ISSN 2708-5252 (online)

UDC 538.931 doi: 10.20998/2079-0821.2021.02.12

V.I. BULAVIN, I.N. VYUNNIK, A.V. KRAMARENKO, A.l. RUSINOV

THE INFLUENCE OF SINGLY CHARGED IONS ON THE TRANSLATIONAL MOTION OF
MOLECULES IN EXTREMELY DILUTE AMIDE SOLUTIONS

The type of short range solvation of Li*, Na* K*, Rb*, Cs*, NH,*, CI", Br, I', ClO,™ ions has been determined and analyzed in formamide (FA), N-
methylformamide (MFA), N-dimethylformamide (DMF) at 298.15 K. In order to determine the type of ion solvation we used familiar-variable

quantitative parameter (af ri), where a is the translational displacement length of ion, r; is its structural radius. It was found that the difference

(af ri) is equal to the coefficient of attraction friction (CAF) of ions normalized to the solvent viscosity and hydrodynamic coefficient. The sign of
the CAF is determined by the sign of the algebraic sum of its ion-molecular and intermolecular components. In amide solutions the studied cations are

cosmotropes (positively solvated ((a— ri) > 0), structure-making ions) and anions are chaotropes (negatively solvated ((a— ri) < 0), structure-
breaking ions). In the amide series, regardless of the sign (a— ri), the near-solvation enhances, which can be explained by the weakening of the
specific interaction between the solvent molecules. The decrease of a and respectively (a— ri) with increasing cation radius in a given solvent is the

result of weakening of its coordinating force due to the decrease of charge density in the series Li*~Na*~K*-Rb*~Cs". The increase of a (and (a—
ri), correspondingly) for the ions studied in the series FA- MFA-DMF can be explained by the weakening of intermolecular interactions in this series,

which leads to the strengthening of solvation. It was found that for the halide ions in the series FA-MFA-DMF the regular growth of a parameter is

explained by the weakening of the solvent structure. It was shown that Li* ion with the lowest diffusion coefficient among cations and the highest a
value forms kinetically stable complexes in amide solutions.
Keywords: monatomic ions, diffusion, diffusion displacement length, positive and negative solvation, amides

B.1. BYJIABIH, IM. B’IOHUK, A.B. KPAMAPEHKO, O.1. PYCHHOB
3AKOHOMIPHOCTI BIIVIUBY OJHO3APAJAHUX IOHIB HA ITIOCTYITAJIBHY PYXOMICTbD
MOJIEKYJ B TPAHUYHO PO3BABJIEHUX AMITHUX PO3YUHAX

BcTaHoBIEHO Ta MpoaHasli3oBaHO TN OMMXHBOI combBaramii iomis Li*, Na* K*, Rb*, Cs*, NH,", ClI", Br, I, ClOs B dopmamini (®A), N-
meringopmamine (MDA), N,N -nimerindopmamine (AMDPA) npu 298,15 K. J{ns1 BuzHaueHHst TUITY CONbBATALIiT i0HIB BUKOPUCTAHHI OOTPYHTOBAHMUIA

HaMW 3HAKO3MiHHMiT Kimbkicauit mapametp (0 — r7), 1e d - MoBKHUHA TpaHCIAIIHHOTO 3MilTeHHs i0Ha, I; - fOTO CTPYKTypHHit paziyc. Beranosneno,

o pisauns (d — r;) gopisuoe koediienTy arpakuionnoro Tepta (KAT) ioHiB, HOpMOBAHOMY HA B’S3KiCTh PO3YMHHMKA i TiIpOIMHAMIYHMI KOedi-

mienT. 3nak KAT Bu3Ha9aeThcs 3HAKOM anrebpaiuHoi cyMi HOTo i0H-MOJEKYIAPHOI i MIKMOJIEKYIIPHOI CKJIaOBHX. Y aMiJHAX PO3YMHAX BUBYEHI
KaTiOHH-KOCMOTpOmH (cosbBaToBaHi mosutuBHO ((d — ri)> 0), iOHH-CTPYKTYpOyTBOpIOBaYi), a AHIOHH-XAOTPONH (HeraTHBHO conbaToBaHi ((d — i)
<0) iouu - pyiiHiBHEKH CTPYKTypH). B pamy aminis nesanexno Bin 3Haka (0 — i) TOCHIIOETbCA GIIKHA CONBBATALLA, IO MOACHIOETHCA MOCIA0IEH-

HsM crierugiuHoi B3aeMOIil Mix MonexyTamu po3unHuuka. 3venmenns (I i Bizmosizuo (0 — r) 3i 3pocTaHHsM pajiyca KaTioHa B OKPEMO B3ATOMY

PO3UMHHHKY € PE3yJIBTATOM MOCIA0IEH s HOro KOOPAMHYIOUOi CHJIM BHACHIIOK 3MEHINEHHs TyCTHHY 3apsmy B paay Li'—Na'—K-Rb*-Cs* . 36i1s-

menns d (Bimmosimmo i (d — ri)) ams mocrimKkenwx ioHie B pai amigie DA— MP®A — JIMPA MoKHA TIOACHATH TIOCTAGIEHHM B ITHOMY A/ MiK-

MOJIEKYJSIPHUX B3a€MOJIili, 110 3yMOBIIIOE MOCHJICHHS COJbBaTallil. YCTaHOBJIEHE Ui raynoreHin-ioHiB B psaai DA — MOA — IMDA 3akoHOMIipHE
3pocranns mapamerpa (| MOSCHIOETHCS 3MEHIIEHHSIM CTPYKTYPOBAHOCTI po3unHHuKa. [TokasaHo, mo ion Li* 3 Haitmenmmnm koedirientom audysii i

Haii6inpmyM 3HaueHHAM (| YTBOPIOE KiHETHYHO CTabiNbHi KOMILIEKCH B aMiJHUX PO3YHHAX.

Kurodosi cioBa: oHOaTOMHI i0HN, TUQY3is, J10BKHHA IN(Y3iHHOTO 3MillleHHs, HETATUBHA CObBATAlis, aMiIH.

B.H. BYJIABUH, H.H. BbBIOHHUK, A.B. KPAMAPEHKO, A.H. PYCUHOB

3AKOHOMEPHOCTMH BJIUSHUSA OAHO3APAJHBIX NOHOB HA ITIOCTYIIATEJIBHOE
JABUKEHUE MOJIEKYJI B TIPEJAEJIBHO PASBABJIEHHBIX AMUJIHBIX PACTBOPAX

VcTaHOBNEH U TIPOAaHANM3MPOBAH THI OIuskHEH combBaTaruu uomos Li*, Na* K, Rb*, Cs*, NH,", CI", Br, I, ClOs 8 dopmamune (DPA), N-
metminpopmamune (MDA), N, N -mumernndopmamune (AMDA) npu 298,15 K. [{nsg onpeneneHus TUma coabBaTallid HOHOB MCIOJIL30BaH 000CHO-

BaHHBIA HAMU 3HaKO]'[epeMeHHLIﬁ KOJIMYECTBEHHBIHN TmapamMeTp (d - ri), rae d — JJIMHA TPAHCIIMUOHHOI'O CMEIICHUS HOHA, ri —ero CprKTypHHﬁ pa-
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muyc. YcTaHoBIeHo, 9To pasuocTh ( 0 — i) pasra kodddummenty artpaxiuonHoro Tperus (KAT) HOHOB, HOPMHPOBAHHOMY Ha BA3KOCTh PACTBOPH-

Tess U rupoaAnHaMudeckuil koapduiment. 3nak KAT onpenensercs 3HaKoM anrebpanyecKoil CyMMbI €r0 HOH-MOJIEKYIISIPHOH M MEKMOJIEKYIISPHOH
COCTABIMIIOMMX. B aMUIHBIX pAacTBOpaX H3Y4EHHBIE KAaTHOHBI— KOCMOTPONBI (CONMbBaTHpoBaHbl monoxutenso ((d —ri) >0), wuoHbI-
CTPYKTYpOOOPa30BaTENH), 8 RHHOHBI — XA0TPOIIBI (OTPULIATENBHO conmbBaTupoBanHbie ((d — Ii) < 0 ) HOHBI — paspymUTeNnn CTPyKTyphI). B psiny amu-
0B He3aBHCHMO OT 3Haka ( (| — I}) yCHTHBaeTCs GNMKHSAS COMBBATAINSA, UTO OOBSICHSIETCA OCTAGICHUEM CEH(pHIECKOTO B3aMMOIEHCTBHS MEKTY
MoJleKynaMu pacTBoputens. YMensmenne (1 u cootsercTBenno (( —Ii) ¢ pocTOM pamHyca KaTHOHA B OTAENHHO B3ATOM PACTBOPHTENE ABIAETCA

o 4+ + + + + q
Pe3yNbTaTOM OC/IaBIeH s ero KOOPIMHHUPYIOIIeil CHIIbI BCIECTBIE YMEHbIIEHHs IIOTHOCTH 3apsaja B psay Li'—Na'—K'-Rb*-Cs*. Veenuuenue d

(cootBercTBeHHO 1 (0 — I7) U1 HCCIIEIOBAHHBIX HOHOB B psjie aMu0B DA— MDA — JIMDA MOXKHO 0OBACHUTH OCIa0IEHHEM B 3TOM PSILY MEKMO-

JIEKYIAPHBIX B3aUMOJEHCTBHIA, YTO IPUBOAUT K YCHIICHUIO CONbBATALMHU. Y CTAHOBIIEHO JUIS TaJIOTeHHI-UOHOB B psne A - MDA - IM®DA 3akoHO-

MepHLIfI POCT nmapaMeTpa d 00BsCHSIETCS YMEHBIICHUEM CTPYKTYPUPOBAHHOCTH PACTBOPUTEIIA. HOKa3ﬁH0, 4TO UOH |_|+ C HAMMEHBIIUM CpE€IN KaTHu-

OHOB K03(bd)I/II_II/IeHTOM Z[Md)(i]y3I/II/I ¥ HAaKOOJIBIIUM 3HAYCHUEM d 06pa3yeT KHHETHYECKHU CTaOMIIbHBIE KOMITJIEKCHI B aMUIHBIX pacTBOpax.

KiawueBsble ciioBa: OIHOATOMHBIC UOHBI, I[I/Iq)(by3l/lﬂ, JUJTAHA I[I/I(bq)y3I/IOHHOFO CMCIICHUS, OTpULIATECIIbHAsA COJIbBaTalysd, aMU/IbI.

1 Introduction.

In our study of the effect of single-charged ions of
various nature on the mobility of the closest molecules of
solvents with a spatial network of H-bonds (H,O, ethyl-
ene glycol (EG), formamide (FA)) we have obtained a
number of important regularities: 1) in solvents with
homonuclear H-bonds (H,O, EG) (O — H - - - O), a corre-
lation between the sign of the deviation of the discrete dif-
fusion displacement length (d ) from the ion structural ra-
dius (r) as (d—r) and its solvation according to
Samoilov [4] was established; 2) as opposed to solvents
with homonuclear H-bonds where Li*, Na*, F ions be-
have as cosmotropes [5] and K*, Rb*, Cs*, CI", Br~, I" ions
behave as chaotropes [5 ], in formamide alkali metal
cations are cosmotropes and CI-, Br, I are chaotropes.
Some specificity of the influence of single-atom uniquely
charged ions on FA found experimentally was explained
by qualitatively different structure of the molecule and
fragment of the heteronuclear H-bond (N -H--- Q) as a
structural element for building the spatial lattice. The es-
tablished correlation was used to develop quantitative cri-
teria for positive (1) and negative ion solvation:

(d-r)>0, 1)
(d—r)<0 (2)

The existence of this correlation allows the differ-
ence (d—r;) to be used as a measure of near-solvation
and makes it possible to interpret the results obtained on
the basis of the basic statements of the molecular-kinetic
approach of Samoilov [4], successfully developed by
Rodnikova [6] for solvents with a spatial H—-H bond

mesh. The (d — r;) difference was called in [1] as a devia-
tion from the Stokes-Einstein law (SEL). This law is
strictly satisfied for the model of a rigid spherical ion
moving in a continuous fluid medium (continuum). The
latter is characterized by a macroscopic viscosity value
(n0)- The criterion for the SEL is the following condition:

(d—r) = 0, i.e. d=r. This condition characterizes the
complete absence of ion solvation. Physically, the length
of translational displacement of the ion is equal to its ra-
dius. Real cases of Stokes-Einstein law AE; =0 [4], (d -
ri) =0 [1] correspond to the phenomenon of transition
from negative to positive solvation and are explained by
the compensation of opposite contributions from short-
range ion-molecular (I — M) and intermolecular (M — M)
interactions to the near-solvation characteristics.

The choice of the difference (d — r;) as a measure of
the effect of the ion on the mobility of the solvent mole-
cules closest to it was justified in [7] using the coefficient
of friction, the value of which depends on the nature of
the force acting on the ion. Following Wolynes [8], we
represent the total coefficient of friction (¢ ) in the form

of viscous ( G,, ) and attraction (G, ) components:
G=Gv t Gy 3)
Then represent the total coefficient of friction
through the diffusion coefficient of the ion ( Dio):
c= D—IO =f dT]O ) (4)
where 7, is the solvent viscosity.
The viscosity coefficient of friction (¢, ) is de-
scribed by the following equation:
QV = friﬂo (5)
In equations (3) and (4) the factor f was taken [7] to
be 67 for the hydrodynamic sticking condition and 4z for

the sliding condition. Taking into account (4) i (5) for G,
we have:

S = fng = frimg = fny(d 1) ®)

The ¢, coefficient (the so-called coeffitient of at-

traction friction, or CAF) contains all the information
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about the effect of the ion on the mobility of the solvent
molecules closest to it, except that described by Stokes’
law (5)

Thus, the difference (d—r; ) follows from the dif-
ference between the total and viscous friction coefficients,

respectively characterised by the parameters d and r;.

According to equation (6) the difference (d —r; ) is actu-
ally equal to the attraction coefficient of friction normal-
ized to fr,. The mechanism of the effect of the ion on

the translational motion of the solvent molecules nearest
to it has not yet been known. However, it should be based
on the phenomenon of near-solvation of ions, which is de-

scribed by Samoilov [4] by values of AE;j and 7, /7, o cal-

culated from experiment.

Our proposed approach [1-3, 7] to study the influ-
ence of ions on near-solvation is not based on the Walden
rule, but on a deviation from the Stokes-Einstein law.

In contrast to d, the difference (d—r;) is a sign-
variable quantity, consistent with experiment [1]. We

consider the d parameter [7] as a microscopic character-
istic of the length of some discrete displacement that an
ion passes between two equilibrium positions over a char-
acteristic time (7). It is a real and well reproducible value
in experiment, quantitatively accounting for the macro-
scopic characteristics of the ion in solution (D) and sol-

vent (o) [1].

CAF was used in [9] as a quantitative measure of the
effect of an ion on the dynamics of nearby water mole-
cules due to ion-molecular and intermolecular interactions
according to Samoilov’s views [4]. Later [10] the con-
stituents of CAF were also defined:

MM M
gat = C.;at + gat (7)
Among the most important results of the analysis of
the components of the attraction friction coefficient was

the establishment [10] of their opposite signs (gL >0,

™ < 0) for single charge ions in water and n-alcohols.

The intermolecular component of the CAF (gifM) has a
negative value independently of the solvation of the ion
and of the solvent. The opposite signs of the ¢, compo-

nents probably correspond to different sign energy effects
of the exchange processes of water molecules between the
primary solvation shell (PSS) of ions and pure water as-
sociates.

It was interesting to use the approach we developed
to investigate the influence of single-charged ions of dif-
ferent nature on the mobility of molecules in the series of

amides: FA — MFA — DMFA, solvents of the same class
but with different degrees of structuring. The latter in am-
ides is determined by the structure of the reactive frag-
ments of the molecule: the carbonyl and amino groups
bonded together. All of the amides named have a carbonyl
group. So, acceptors (cations, molecules with acceptor
groups) will be coordinated through the oxygen atom of
the carbonyl group in all solvents. However, the mole-
cules of these solvents differ in the substituents at the ni-
trogen atom. In the series under consideration, the number
of hydrogen atoms in the amino group and therefore in the
molecule decreases (respectively, 2, 1, 0). The gradual in-
troduction of methyl groups instead of H atoms into the
H-N-H group of formamide leads to a significant change
in the amide properties in the FA— MFA — DMF series
(see Table 1).

Unsubstituted primary formamide is a solvent with a
spatial network of H-bonds capable of solvation of both
cations and anions. Unlike FA monomethylamide MFA
does not form a spatial network of H-bonds. However,
there are H-bonds between its molecules. Average num-
ber of H-bonds per molecule of MFA is 1.79; 1.89, and
for FA 3.43 [11]. The H-bond system in MFA consists of
weakly branched chains which, in fact, leads to the de-
crease of its viscosity by half in comparison with FA (Ta-
ble 1).

A relative permittivity growth (g) at the introduction
of one methyl group into a formamide molecule instead of
H atom is explained both by the absence of spatial net-
work of H-bonds in MFA, and causes an increase of
molecules rotational mobility and formation of cyclic
dimers with antiparallel orientations of dipole moments.
The latter causes a decrease in the Kirkwood correlation
factor.

DMF is a typical aprotic solvent. According to sev-
eral authors [12,13] liquid DMF has no associations
formed due to specific interactions (donor-acceptor and
H-bonds) between the molecules. DMF molecules form
linear associations due to Van der Waals forces which are
more stable than cyclic dipole-dipole ones.

2. Calculations

The methodology for calculating the length of the
discrete ion translational displacement has been described
earlier [1]. The calculation was carried out for T = 298.15
K using equation (9):

KT

6nD/m, |
where k is Boltzmann constant. The ion diffusion coeffi-

d= 8)

. 0. . . .
cient D;” in amide solutions was calculated from equation
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(9), using experimental data on the limiting molar electric
conductivity of ions (A”) [11]:

o= R g, ©)
|z|F

where R is the gas constant, z; is the ion charge, F is Fara-

day number.

Values of viscosity of solvents are taken from [11]
(Table 1). Values of d and Dio calculated from equa-

tions (8) and (9) for singly charged ions under considera-
tion are given in Tables 2-4. There are also presented val-

ues of i,o and the structural radius of ions (r;), the

parameter (d—r;), and the value of the generalized mo-

mentum of ions M [7].
The value of ¢, was calculated from equation (6)

using the obtained values of the parameter (d—r;) for
single-charged ions in amide solutions (FA, MFA and
DMF).

Equation (7) was used to separate CAF as a measure
of the effect of ions on solvent molecules. The CAF com-

ponent ¢ was estimated using equation [10]:

MM AGyy

at — DgNj (10)

where Dg is the self-diffusion coefficient of the solvent,

AG:,,M is the change of Gibbs energy of short-range in-

teraction of solvent molecules, which are close to ions,
with their neighbours at some distance from the ion, N, is
the Avogadro number.

The calculated by equation (7) values of CAF g;'t”

component for singly charged ions in amide solutions
(FA, MFA, DMF) at 298.15 K are given in Tables 2-4.
Table 1 shows the values of the CAT component for the
solvents mentioned above.

3. Analysis of calculation results

The following regularities and facts are established
analyzing the results of the calculation:

1. The value of d for singly charged ions in FA,
MFA, DMF depends on the structural radius of the ion
(except negatively solvated ions), on its charge sign and
on the solvent.

2. In investigated amides as well as in water [1] and
ethylene glycol [2] d parameter decreases with increas-
ing structural radius of ion in series of Li* —Na"— K" —
Rb* — Cs" cations, what witnesses the electrostatic com-
ponent of solvate ion shells formation nature. At the same

time in the series of CI"—Br — 1 anions the d value

practically remains constant.

3. The detected increase of d for cations in series
FA — MFA — DMF shows the weakening of structural in-
fluence of ion on solvent in contrast to anions whose in-
fluence on solvent does not depend on the size of CI"—
Br — 1" anion.

4. For the considered ions in FA, MFA and DMF at
298.15 K the Stokes-Einstein law is not satisfied: (d —
r) # 0. By the sign of the criterion (d — r;) the ions can be
classified into cosmotropes (d—r;) >0 and chaotropes

(d—r) <0. In the amides studied, the cations behave as
cosmotropes. Their structure-making effect in the Li*—
Na' - K" —Rb"—Cs" series decreases.  Structure-
breaking ability of anions increases with the increase of
their radius.

5. In the series FA — MFA — DMF regardless of the

sign of the solvent effect criterion (d — r;) the near solva-
tion increases, which can be explained by the weakening
of specific interaction between the solvent molecules.

6. The revealed negative values (d—r)<0 and
G, <0 for the anions (Br, I, CIO,) in aprotic DMF

can be explained in the framework of Samoilov’s concept
[4] taking into account not only the specificity of the in-
teraction between the solvent molecules but also the
specificity of these ions influence on the solvent. The fact
of the influence of these anions on the solvent is still re-
markable.

7. The contributions to CAF regardless of the type of

solvation of ions ((d—r) >0, (d—r) <0) in FA, MFA

and DMFA have opposite signs: ¢ >0, ¢!V >0 The

sign of CAF (see Tables 2-4) according to equation (7) is
determined by the sign of the prevailing component and

according to equation (7) coincides with the (d — r;) sign.
The small negative value of the contribution ¢ =—

20.204 kg's™ in DMF is probably due to low dielectric
constant (Table 1). By the way, the dependence of the
CAT component on the value of the inverse dielectric
constant of the studied amides (1/g) is described by a
straight line with a correlation coefficient of 0.9957.

4. Discussion

At explaining the results of investigation the solva-
tion of uniquely charged ions in amides with different de-
gree of structure was considered in accordance with the
views of Samoilov [4] not as binding of any quantity of
solvent molecules, but as their influence on translational
mobility of the latter. As a measure of the effect of the ion

on the solvent the value (d — r;) was used [7].
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Table 1 — Physico-chemical quantities of formamide (FA), N-methylformamide (MFA) and N,N-dimethylformamide (DMF)

at25 C[11]

Quantity FA MFA DMF

Molar mass, g-mol™ 45,04 59.07 73.10

Melting point, °C 2.6 -3.8 -60.4

Boiling point, °C 2105 182.4 153.0

Viscosity, mPa- 3.302 1.65 0.802

Dipole moment, D 3.22 3.86 3.82

Relative permittivity 109.5 182.4 36.71
Self-diffusion coefficient, m*s™ 0.51-107 0.847-10° 1.61-10°

Evaporation enthalpy, kJ-mol™ 60.57 56.25 4757

. 1.79 cis-isomer
Molecular connectivity index 3.42 1.89 trans-isomer —
*Intermolecular contribution to CAF ("), kg-s™ ~162.20-10"2 ~204.91-10 -20.204-10"2

*Qur calculations

Table 2 — Singly charged ions quantities in formamide at 298.15 K

o r10%, mioo 10°, 7»? 10%, Dio 10°, di-10° (di—ry10°, £.10% kgt
m C/m Sm-m?/mol m?st m m
Li* 0.78 2.05 8.30 0.221 2.99 2.21 13.77
Na* 0.98 1.63 9.90 0.264 2.51 1.53 9.52
K* 1.33 1.20 12.40 0.330 2.00 0.67 4.19
Rb* 1.49 1.08 12.80 0.341 1.94 0.45 2.80
Cs' 1.65 0.97 13.40 0.357 1.85 0.20 1.27
NH," 1.37 1.17 14.90 0.397 1.67 0.30 1.85
ClI- 181 0.89 17.50 0.466 1.42 -0.39 -2.43
Br- 1.96 0.82 17.50 0.466 1.42 -0.54 -3.37
I~ 2.20 0.73 16.90 0.450 1.47 -0.73 -4.55
Clo, 2.36 0.68 16.60 0.442 1.50 -0.86 -5.38
Table 3 — Singly charged ions quantities in N-methylformamide at 298.15 K
lon r10%, m” 10°, A7 10%, Dy’ 10", di-10%, (di-ryy10%, Cur10" kg-s
m C/m Sm'm%mol m?-st m m

Li* 0.78 2.05 10.1 0.269 4.92 4.14 12.88
Na* 0.98 1.63 16.0 0.426 3.11 2.13 6.61
K* 1.33 1.20 16.5 0.439 3.01 1.68 5.23
Rb* 1.49 1.08 17.9 0.477 2.78 1.29 4.00
Cs* 1.65 0.97 185 0.493 2.69 1.04 3.22
NH,* 1.37 1.17 24.6 0.655 2.02 0.65 2.02
ClI 1.81 0.89 25.6 0.682 1.94 0.13 0.41
Br- 1.96 0.82 28.2 0.751 1.76 -0.20 -0.61
I~ 2.20 0.73 28.4 0.756 1.75 -0.45 -1.40
Clo, 2.36 0.68 27.4 0.730 181 -0.55 -1.70
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Table 4 — Singly charged ions quantities in N,N-dimethylformamide at 298.15 K

lon 1107, mio6 10°, 7‘? 10%, Dy 10°, di-10%, (di-r)-10", Cr10% kg-st
m C/m Sm'm?/mol m2s?t m m ‘

Li* 0.78 2.05 26.1 0.695 3.92 3.14 4,74
Na* 0.98 1.63 30.0 0.799 3.41 2.43 3.67
K* 1.33 1.20 31.6 0.841 3.24 1.91 2.88
Rb* 1.49 1.08 33.2 0.884 3.08 1.59 2.40
Cs* 1.65 0.97 35.4 0.943 2.89 1.24 1.87
NH,* 1.37 1.17 39.4 1.049 2.60 1.23 1.85
Cl- 181 0.89 53.8 1.433 1.90 0.09 0.14
Br- 1.96 0.82 53.4 1.422 1.91 -0.05 -0.07
I~ 2.20 0.73 51.1 1.361 2.00 -0.20 -0.30
Clo, 2.36 0.68 51.6 1.374 1.98 -0.38 -0.57

For a long time, the equations of Stokes-Einstein law
were used to estimate the size of particles in solutions,
particularly charged ions. However, after the advent of
more accurate methods based on X-ray diffraction or neu-
tron diffraction, it became clear that the so-called Stokes

radii (d ) determined are not the real values of ions, espe-
cially those which in the terminology of Samoilov [4]

(Collins [5]) are structure-breakers (chaotropes), d <r;.
Marcus [11] has shown that this notion has no physical
meaning or utility and should therefore be completely re-
considered. Kuznetsova [14] came to the same conclusion
when interpreting the Stokes ion radii.

On the other hand, the relative values of the Stokes

radius as (d—r;) or d /r; undoubtedly reflect the real be-
haviour of ions in solutions [1, 15]. The correlation we
found [1] between the solvation of ions and the sign of the
difference between the Stokes «radius» and the structural

radius (d — r;) was used to quantify the effect of the ion
on the translational exchange of water molecules and al-
lowed to replace the concept of Stokes «radius» to the
length of the diffusion shift, which does not contradict the

modern ideas about the behavior of ions in solutions [16].
—2

By the way, Kessler [17] in well known formula ; = d_

6D’
interprets d /r as mean velocity and calls mean length of
displacement or jump of ion in diffusion regime for time
7. Undoubtedly the diffusion of the ion depends strongly
on its state in the solution, i.e. on the solvation.

The length of a discrete forward displacement d of
the ion in the solution under the influence of thermal mo-
tion of molecules of the solvent is a positive value, which
can be obtained from the experiment and which is not
without the physical sense. Since the Stokes-Einstein law
is not fulfilled for most real cases, the calculation of the

d parameter by equation (8) does not require any restric-
tions on the fairness of its application, except the fulfill-
ment of hydrodynamic conditions [7]. It is also obvious
that deviations from the Stokes-Einstein law for singly
charged ions in structured solvents are due to their solva-
tion, i.e., inhibition in addition to the viscous one. When

interpreting the d change under the influence of various
factors, it is appropriate to use this term, which refers not
to the change of ion size, but to the change of path length
which an ion travels in diffusion mode between two equi-
librium positions.

In terms of their influence on the translational mo-
bility of FA, MFA and DMF molecules, the ions in ques-
tion can be divided into structure-makers (cosmotropes
[5]) and structure-breakers (chaotropes [5]). The first

group includes alkali metal cations and NH," ion ((d —

r) >0, g, > 0) and the second group includes CI", Br-, I

, ClO, " anions ((d - r;) <0, ¢, <0).

The ability of Li*, Na*, K", Rb", Cs* cations to
strengthen the amide structure can be explained by the
presence of high electron density O atom in their mole-
cules [18], through which solvent molecules are coordi-
nated by these cations.

The Li* cation is a special one, whose influence on
the molecules of polar solvents (FA, MFA and DMF) is
due to its small size, and its highest polarizing effect
among the alkali metal cations leads to high solvation en-
ergy and even to the formation of covalent bonds. Li*
cation in solvents with spatial network of H-bonds (water,
ethylene glycol, formamide) is dominated by I-M interac-
tion over M-M interaction. According to [19], small-sized
cations significantly modify the dynamic structure of their
immediate environment, which is reflected in the experi-
mentally determined quantitative characteristics. By the
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way, among alkali metals Li" cation in water, ethylene
glycol and formamide has the lowest diffusion coefficient

and its translational displacement length d is the longest.
The latter indicates the formation of kinetically stable
complexes of Li" cation, which diffuse as a unit.

At the same time, the coordination of the NH," ion
by the amide molecules probably occurs due to H-
bonding between the H atom of the NH, * ion and the O
atom of the amide molecule [20].

The decrease of d and respectively (d — r;) with the
increase of cation radius in a given solvent is the result of
weakening of its coordinating force due to the decrease of
charge density in the series Li*, Na", K", Rb*, Cs*. The
increase of d (and (d — r;) as well) for the studied ions in
the series FA— MFA —DMF can be explained by the
weakening of intermolecular interactions in this series,
which leads to the strengthening of solvation, i.e. ion-
molecular interaction.

In the studied amides the anions are solvated weaker
than the cations, which is an indication that the H-bond is
less stable than the donor-acceptor one.

For the halide ions in the series FA — MFA — DMF
the regular growth of d parameter was found to corre-
spond, according to Samoilov’s ideas [4], to the reduction
of the solvent structuring. In the structured formamide the
investigated anions behave as chaotropes ((d—r;) <0).
They coordinate FA molecules by type H-bond via H at-
oms of NH, group.

As the ion size increases in the CI"— Br — I series
the structure disorder of the formamide increases as evi-
denced by small and close values of d and increasing
negative values of the difference (d—r;) <0, due to the

growth of the structural radius of the ion. Earlier close d
values were found for negatively solvated single-atom
ions in other solvents (water, ethylene glycol) [1,2],
which probably results from the spherical shape of the an-

ion. The disparity in the change in d and r; for a number
of anions in the studied amides actually determines the

sign of the difference (d—r;) and, therefore, the type of

effect of the ion on the solvent. A negative value of (d —
r) <0 means that the FA —Hal™ interaction is weaker
than the FA — FA interaction.

N-methylformamide with disrupted structure is more
favourable to the action of the anion field on the solvent,
the measure of which is d. The effect of the anions on the
FA is an increase in d. Like in FA, the value of d in MFA
is almost independent of the size of the anion.

In DMF there are no associations between molecules

due to specific interactions (donor-acceptor, H-bond).
There are linear associations between highly polar DMF
molecules due to Van der Waals forces which are more
stable than cyclic dipole-dipole structures.

The obtained patterns of changing the influence of
ClI"—Br — I anions can be explained using one of the
important statements of Samoilov about the influence of
free solvent structuring on near-solvation, according to
which the growth of solvent structure leads to weakening
of solvation of ions and vice versa.
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