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EFFECT OF IONIC ORDERING IN CONDUCTIVITY
EXPERIMENTS OF DNA AQUEOUS SOLUTIONS

1. Introduction

The effects of ionic ordering in DNA water solutions are studied by conductivity experi-
ments. The conductivity measurements are performed for the solutions of DNA with KCI salt
in the temperature interval from 28 to 70 ° C. The salt concentration varied from 0 to 2 M. The
measurements of the conductivity of solutions without DNA but with the same concentration of
KCl salt are also performed. The results show that, in the case of a salt-free solution of DNA,
the melting process of the double helix is observed, while, in the case of the DNA solution with
added salt, the macromolecule denaturation is not featured. For salt concentrations lower than
some critical one (0.4 M), the DNA solution conductivity is higher than the conductivity of
a KCl water solution without DNA. Starting from the critical concentration, the conductivity
of a KCI solution is higher than the conductivity of a DNA solution with added salt. For the
description of the experimental data, a phenomenological model is elaborated basing on elec-
trolyte theory. In the framework of the developed model, a mechanism of counterion ordering
1s introduced. According to this mechanism the electrical conductivity of the system at low salt
concentrations is caused by counterions of the DNA ion-hydrate shell. At an increasing the
amount of salt to the critical concentration, counterions condense on the DNA polyanion. A
further increase of the salt concentration leads to the formation of DNA-salt complexes, which
decreases the conductivity of the system.

Keywords: effects of ionic ordering, DNA water solutions, conductivity, electrolyte theory,
mechanism of counterion ordering, DNA-salt complexes.

structure around the macromolecule. This structure

The DNA double helix is a strong polyelectrolyte,
which dissociates in aqueous solutions into the macro-
molecular polyanion and mobile cations (counteri-
ons) [1,2]. Under the natural conditions, the counte-
rions are positively charged metal ions (usually Na™
or K1) that neutralize negatively charged phosphate
groups of the macromolecule backbone. The counte-
rions and water molecules form an ion-hydrate shell
around DNA, by stabilizing the structure of the dou-
ble helix [3-8]. In spite of the significant mobility
of counterions, they are organized as a dynamical
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may be rather regular due to the homogeneity of the
DNA backbone [9, 10]. The ordering of counterions
around a DNA macromolecule determines the elas-
tic properties of the double helix (bending, twisting,
denaturation), DNA interaction with biologically ac-
tive compounds (proteins, drugs), and mechanisms
of compaction of the macromolecule in small volumes
(chromosomes, viral capsids) [11-16]. The study of
the dynamical ordering of DNA counterions is of
paramount importance for understanding the mecha-
nisms of DNA biological functioning.

Effects of the dynamical ordering of counterions
around the DNA double helix may become appar-
ent in conductivity experiments due to the interac-
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tion of charged particles of a solution with the elec-
tric field. As is known, the electric current in DNA
water solutions is caused by the motion of counte-
rions and DNA macromolecules [17-23]. In the case
of DNA solutions without added salt (salt-free solu-
tion), the conductivity increases with the concentra-
tion of DNA because of the counterion dynamics in
the ion-hydrate shell of the macromolecule [17,18]. At
the heating of the system, the conductivity gradu-
ally increases. Near the temperature of the double
helix melting, there is a sudden change of the con-
ductivity, which is caused by the intense ejection of
counterions from the DNA ion-hydrate shell [18]. In
the case of a DNA solution with added salt, the con-
ductivity of the system depends on both counterion
type and salt concentration [17,18]. The dependence
on the counterion type is caused mostly by different
electrophoretic mobilities of ions [17], while the de-
pendence on the salt concentration may reflect the
ordering of ions in a solution. The experimental data
show that, at low concentrations of the added NaCl
salt, the conductivity of a DNA solution is higher
than that of a NaCl electrolyte solution. But, start-
ing from some defined concentration, the DNA solu-
tion conductivity becomes lower than the electrolyte
conductivity [19]. The reason for such concentration
dependence of the DNA solution conductivity is not
clear yet.

To elucidate the microscopic picture of the conduc-
tivity process in a DNA solution, the phenomenolog-
ical approaches have been developed, and the atom-
atom calculations have been performed [24-27|. The
results showed that the dynamics of counterions in
a close vicinity to the DNA surface is modulated by
the charged atomic groups of the double helix back-
bone. The counterions spend a part of the time in a
complex with DNA (about 1 ns) and another part
in the free state [28-31]. Free counterions determine
the conductivity of a DNA solution in many respects,
which was taken into consideration in phenomenolog-
ical models [24, 26]. At the same time, the counte-
rions tethered to phosphate groups form an ordered
dynamical structure along the DNA backbone, which
may be considered as a lattice of the ionic type (ion-
phosphate lattice) [9, 10]. The existence of the ion-
phosphate lattice is confirmed by observing the modes
of ion-phosphate vibrations in the low-frequency Ra-
man spectra of DNA (< 200 cm™1) [32-35]. The or-
dering of counterions around the double helix and the
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formation of the ion-phosphate lattice should affect
the conductivity of DNA water solutions.

The goal of the present work is to study the man-
ifestations of a counterion ordering around the DNA
double helix in conductivity experiments of DNA wa-
ter solutions with added salt. To solve this problem,
the conductivity of DNA water solutions with KCI
salt is studied experimentally (see Section 2). The
concentration dependence (0+-2M) of the conductiv-
ity of DNA solutions is obtained at the temperature
interval from 28 to 70 °C (Section 3). For the inter-
pretation of experimental data, the phenomenological
model basing on electrolyte theory is developed (Sec-
tion 4). In Section 5, a possible mechanism of ionic
ordering around the DNA double helix is discussed.

2. Materials and Methods

The samples have been prepared using sodium salt
of DNA from salmon testes purchased from Sigma-
Aldrich Company (product number D1626). The av-
erage length of DNA macromolecules is about 2000
base pairs [36]. To prepare the samples of DNA wa-
ter solutions, the powder of DNA has been diluted in
deionized water to a concentration of 10 mg/ml. To
decrease the DNA solution viscosity, it has been
treated by a laboratory automatic mixer and then
cooled to the 0 °C without the freezing of water. Then
the initial solution has been diluted so that the con-
centration of DNA becomes 2 mg/ml, and KCI salt
has been added to this solution. The concentrations
of added salt in the obtained solutions are as follows:
0.4, 0.8, 1.2, 1.6, and 2 M. Water solutions without
DNA but with the same concentrations of KCI salt
have been also prepared. As a result, two series of
the samples have been prepared: KCI electrolyte so-
lutions and water solutions of DNA with KCI salt.

To measure the resistance of the sample, the solu-
tion (about 0.3 ml) is poured into a cylindrical cap-
illary made of quartz glass with two platinum elec-
trodes (electrode 1 and electrode 2) and one tungsten
electrode (electrode 3) incorporated into the capillary
walls (Fig.1). The experimental cell is placed into a
thermostat. The resistance has been determined with
the use of an alternating current at a frequency of
80 KHz.

The measured resistance has the contributions from
the polarizations of the sample and electrodes. To ex-
clude the electrode contribution, the measurements
have been performed for different pairs of electrodes:
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1 and 3, 2 and 3 (Fig. 1). In this case, the resistance
can be presented as follows:

l
Ri3 = 123 + Rp¢ + Rw; (1)
mr<o
l
Roz = —2— + Rp¢ + Rw. (2)
mreo

Here, R13 and Rs3 are measured resistances between
electrodes 1 and 3 and 2 and 3, respectively; 13 and
lo3 are the distances between electrodes 1-3 and 2-3,
respectively; r is the capillary radius; o is the specific
conductance, and Rp; and Rw are the resistances of
platinum and tungsten electrodes, respectively. The
first terms in relations (1) and (2) describe the resis-
tance of the sample, while the second and third terms
describe the polarization resistance of electrodes. The
difference of formulae (1) and (2) gives the following
formula for the conductivity of the sample:

l12
= — ) 3
7T7'2(R13 — R23) ( )

where [15 is the distance between electrodes 1—
2. Formula (3) allows us to determine the conductiv-
ity of the samples.

3. Results

We have determined the temperature dependences of
the electrical conductivity of the salt solution (okci)
and the solutions of DNA with added salt (6pNAtsalt)
(Fig.2). The results show that the conductivity of the
samples increases with the temperature for all consid-
ered samples.

According to the activation mechanism of ion mo-
tion in a solution, the temperature dependence of the
conductivity of the system may be considered analo-
gously to the Arrhenius equation for the temperature
dependence of a chemical reaction rate [37]:

AE
0 = 0pexp ( I<:BT>' (4)

Here, o¢ is a coefficient; AFE is the potential bar-
rier; kg is the Boltzmann constant; and T is the
temperature. The exponent describes the probability
of the ionic jumping over the potential barrier due
to thermal fluctuations. To analyze the temperature
dependence of the electrical conductivity, let us use
the Arrhenius coordinates describing the logarithm
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Fig. 1. Scheme of the experimental capillary cell
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Fig. 2. Temperature dependence of the electrical conductivity
of the samples: a) DNA solution with added KCl salt; b) KC1
solution

of conductivity as a function of the transverse tem-
perature. From formula (4), it is seen that the tem-
perature dependence of the conductivity in Arrhenius
coordinates should be linear.

The Arrhenius plot for a salt-free solution of DNA
(Fig. 3, a) shows that there are two breaking points
separating the distinguishable linear ranges. The lin-
ear ranges in the Arrhenius plot characterize the
melting of a DNA double helix [18]. Ranges I
(28+37 °C) and III (54+70 °C) correspond to the
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Fig. 3. Arrhenius plot for DNA water solutions. a — salt-free
solution. Range I corresponds to a double-stranded DNA (red
points); II is the transition range of the double helix melting
(blue points); Range III corresponds to a single-stranded DNA
(green points). b) — solution of DNA with added salt. Solid
black lines is the linear approximation
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Fig. 4. Concentration dependence of the difference between
the conductivities of DNA and electrolyte solutions

double stranded and single-stranded DNA, respec-
tively. Range II (37+54 °C) characterizes the denat-
uration of DNA macromolecules. In the case of DNA
with added salt, the difference between linear ranges
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in the Arrhenius plot is not prominent, and the break-
ing points are hardly distinguishable (Fig. 3, b). The
influence of added salt may be explained by the addi-
tional neutralization of the negatively charged atomic
groups of the double helix by salt ions.

Different ranges in the Arrhenius plot characterizes
different activation energies of the ionic motion in a
solution. The values of potential barrier AE are de-
termined as a slope of the lines in Fig. 3 (Table). The
results show that, in a salt-free solution of DNA be-
fore the melting temperature (range I), the activation
energy is rather large comparing to the electrolyte
solution (about 25 kJ/mole). In the transition range
(range IT), the activation energy (about 43 kJ/mole)
increases almost twice comparing to range I, which
is effectively caused by the ejection of counterions
from the DNA ion-hydrate shell [9]. Under the melt-
ing temperature (range I1II), AE values decrease.

In the solutions of DNA with added salt, the poten-
tial barriers AE of different ranges are rather close.
Comparing to the salt-free solution, AFE values only
slightly decrease in ranges I and III, while, in the
case of range II, they decrease more than twice. The
fact of a comparatively low activation barrier in range
IT indicates that the added salt increases the melting
temperature of the DNA double helix, which was also
observed in calorimetric experiments [2].

Increasing the added salt concentration, the con-
ductivities of the both DNA solution and electrolyte
increase (Fig. 2). To compare the conductivity of a
DNA solution with added salt and the conductivity
of a KCI electrolyte solution, the difference Ao =
= opna+kcl — okcl is analyzed (Fig. 4). The re-
sults show that, at concentrations lower than some
critical one (about ¢ = 0.4 M), the DNA solution
conductivity is higher than that of a salt solution
(ODNA+salt > Osaly)- Under the critical concentration
(¢ = cer), the conductivities of the DNA solution and
the KCI solution are identical (Ao = 0). Starting

Values of potential barrier AE
for the ion motion in a DNA solution (kJ/mole)

OM |[04M|08M|12M|[16M|20M | Mean
I]25.01]| 1855 | 21.71 | 21.33 | 13.15 | 20.10 | 194
II | 41.52 | 14.07 | 18.99 | 15.78 | 14.90 | 14.74 | 16 £2
IIT | 13.62 | 9.98 | 1565 | 9.36 | 16.83 | 8.61 |12+4
16t+4
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from the critical concentration (¢ > ¢ ), the DNA
solution conductivity becomes lower than that of the
respective electrolyte (0pNAtsalt < Osals). The depen-
dence of the DNA solution conductivity on the salt
concentration in the interval from 0 to c., is almost
the same for different temperatures, while, at concen-
trations from ¢, to 2 M, it is different for different
temperatures. The changes of Ao values should re-
flect the structure changes in the DNA solution.

4. Model

To understand the mechanism of electrical conduc-
tance of a DNA water solution, let us analyze the
state of a DNA macromolecule in the solution. Due
to the large contour length, the DNA macromolecules
are coil-shaped. The size of DNA coils may be esti-
mated with the use of the persistence model [2,38]. In
framework of this model, the root-mean-square dis-
tance between the ends of a macromolecule is deter-
mined as follows:

D2 =2P%(L/P —1+ e L/F), (5)

where L and P are the contour and persistence
lengths of a macromolecule, respectively. The contour
length for DNA from salmon testes is L ~ 0.68 pym
[36]. The persistence length of DNA is P ~ 500 A
[3, 36]. Using such parameters, the average volume
of DNA coils is estimated to be 0.02 pum?. Taking
into consideration that the average number of DNA
macromolecules in 1 ml of the experimental solution
is 10'®, the total volume of DNA coils should be about
20 ml. One can conclude that the macromolecule coils
overlap in the considered solution, and the conduc-
tivity may be determined by mobile ions only, be-
cause the migration of single DNA macromolecules is
labored.

The number of mobile ions involved in the con-
ductivity is determined by the concentration of DNA
counterions and ions of added salt. Taking this into
consideration, the conductivity of a DNA solution
may be presented as follows:

ODNA+salt(¢) = o1(c) + 02(c), (6)

where o1(c) is the conductivity determined by the
motion of salt ions (bulk ions); o2(c) is the conduc-
tivity determined by the mobility of counterions in
the ion-hydrate shell of DNA; and c is the equivalent
concentration of added salt.

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 5

Taking into consideration that salt ions may con-
dense on a DNA macromolecule, the conductivity of
bulk ions may be considered as follows:

1(c) = osain(c) — A1(c) (AT + A7), (7)

where oyt (c) is the contribution of salt ions to the
conductivity of the system; A;(c) is the concentra-
tion of salt ions condensed on a DNA macromolecule;
AT and A\~ are the equivalent mobilities of positively
and negatively charged ions, respectively. The second
term in (7) describes a decrease in the conductiv-
ity caused by the association of positively and neg-
atively charged ions with DNA. Note that the nega-
tively charged ions may associate with the positively
charged ions that are already tethered to the phos-
phate groups of the DNA backbone.

The contribution from DNA counterions to the con-
ductivity of the system may be taken into considera-
tion as follows:

o2(c) = AT — As(e)AT, (8)

where ¢, is the concentration of DNA counterions,
which approximately equals the number of DNA
phosphate groups; and As(c) is the concentration of
counterions associated with the negatively charged
atomic groups of a DNA macromolecule. The first
term in (8) describes the contribution from DNA
counterions to the conductivity of the system. The
second term in (8) describes a decrease in the conduc-
tivity caused by the association of counterions with
the phosphate groups of a DNA macromolecule. Ta-
king the formulae (6), (7), and (8) into account, the
contribution of DNA to the polyelectrolyte solution
conductivity (Ao = opNA+salt — Osalt) can be deter-
mined as follows:

Ao = cpAT — Aa(e)AT — A1 (e) AT+ A7). (9)

The concentration of condensed ions may be con-
sidered proportional to the concentration of salt and
the concentration of DNA phosphate groups, respec-
tively: Ai(c) = B(c)c and Az(c) = a(c)cp. The coef-
ficients a(c) and 5(c) depend on the concentration of
added salt and describe the part of ions condensed on
the macromolecule surface. Let us consider the func-
tions a(c) and B(c) in the linear approximation:

B(c) = Bo + Bic, (10)
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Fig. 5. Dependence of the difference between the conductiv-

ity of DNA and that of the electrolyte solution on the salt
concentration calculated by formula (12)

N
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Fig. 6. Scheme of the process of ionic structuring around a
DNA double helix at different concentrations of added salt

where ag, a1, 8y, and [y are the parameters that can
be determined from the following conditions.

In the case of a salt-free solution (¢ = 0), the con-
ductivity is determined by the free counterions of
DNA, and a|c—¢ = 0, thus, oy = 0. The degree of
neutralization of the DNA surface increases with the
salt concentration. At some concentration (¢ = c¢),
all phosphate groups of the double helix become neu-
tralized. Since the counterions attached to a DNA
macromolecule are not involved in the conductivity,
the condition a|c>c., =1 should be valid, thus, oy =
= 1/¢¢r. The ions of added salt condense on counteri-
ons that are already tethered to the phosphate groups
of the DNA backbone. Therefore, §|.<... = 0, and
Bo = —B1cer- A further increase of the salt concentra-
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tion leads to the crystallization of salt ions. At some
definite concentration (¢ = ¢max), the crystallization
will be maximal, which corresponds to the condition
Ble=cy.. = 1, and B1 = 1/(¢max — Cer). Taking these
conditions into account, formulae (10) can be written
in the form

c € — Cer (11)

Cer Cmax — Cer

The temperature dependence of the ion mobility

can be taken into consideration analogously to rela-
tion (4): A = Aoexp(—AE/kgT), where ) is the
characteristic equivalent mobility. The value of Ag
can be determined, by using the known values of
ion mobility at some definite temperature Ty: Ay =
= MTp) exp(AE/kpTp). Taking this into considera-
tion and substituting formulae (11) to relation (9), we
can write the formula for Ao in the following form:

Ao =
(ccrfc)cp/\a' exp _AE(I*T/TO) . e<Cor
Cer kBT (]_2)
= B T B
_(C Ccr)c()‘o +Xo ) eXp|:_AE(1T/TO):|, c> Cer-
Cmax —Cer kBT

In relation (12), \J and \; are the mobilities of pos-
itively and negatively charged ions at the character-
istic temperature Tj.

It is seen that Ao values are positive in the salt
concentration range ¢ < c,. In the case of high con-
centrations of added salt (¢ > ¢ ), the values Ao are
negative. The contribution of DNA to the conductiv-
ity of a polyelectrolyte is inessential (Ao = 0), when
all phosphate groups of the DNA backbone are neu-
tralized (¢ = c¢¢;). Note the developed model does not
consider the degradation of DNA macromolecules at
the melting temperatures.

5. Discussion

To characterize the influence of DNA macromolecules
on the conductivity of the system, let us estimate
Ac by formula (12). The parameters necessary for
the calculations are determined as follows. The con-
centration of phosphate groups in a solution is deter-
mined according to the concentration of DNA in the
experimental samples (2 mg/ml) ¢, = 6.35 M. The
maximal salt concentration is taken the same as the

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 5



Effect of Ionic Ordering in Conductivity Experiments

solubility limit of KCI ¢pax = 4.6 M [39]. The value
of critical concentration of added salt ¢, = 0.4 M
is determined from the condition Ao = 0. The
characteristic mobilities )\g and )\; for KT and
Cl™ ions are taken the same as those in the elec-
trolyte solution A = 55.1 cm?Q"1mole™! and A\, =
= 55.8 cm?Q 'mole™! at a temperature of 25 °C
[37]. The potential barrier AE ~ 16 kJ/mole is taken
as the average value of activation energies (Table). As
a result, the concentration dependences of Ao are
shown in Figure 5.

It is seen that the conductivity of a DNA solu-
tion in the concentration range ¢ < ¢, is practi-
cally the same as the conductivity of the respective
electrolyte solution, and Ao is positive. At higher
concentrations (¢ > ¢.;), the obtained difference be-
tween the conductivities of the DNA solution and
the electrolyte solution is negative. As the tempera-
ture increases, the values of Ao decrease in this con-
centration range. The calculated results (Figure 5)
qualitatively agree with the experimental data (Figu-
re 4). However, in the concentration range ¢ < ¢,
the experimentally observed values of Ao are larger,
which may be caused by the complexity of the mech-
anism of counterion condensation on DNA.

According to the results of estimations, the follow-
ing mechanism of counterion ordering around DNA
macromolecules may be introduced. At a low concen-
tration of added salt, the degree of phosphate group
neutralization is about the same as that in the case
of a salt-free solution (Figure 6, a). The counterions
come off the ion-hydrate shell of a macromolecule
and determine the conductivity of the system. The
number of neutralized phosphate groups increases
with the salt concentration. At the critical concen-
tration, the phosphate groups should be completely
neutralized (Figure 6, b). The counterions with the
phosphate groups form an electrically neutral sys-
tem resembling the lattice of an ionic crystal (ion-
phosphate lattice) [30-33]. The formation of the DNA
ion-phosphate lattice induces a decrease of the con-
ductivity of the system. After the formation of the
ion-phosphate lattice, salt ions condense on counteri-
ons tethered to the phosphate groups of the macro-
molecule, and DNA-salt complexes are formed (Fig-
ure 6, ¢). Such complexes may be observed as the tex-
tures on a surface after the evaporation of the solution
[16]. The formation of DNA-salt complexes reduces
the conductivity of the system due to a decrease of

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 5

the number of positively and negatively charged ions
involved in the electric current.

6. Conclusions

In the present work, the ordering of ions in DNA wa-
ter solutions is studied by conductivity experiments.
As a result, the temperature dependence (from 28 to
70 °C) of the conductivity for a DNA solution with
KCl salt (the concentration from 0 to 2 M) is ob-
tained. In the case of a salt-free solution, there ex-
ist three characteristic temperature ranges describ-
ing the stages of the melting of the DNA double he-
lix. In the case of DNA with added salt, the char-
acteristic stages of DNA melting are hardly distin-
guishable, that may be due to the stabilization of
the double helix by the ions of added salt. The com-
parison between the conductivity of a DNA solution
with added salt and the electrolyte solution shows
that, at concentrations lower than 0.4 M (critical con-
centration), the conductivity of the DNA solution is
higher than the conductivity of the respective elec-
trolyte. Starting from the critical concentration, the
conductivity of the electrolyte is higher than the con-
ductivity of the DNA solution.

Basing on the developed phenomenological model
for the conductivity of a DNA solution, the mecha-
nism of ionic ordering in the DNA solution is intro-
duced. It is considered that, at low concentrations of
added salt, the DNA counterions contribute essen-
tially to the electrical conductivity of the system. As
the salt concentration increases to the critical one,
the counterions condense on a DNA macromolecule,
and the ion-phosphate lattice is formed. A further in-
crease of the salt concentration leads to the conden-
sation of anions on cations attached to the phosphate
groups of the DNA backbone, and the DNA-salt
complexes are formed. The growth of DNA-salt com-
plexes decreases the conductivity of the system. The
introduced mechanism qualitatively describes the ex-
perimentally observed changes of the conductivity of
DNA solutions.

The work is partially supported by the State Fund
for Fundamental Researches of Ukraine: Project
0112U0007406. We thank Dr. S.Ya. Mandryk for the
consultation on the preparation of DNA samples.
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E®EKT IOHHOI'O BIIOPAJKYBAHHA
B EKCIIEPUMEHTAX I1O EJIEKTPOIIPOBIJIHOCTI
BOJHNX PO3YMHIB JHK

Pezmowme

IIposiBu BHOpsinKyBaHHs i0HIB y Bojguux pozumHax JIHK mo-
CJIJIKYBaJINCs 32 JIOIIOMOI'OI0 METO/y KOHIyKToMmeTpil. Buwmi-
PIOBaHHS €JIEKTPOIPOBIIHOCTI IPOBOAUIINACS JIJIsi BOJHHUX PO3-
quHiB JTHK 3 nomasanusm coni KCI B remneparypHomy giana-
30Hi Big 28 no 70 °C. Konnenrparis cosi 3MinoBasacs Big 0
o 2 M. Takoxk BuMiproBaJiacsi €JIEKTPOIPOBIIHICT PO3YMHIB
6e3 JJTHK 3 Takum camum BMmicToMm couii. Pesynpraté mokasa-
s, 10 y BUHaaKy 6esconposoro posuunny JIHK cnocrepiraiors
cTadil IJIaBJIeHHsT TTOABIMHOI cripaJii, TOAI K y BUIIAJKY PO3-
auny JJHK 3 mopaBanHsiM coJti, JleHaTypalliss MAKPOMOJIEKYJIN
He crnocrepirasiacs. s KoHIeHTpaliil coJr, HUKYO0l Bij Kpu-
Tuuanol (0,4 M), enekrponposinnicrs posunny 3 JHK Buma
3a €JIEKTPOIIPOBiAHICTE BianosigHoro esnekrpodiry. [loumnaro-
YU 3 KPUTUYHOI KOHIIEHTPAIlil, eJIEKTPOIIPOBIAHICT €JIEKTPO-
mity Buima 3a ejexrponposimmicrs pozunny JHK. as omnwm-
Cy eKCIIEpDUMEHTAJIbHUX JaHUuX Oysa po3pobsieHa HheHOMEHOIOo-
riuHa Mozesb, 1o 6a3yeTbcst Ha Teopil ejxekTpositis. B pawm-
Kax 100y/10BaHOI MOZEJIi 3aIIPOIIOHOBAHO MEXaHi3M BHOPSIKY-
BaHHS MPOTHIOHIB. BiamoBimHO 10 3amporOHOBAHOIO MeXaHi-
3My 3a HHU3BKUX KOHILEHTpAIIll COJli eJeKTPOIPOBiIHICTE CH-
CTeMU 3yMOBJIEHA IPOTHIOHAMHU 10H-TigpaTHOol obosionku JTHK.
IIpu minpumensni KigbKoCTi iOHIB 10 KpUTHYIHOI KOHIIEHTPAIT
MPOTHUIOHU ITOYMHAIOTH KOHJEeHCyBaTucs Ha nosrianioni JTHK.
Ilopasbime miBHUINEHHS KOHIIEHTPAIil couti iHayKye dpopMyBa-
aHs JIHK-Cco/IboBUX KOMILJIEKCIB, IMOsiBa SIKUX IIPUBOIUTH 10
3MEHIIIEHHS €JIEKTPOIIPOBITHOCTI CUCTEMU.
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