s)RT/αnαF - ln(αnαv
1/2)RT/αnαF)  (1)

де Eп/2 – потенціал напівпіку, В; С – концентра-
ція деполяризатора, моль/см3; R – універсаль-
на газова стала, Дж⁄моль∙К; Т – температура, 
К; α – коефіцієнт переносу; nα – кількість елек-
тронів, які беруть участь в електродному про-
цесі; F – стала Фарадея, Кл/моль; D – коефіці-
єнт дифузії, см2/с; k0

s – гетерогенна константа 
швидкості електродного процесу; v – швид-
кість поляризації, В/с.

– за значеннями потенціалу півширини 
піку (ΔE = Eпк - Eпк/2) (критерій Матсуди – 
Аябе [18]):

ΔЕ = 1,857 RT / αnαF                  (2)
Зменшення швидкості сканування по-

тенціалу (рис. 4) зумовлює зменшення сили 
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струму, що відповідає пікам катодних та 
анодних хвиль, і зміщення потенціалу обох 
хвиль у позитивну область. Згідно діагнос-
тичного критерію Делахея це свідчить про 
те, що електрохімічні процеси в цьому ін-
тервалі потенціалів незворотні. Із рівняння 
Матсуди – Аябе розраховано коефіцієнти 
переносу заряду, для хвиль К1 і К2 вони до-
рівнюють 0,26 та 0,41 відповідно. 

Рис. 4. Вольтамперограми розплавленої сумі-
ші Na,K|Cl–Li2CO3 (0,75×10-3 моль/см3) за різних 
швидкостей сканування. t = 750 °С; Sк = 0,24 см2; 
атмосфера повітря

Дещо інший характер мають вольтам-
перограми відновлення Li2CO3 в атмосфе-
рі аргону та вуглекислого газу під тиском. 
За концентрації Li2CO3 0,75×10-3  моль/см3 

у розплаві на вольтамперограмах в атмос-
фері аргону (рис. 5, а) фіксують лише одну 
катодну (Еп/2 = -1,5 В) хвилю К2, а на зворот-
ному ході розгортки потенціалу відповідну 
їй анодну А2 (Еп/2 = -0,7 В) хвилю (потенці-
али вказано відносно Pb|PbCl2 ЕП). За змі-

ни атмосфери з повітря на СО2 і поступо-
вому збільшенні його тиску над розплавом 
(рис. 5, б) висота хвилі К1 зменшується і за 
тиску 0,5 МПа її практично не реєструють, 
у той час як висота хвиль К2 і А2 збільшу-
ється.

Рис. 5. Вольтамперограми розплавленої 
суміші Na,K|Cl–Li2CO3 (0,75×10-3  моль/см3) в 
атмосфері аргону (а), повітря та вуглекислого 
газу за тиску 0,5 МПа (б). t = 750 °С, V = 0,1 В/с, 
Sк = 3,6 см2, Pb|PbCl2 ЕП.
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Із метою ідентифікації продуктів елект
ровідновлення (природи катодних хвиль) 
проведено потенціостатичні електролізи 
(t = 750 °С) за потенціалів Е1 = -1,0 В (ік1 = 
0,08  А/см2) та Е2 = -1,8  В (ік2 = 0,15  А/см2) 
на повітрі. В обох випадках після електро-
лізу тривалістю 2 години на катоді утворю-
валися темні сольові «груші» – тверда су-

міш продуктів електролізу та електроліту 
(рис. 6, а). Сольова складова «груші» добре 
розчинялася у гарячій дистильованій воді, 
при цьому на дні стакана залишався дис-
персний чорний порошок, який відмива-
ли при кип’ятінні до негативної реакції на 
хлорид-йон. Отриманий порошок сушили 
за температури 105–130 °С на повітрі.

Рис. 6. Фото Pt катода до та після електролізу (а), рентгенівські дифрактограми (б), СЕМ-
зображення (в) та Раман-спектри (г) катодних продуктів, одержаних електролізом розплавленої 
суміші Na,K|Cl–Li2CO3 (2×10-3 моль/см3) при потенціалах, що відповідають різним хвилям 
вольтамперограм за температури 750 °С.
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Методом РФА (рис. 6, б) встановлено, що 
катодний продукт в обох випадках – аморф-
ний вуглець. Про аморфність вуглецю свід-
чить той факт, що на дифрактограмах ре
єструють розмитий (за 2θ–21°) та слабкови-
ражений (за 43°) піки (гало), характерні для 
аморфно-кристалічного вуглецю (графіту). 

Морфологію та структуру електролітич-
них порошків вуглецю вивчали методами 
СЕМ та КР-спектроскопії. Із зображень 
СЕМ (рис. 6, в) видно, що агломеровані час-
тинки складаються з деградованих графі-
тових структур. Загальний вигляд нагадує 
модель «пом’ятого паперу».

Методом КРС встановлено, що вуглець, 
який одержаний за різних потенціалів (-1,0 
та -1,8  В), має високу розупорядкованість 
(дефектність). На це вказує висока інтен-
сивність піку D (частота 1318–1327  см-1), 
який пов’язаний з порушенням графено-
вої структури, а також високі значення 
співвідношення інтенсивності піків D та G 
(рис. 6 г). Середній розмір кристалітів вуг-
лецевого продукту складає 30–40 нм (розра-
ховано за формулою Tuinstra – Koenig [19]).

Відміни у морфології (рис. 6, в), харак-
тер Раман-спектрів (рис. 6, г) продуктів 
відновлення дають підстави вважати, що за 
зазначених умов (різниця потенціалів від-
новлення 0,8 В) вуглець утворюється на ка-
тоді з 2-х різних електрохімічно активних 
частинок (ЕХАЧ).

На основі аналізу цих експерименталь-
них даних можна запропонувати наступ-
ний механізм електровідновлення Li2CO3 у 
хлоридному розплаві.

Перша катодна хвиля К1 відповідає елект
ровідновленню СО2. Цей процес можна 
описати загальним рівнянням (1):

3CO2 + 4ē → С + 2СО3
2- .                  (1)

СО2 утворюється в результаті термічної 
дисоціації Li2CO3 за хімічною реакцією (2), 
спрощене рівняння якої можна записати в 
іонному вигляді (3):

Li2CO3 ⇄ Li2O + CO2                    (2)
СО3

2- ⇄ СО2 + О2- .                    (3)
Рівноваги (2) і (3) чутливі до змін газо-

вого середовища над розплавом, оскільки в 
інертному середовищі аргону та в атмосфе-
рі СО2, на вольтамперограмах (рис. 5) фік-
сують лише катодну хвилю К2 (Еп/2 = -1,5 В) 
і відповідну їй анодну хвилю А2 (Еп/2 = 
-0,7 В), а хвилі К1 та А1 відсутні. Відсутність 
цих хвиль пояснюється тим, що при зміні 
атмосфери відбувається зміщення рівноваг 
(2) і (3) у ліву сторону.

За потенціалу катодної хвилі К2 відбува-
ється електровідновлення Li2CO3 (ЕХАЧ  – 
LixСО3

2-x) з утворенням вуглецю за реак
цією (4):

CO3
2- + 4ē → C + 3O2- .                (4)

Це підтверджено літературними дани-
ми. Делімарський  Ю.  К. із співр. [20] при 
дослідженні електровідновлення Li2CO3 у 
хлоридному розплаві на повітрі, метода-
ми осцилографічної полярографії та хро-
нопотенціометрії припустили, що процес 
електровідновлення СО3

2- є ступінчастим із 
попередньою кінетичною реакцією кислот-
но-основного типу. Підтвердженням цього 
факту також є робота колективу авторів 
Кунмінського університету науки і техно-
логій [21]. Методом термогравіметрії вони 
встановили, що процес дисоціації карбо-
нату літію дуже залежить від атмосфери, в 
якій проводять розкладання. 

Підтвердженням зроблених висновків 
можна також вважати результати робіт 
[6–16], оскільки на вольтамперограмах, 
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отриманих авторами зазначених статей, у 
розплавах, що містять карбонат літію, за-
фіксовано катодні хвилі, які відповідали 
утворенню вуглецевих структур за потен-
ціалів, близьких до встановлених нами. На 
відміну від виконаних нами досліджень, ав-
тори робіт [6–16] експерименти проводили 
лише в атмосфері аргону, тому катодну хви-
лю К1 не реєстрували.

Як вказано вище, електрохімічні про-
цеси (1) та (4) є незворотними, оскільки 
потенціал обох хвиль зі зміною швидкості 
сканування змінюються, а також різниця 
між потенціалами (ЕпК1 - ЕпА1) і (ЕпК2 - ЕпА2) 
значно більша, ніж для 4-х електронного 
оборотного переносу заряду.

За потенціалів анодних хвиль А1 та А2 
відбуваються такі перетворення:

С + 2СО3
2- → 3СО2 + 4ē,               (5)

С + 2О2- → СО2 + 4ē.                  (6)
Не виключено, що під час електролізу 

можна утворити карбід літію Li2C2 у резуль-
таті сумісного електровідновлення іонів лі-
тію та карбонату, який за температур, ви-
щих за 650 °С, може розкладатися на літій 
і вуглець.

Вихід вуглецю за струмом при електролізі 
становив 40–60%. Це могло бути наслідком 
втрат при відмиванні продуктів відновлен-
ня водою (не більше 3–5 мас.%); побічних 
реакцій на катоді: хімічним відновленням 
карбонат-йонів (CO3

2- + С → СО2 +СО) та/
або вуглекислого газу (CO2 +С → 2СО); 
окисненням на аноді одержаного вуглецю, 
оскільки електродні простори не ізольовані 
один від одного.

ВИСНОВКИ. Електрохімічне відновлен-
ня карбонату літію є складним процесом, 
що супроводжується низкою можливих 

побічних реакцій. Перебіг цього процесу 
(склад ЕХАЧ та область потенціалів від-
новлення) залежить від атмосфери газово-
го середовища над розплавом і протікає в 
повітряній атмосфері через стадію попере-
дньої хімічної реакції кислотно-основного 
типу з утворенням електрохімічно актив-
них частинок СО2 і LixСО3

2-x, які відновлю-
ються за різних потенціалів: –0,8 та –1,7 В  
(Pb|PbCl2 ЕП) відповідно. В атмосфері арго-
ну та вуглекислого газу за великого тиску 
процес протікає через утворення катіонно-
го комплексу LixСО3

2-x, який відновлюється 
до вуглецю.

Ця публікація підтримана джерелом 
фінансування Національної акаде-
мії наук України № 0118U003438.
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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 Li2CO3 against 
the background electrolyte NaCl–KCl was car-
ried out. It was found that the electroreduction 
of Li2CO3 to carbon occurs through the stage 
of a preliminary chemical reaction of acid-base 
type with forming of electrochemically active 
particles – CO2 and LixCO3

2-x at potentials of 
-0.8 and -1.7 V (against Pb|PbCl2 reference 
electrode), respectively. Both processes are ir-
reversible, and the electroreduction of LixCO3

2-x 
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 2θ ~21 and 
43°, suggesting that obtained carbon materials 
are amorphous. The ratio of the intensities of  
D and G bands (ID/IG) 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 Li2CO3 to carbon 
in molten salts presented in this study is envi-

ronmentally benign and affordable, providing 
a promising route for the production carbon 
nanomaterials. Also, this work highlights the 
possibility of using Li2CO3 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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In review examineі 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 methodі for electrolytes 
studies considered: electrochemical impedance spectroscopy, voltammetry, amperometry, 
viscosimetry, and combined Ramman spectroscopy.
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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-

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 



V. A. Diamant

83https://ucj.org.ua

UCJ № 6 / Vol. 87

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 

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 HF, which can 
lead to corrosion of the hull and the сurrent 
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 Т, °С Electrochemical stability (solvent 
in which it was measured) Literature cited

LiClO4 400 °С 5.1 V (propylene carbonat [33, 34],

LiAsF6 340 °С 4,5 В
propylene carbonate [33, 35]

LiBF4 293 °С 5.0 V (propylene carbonate) [33, 35]

LiPF6
30 °С – 117 

°С 4.5 V (propylene carbonate) [41, 36, 35, 33]

Lithium triflate 300 °С 5,1 В
(sulpholane)

[33], [37], 
[38 p. 318],

propylene carbonate 360 °С 5,0 V
(propylene carbonate)

[42], [37], 
[38 p. 318], [39]

Lithium Methanide 340 °С 4.0 V (tetrahydrofuran) [39]
LiSO3F 360 °С 4.9 V (γ-butyrolactone) [40]

Table 2
Electroconductivity of the lithium salts in aprotic solvents.

σ, mСm*Сm-1

LiBF
4

LiPF
6

LiA
sF

6

LC
lO

4

LiC
F

3 SO
3

LiN
(SO

2 C
F

3 )2

Literature 
cited

(1.0 М 25 °С) in ПК 3.4 5.8 5.7 5.6 1.7 5.1 [33], [35]
(1.0 М 25 °С) in ЕК/DMK 4.9 10.7 11.1 8.4 9.0 [33], [35]

(1,0 М 25 °С)
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, LiClO4 
solutions in organic solvents can explode du
ring exploitation [33]. LiAsF6 and its decom-
position products are toxic. LiAsF6 and LiBF4, 
LiPF6 are sensitive to hydrolysis since their 
products - PF5, BF3, and AsF5 initiate solvents 
polymerization. In addition, these reactions 

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 LiPF6 begins to decompose by tempe
ratures above 30 °C, even being in an electro-
lyte [41, 36, 35, 33].

Also, LiSO3F 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-

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]:

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, c). SL – indi-
cates elements of the scheme associated with a solid 
passivation film, Rs – resistance of solution, C SL – 
capacity of the passivation film, RSL – resistance of 
the passivation film, CDL – capacity of the double 
electric layer, ZER – 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)

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, RSEI – resistance of the passivation film, Rct – resistance of 
cathode, CSEI – capacity of the passivation film, Cdl – capacity of the double electric layer.

a

b

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 

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,  RSOL 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].

Fig. 5. Equivalent circuit of polymer electro-
lyte [58].

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 

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]:

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 LiClO4 and LiPF6 are presented in Table 

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 сoordi-
nate covalent bond in the aromatic nucleus has 
shifted the recovery peak to higher potentials 
(Table 4). 
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Table 3 
The products of electrolyte decomposition [63].

Solvent and other components Possible reduction products Potential limit relative to Li/Li+

O2 LiO2, Li2O2 1,5 – 2  V
H2O LiOH 1,5 – 1,2 V

HF PF5 LiF, LixPFy 1.8 and below
Eters ROLi Below 0,5 V
esters ROCOOLi (carboxylates) Below 1,2 V

alkylcarbonates ROCOOLi, ROLi Below 1,5 V
ethylene carbonate CH2(OCOOLi),  CH2=CH2 Below 1,5 V

propylene carbonate CH3CH(OCOOLi), 
CH2OCOOLi, CH3CH=CH2

Below 0,5 V

dimethyl carbonate CH3OCOOLi, CH3OLi Below 1.2 V
LiClO4 LiCl, LiCIOx Below 1 V
LiPF6 LiF, LixPFy Below 1 V

LiN(SO2CF3)2
LiF, LiCF3, LiSO2CF3, 

Li2NSO2CF3
Below 1 V

Table 4 
Reduction in the first cycle of lithium bis(Saltillo)borate substitution 

in the aromatic nucleus to Galogen atom  [64].

The salt components of the 
electrolyte

Recovery 
potential at 

the first cycle 
relative 

to Li/Li+, V

The salt components of the 
electrolyte
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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-
sive understanding of viscosity behavior 
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 

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)2]

-, whereas, in sodium systems, 
the dominant form is [Na(TFSI)3]

2- complexes. 
It  directly relates to the density change and 
electrolytes conductivity, depending on the 
metal salt concentration.

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 NaClO4 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 
LiPF6, 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-

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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В огляді надано базові властивості су-
часних неводних електролітів для літій-
іонних акумуляторів та гібридних супер-
конденсаторів, які беруть участь у фор-
муванні  потужності, електрохімічної та 
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термічної стабільності. Обговорено такі ас-
пекти, як функції електролітів  в електрохі-
мічних джерелах живлення, фізико-хімічні 
та електрохімічні властивості електролітів 
для суперконденсаторів, фізико-хімічні та 
електрохімічні властивості електролітів 
для первинних та вторинних батарей та ме-
тоди дослідження електролітів. Як базові 
методи  досліджень електролітів наведено: 
електрохімічну імпедансну спектроскопію, 
вольтамперометрію, амперометрію, віско-
зиметрію та комбіновану спектроскопію 
Рамана.  Використання цих методів дозво-
ляє  аналізувати властивості, які важко або 
навіть неможливо вивчити за допомогою 
лише одного з цих методів. ЕІС можна ви-
користовувати для вивчення властивостей 
електролітів in-situ без руйнування батарей 
та окремо для виявлення їхніх властивос-
тей під час контакту з поверхнею елект
рода. Метод вольтамперометрії дозволяє 
досліджувати загальну електрохімічну 
стабільність електроліту і визначає т. зв. 
«вікно електрохімічної стійкості» (інтер-
вал потенціалів, де електрохімічні процеси 
неможливі), а також електрохімічні реакції, 
в яких беруть участь окремі компоненти 
електроліту. Вивчення температурної за-
лежності провідності від концентрації солі 
та в’язкості електролітів, діелектричних 
властивостей розчинників та їхніх сумішей 
може бути інструментом для вибору опти-
мального складу електролітів із великою 
потужністю в широкому діапазоні потен-
ціалів та стабільною плівкою на інтерфейс 
електрод – електроліт.

Ключові слова: електроліт, неводний 
розчинник, термін служби, імпеданс, вольт
амперометрія, в’язкість, провідність.
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THE COORDINATION COMPOUNDS Gd (III) AND Dy(III) WITH SOME 
β-DIKETONES
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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 (4F9 → 6H15/2) and electric dipole transition (4F9 → 6H13/2). 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, β-diketones.

INTRODUCTION. High luminescence 
[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].

One of the most important factors influenc-
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(III), Nd(III), Yb(III) [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 Gd3+ and Dy3+ 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-

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 (III) 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, 
β-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 β-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 β-diketones and 
metal polymers based on them.

EXPERIMENT AND DISCUSSION OF THE 
RESULTS. As starting compounds were se-
lected β-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 sсheme 1.

Sсheme 1. Structure of the ligands.

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 cm3 of dry diethyl 
ether, was added dropwise a solution of 0,5 mol 
(99 cm3) of biphenylketone and 0,5 mol (63 cm3) 
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 β-diketonate complex-
es Gd (III) and Dy (III) was used dysprosium 
acetate (III) Dy(CH3COO)3∙4H2O (c.p), gado-
linium nitrate (III) Gd(NO3)3∙5H2O (c.p), so-
dium hydroxide NaOH (c.p).

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.

Dy(CH3COO)3 + 3NaL → DeL3 + 3CH3COONa

Gd(NO3)3+ 3NaL → GdL3 + 3NaNO3

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 CaCl2. All 
synthesized complexes were yellowish.

A feature of the synthesis and purification 
of β-diketonates of lanthanides Ln(β-dik)3 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/dm3 and an AIBN initiator 
concentration of 0.003 mol/dm3. 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 β-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-

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).
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а

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

There were calculated the base energy 
characteristics of the ligand molecules using 
the SPARKLE PM7 model: the enthalpy of for-

mation, the total energy of the molecule and 
bond lengths, the parameters of the electron 
populations of the ligands (Table 1).

Table 1 
Characteristics of the structure and electronic populations of β-diketone 

molecules and β-diketone molecules.
Estimated parameter mphpd mbphpd

Total energy (еВ) -2225,898 -3001,148
Heat of formation (kJ / mol) -187,341 -119,148

The dipole moment 2,179 2,526
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Ehomo(еV) -10,227 -9,561
Elumo(еV) -0,697 -1,061

Energy gap 9,53 8,5
Ionization potential (еV) 10,227 9,473

Bond lenght (Å)
СRCO - R 1,48175 1,4824
СRCO - O 1,20643 1,20565

СRCO – CCH2 1,50965 1,50799
CCH2 – CCO 1,51066 1,5115

CCO - O 1,20514 1,2051
CCO – CC-CH2 1,48905 1,4891

Atomic unit of charge:
Q СRCO /QCR 0,4832/-0,1651 0,4953/ -0,1693
QСRCO  / QO 0,4832/-0,4296 0,4953/-0,4460

QCCH2 / QCCO -0,4988/ 0,4734 -0,501/0,4814
Q CCO /QO 0,4734/-0,4309 0,4814/-0,4311

QCCO – QCC-CH2 0,4734/ -0,0605 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 (ЕHOMO) and the lowest vacant molecular 
orbital (ЕLUMO), we can conclude that these com-

plexes will exhibit weak electron-withdrawing 
properties, for mphpd and mbphpd ELUMO = 
-0.697 eV and -1.061 eV, respectively.

The performed quantum-chemical calcu-
lations made it possible to geometrically opti-
mize the molecules of β-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 Å versus 2.2381 Å 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. 

Table 1 
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а

b
Fig. 2. Geometrically structure of β-diketonate complexes of Gd(mphpd)3 ∙ 2H2O (a) and Gd(mbphpd)3 

∙ 2H2O (b).
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а

b
Fig. 3. Geometrically structure of β-diketonate complexes of Dy(mphpd)3 ∙ 2H2O (a) and Dy(mbphpd)3 

∙ 2H2O (b).
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Analyzing the value of the heats of formation 
of complexes, it can be noted that negative 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)3 
∙ 2H2O and Dy(mbphpd)3 ∙ 2H2O, 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 ЕHOMO and ELUMO, namely,  

I = -EHOMO and A = -ELUMO, where I is 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)3 and Dy(mphpd)3, 
Gd(mbphpd)3 and Dy(mbphpd)3. 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.

Table 2 
Characteristics of the structure and electronic populations of complexes.

Estimated parameter Gd(mphpd)3 Gd(mbphpd)3 Dy(mphpd)3 Dy(mbphpd)3

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
Ehomo(еV) -9,249 -8,932 -9,244 -8,929
Elumo(еV) -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 О-Ln (Ǻ) 2,2355 2,2454 2,2266 2,2242
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The elimination of adsorbed water occurs 
at 700C, further dehydration of dysprosium 
and gadolinium complexes with methacroyl
acetophenone Ln(mphpd)3 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)3 and 4.6% 
for Gd(mphpd)3 (mop = 4.8%), which corre-
sponds to the elimination of two coordinated 
water molecules. Endoeffects at temperatures of 
1980C (Dy(mphpd)3) and 1890C (Gd(mphpd)3) 
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 (2350C for Dy 
and 2420C for Gd) and an insignificant weight 
loss, which corresponds to the polymerization 
of the complexes. With a further increase in 
temperature (> 2400C) 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 2780C, respectively [43].

In the temperature range 285–5000C, the 
thermal destruction of both complexes pro-
ceeds with the generation of heat; the ther-
mogram contains exoeffects at 293, 332, 380, 
4420C for Dy(mphpd)3; 305, 345, 3800C for 
Gd(mphpd)3) 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 1500С (Dy(mbph-
pd)3 and 1650С - Gd(mbphpd)3. The results of 
elemental analysis and DTA made it possible 

to establish that the composition of the synthe-
sized complexes corresponds to the formula 
LnL3∙2H2O Ln = Gd, Dy, L = mphpd, mbphpd.

Thermograms of methalopolymers dif-
fer significantly. A significant endoeffect at 
175–1850C 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 3500C and a significant 
weight loss (∆m≈30%), which may be due to 
the destruction of the metalopolymer struc-
ture. Endoeffect at 4400C may be due to steric 
rearrangements in the polymer structure. Fur-
ther heating of the sample is accompanied by 
small exoeffects at 480 and 4900C 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 120–1300C, 
which indicates the outer-sphere coordination 
of water molecules. Minor endoeffects in the 
region of 195–2070C 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 240–2900C, 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 exoeffects af-
ter 3000C 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 LnL3 ∙ 2H2O, 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-1 in 
KBr pellet. There are bands of symmetric and 
asymmetric stretching vibrations of the bond 
ν (C-O) and ν (C-C) in the IR spectra of the 
synthesized metal β-diketonates in the range 

of 1500–1700 cm-1. 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=O and C=C bonds [45–47]. It 
is known that a band with a higher frequency 
(~ 1575–1590 cm-1) corresponds to a symmet-
ric stretching vibration of the bond (CO), and 
with a lower frequency (~ 1520–1555 cm-1) – 
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 β-diketones (cm-1).

Complex ν(М-O)
+δhel.ring

νas(СО) νas(СС) νs(CO) νs(CC)+ 
νs(CPh)

ν(Н2О)

Dy(mphpd)3 415,422, 438, 
475, 520

1427 1555 1590 1640, 1660 3230 3414

[Dy(mphpd)3]n 410, 425, 
485, 515

1430 1560 1590 1640 3380

Gd(mphpd)3 415,420,433, 
473, 518

1440 1540, 1557 1595 1645, 1652 3350

[Gd(mphpd)3]n 412, 425, 
490, 515

1445 1550 1590 1658 3380

Dy(mbphhd)3  456, 470, 
489, 520

1403, 1415 1542, 1560 1610 1680 3425

[Dy(mbphhd)3]n 450, 468, 
470, 480, 515

1410 1550 1610 1670 3420

Gd(mbphhd)3 455, 462,  
478, 490, 514

1405 1540, 1560 1612 1675 3430

[Gd(mbphhd)3]n 455, 470, 
485,500,  520

1400 1550 1605 1670 3430

Some inequality of ties, despite the deloca
lized system, is still present. This is especially 
noticeable in the region of 400–600 cm-1, it is 
here that there are stretching vibrations of the 

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-1 region, we 
observe an insignificant splitting of the spectral 
lines assigned to νas(CC) and νs(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-1, 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 
β-diketonate ligands with delocalized π-bonds 
in the chelate rings (Table 3). The displacement 
of the position of the bands of metal polymers 

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 β-dike-
tones (for example, methacroylacetophenone) 
can be depicted as follows:

Ln = Gd3+, Dy3+

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-1, 
which can be attributed to the π→π* 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 π→π* 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 
due to exchange interactions in the polymer; 
however, it should be noted that the position 

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-
nation compounds, a set of bands with 6H13/2 of 
the main multiplet is observed Table 4.

Fig. 4. Reflectance spectra of gadolinium complexes.

Table 4 
The energy of the transition in the reflective spectra of the dysprosium (ІІІ) 

coordination compounds. 
Transition Dy(mphpd)3 [Dy(mphpd)3]n Dy(mbphpd)3 [Dy(mbphpd)3]n
6Н13/2→

6F3/2 756 757 757,763 758
6Н13/2→

6F5/2 806 808 807 810
6Н13/2→

6F7/2 906 909 907 910
6Н13/2→

6F9/2,
 6Н7/2 1097 1099 1100 1100

6Н13/2→
6F11/2, 

6Н9/2 1287 1289 1289 1290
6Н13/2→

6F13/2, Н11/2 1697 1700 1699 1702
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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=C6H5, C12H9

Fig. 5. Diffuse 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.

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 (Хе-lamp 450 W) 
with a light filter OS 11, with their subsequent 
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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-

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 Gd3+ (32000 cm-1) 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). 

Fig. 6. Fluorescence (a) and phosphorescence spectra of the Gd(mphpd)3 complex (CHCl3 solution,  
λ = 380 nm).

The fluorescence spectrum of Gd(mphpd)3 
contains one structureless diffuse band with 
maxima at 450, 467, and 482 nm. The phospho-
rescence spectrum of the Gd(mphpd)3 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 S1 and triplet T1 levels are 22150  cm-1 

and 19520 cm-1, 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)3]n (Fig.7). Contains one diffuse 
band with maxima at 431, 447, 461 nm. The 
position of the maxima in the [Gd (mphpd)3]n 
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-1, 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 ES1,cm-1 EТ1, cm-1

Gd(mphpd)3 22150 19520
[Gd(mphpd)3]n 23400 20800
Gd(mbphpd)3 22360 19960
[Gd(mbphpd)3]n 23580 21300

Fig. 7. Exitation (λem. = 453 nm (1) and emission at 293K (2) [Gd(mphpd)3]n (λex. = 380 nm) (a) and 
77K (3) of Gd(mbphpd)3 (b) (CHCl3, λex. = 380 nm).

Considering the close energies of the triplet 
levels of the ligand systems and the resonance 
level of Dy3+ (21000 cm-1), 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 

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  λ = 329 nm, we observe a 
decrease in the emission of the ligand, but 
the appearance of emission bands of the 
dysprosium ion. For the Dy3+ ion, the char-
acteristic emission c transitions 4F5/2 → 6HJ/2;  
J = 9, 11, 13, 15. So with a maximum (λem = 
479–482 nm corresponds to 4F9 → 6H15/2 mag-
netic dipole transition and the band λem = 

572–574 nm (yellow-light) is characteristic of  
4F9 → 6H13/2 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.

Fig. 8а. Exitation spectra of polymers (ligand 
and complexes).

Fig. 8b. Emission spectra of polymer ligand and 
complexes at other exatation.

Fig. 8c. Emission spectra of complexes λex= 
329 нм ([Dy(mphpd)3]n) λex.=355 нм ([Dy(mbph-
pd)3]n).

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-

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.  

Fig. 9. SEM microphoto of the povders Gd(mbphpd)3 (а), [Gd(mbphpd)3]n (b) scale label 100nm, 
500nm, 2 micron, 1 micron.

a

b
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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 β-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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КООРДИНАЦІЙНІ СПОЛУКИ GD3+ ТА DY3+ 
З ДЕЯКИМИ β-ДИКЕТОНАМИ
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гатського НАН України, вул. Люстдорф-
ська дорога, 86, Одеса 65080, Україна

Синтезовано нові комплекси Dy(ІІІ) та 
Gd(ІІІ) з β-дикетонами, що містять нена-
сичені та арильні замісники. Виконано 
квантово-хімічні розрахунки молекул лі-
гандів і металокомплексів. Розраховано 
основні енергетичні характеристики мо-
лекул лігандів: ентальпія утворення, пов-
на енергія молекули  та довжини зв’язків, 
параметри електронної заселеності ліган-
дів. Розраховані енергії вищої заповненої 
молекулярної орбіталі (ЕHOMO) і нижчої 
вакантної молекулярної орбіталі (ЕLUMO) 
свідчать про слабкі електроноакцепторні 
властивості комплексів. 

Методом радикальної полімеризації от-
римано металополімери на основі синте-
зованих комплексів. Встановлено склад та 
будову синтезованих комплексів та метало-
полімерів. Показано, що при полімеризації 
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координаційне оточення центрального іона 
залишається незмінним. Ліганди коорди-
нуються до центральних іонів бідентатно-
хелатно, утворюючи трис-комплекси. К.ч. 
іонів гадолінію (ІІІ) та диспрозію (ІІІ) до-
рівнює 8, координаційна сфера доповню-
ється двома молекулами води. Досліджено 
спектрально-люмінесцентні характери-
стики синтезованих сполук. Визначено 
енергії триплетного рівня мономерних та 
полімерних лігандів. Наявність молекул 
води в найближчому координаційному 
оточенні зумовлює низьку інтенсивність 
емісії мономерних комплексів диспрозію. 
В спектрах люмінесценції металополімерів 
присутні смуги magnetic dipole transition  
(4F9 → 6H15/2) and electric dipole transition 
(4F9 → 6H13/2). Близькі енергії триплетного 
рівня ліганду та  резонансного рівня іона 
диспрозію зумовлюють невисокі емісійні 
характеристики синтезованих комплек-
сів диспрозію. Дослідження морфології та 
дисперсності наносистемы, отриманих на 
основі синтезованих сполук, свідчить про 
великий розмір часток та полідисперсність, 
що зумовлено наявністю громіздких заміс-
ників та агломерації. Структура поверхні 
частинок є шаруватою. 

Ключові слова: лантаніди, комплекси, 
люмінесцентні властивості, металополіме-
ри, гадоліній, диспрозій, β-дикетони.
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