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Abstract The viscosities of aqueous solutions of lithium, sodium, potassium, rubidium
and caesium cyclohexylsulfamates were measured at 293.15, 298.15, 303.15, 313.15 and
323.15 K. The relative viscosity data were analyzed and interpreted in terms of the Kamin-
sky equation, 5, = 1 + Ac'/?> + Bc + Dc?. The viscosity A-coefficient was calculated from
the Falkenhagen-Dole theory. The viscosity B-coefficients are positive and relatively large.
Their temperature coefficient 9 B/9T is negative or near zero for lithium and sodium salts
whereas for potassium, rubidium and caesium salts it is positive. The viscosity D-coefficient
is positive. This was explained by the size of the ions, structural solute—solute interactions,
hydrodynamic effect, and by higher terms of the long-range Debye-Hiickel type of forces.
From the viscosity B-coefficients the thermodynamic functions of activation of viscous flow
were calculated. The limiting partial molar Gibbs energy of activation of viscous flow of the
solute was divided into contributions due to solvent molecules and the solute in the transi-
tion state. The activation energy of the solvent molecules was calculated using the limiting
Gibbs energy of activation for the conductance of the solute ions. The activation energy
of the solvent molecules was then discussed in terms of the nature of the alkali-metal ions
and their influence on the structure of water. The limiting activation entropy and enthalpy
of the solute for activation of viscous flow were interpreted by ion-solvent bond formation
or breaking in the transition state of the solvent. The hydration numbers of the investigated
electrolytes were calculated from the specific viscosity of the solutions.
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1 Introduction

Sodium and calcium salts of cyclohexylsulfamic acid are intense sweeteners widely used
in the food industry and pharmaceuticals [1]. The mechanism of the process of sweet taste
chemoreception supposes that in the first step the hydrated ion reaches the region of sweet
receptors in the taste epithelium. This process depends on the volumetric and transport prop-
erties, as well as on the structure of ionic sweeteners [2]. In such a process the hydration of
ionic solutes and their effect on the structure of the solvent are of crucial importance. The
viscosity of an ionic solution of an artificial sweetener can provide some useful information
concerning the nature of the ionic species moving in the aqueous solution.

The viscosity of aqueous electrolyte solutions is of fundamental importance for an under-
standing of the various processes occurring in chemical technology and in food processing.
It was observed very early that the viscosity of solutions of an electrolyte may differ signifi-
cantly from those of the pure solvent. Jones and Dole [3] showed that the viscosity of dilute
solutions varied simply with the solute concentration. The viscosity B-coefficient has been
the subject of considerable interest and has been measured for a wide range of electrolytes in
aqueous and non-aqueous solvents, e.g., [4]. In the transition-state treatment of the relative
viscosity of an electrolyte Feakins et al. [5, 6] showed how the viscosity B-coefficient is
related to the solute’s contribution to the molar Gibbs energy of activation for viscous flow.
According to this simple model the molecules of solvent and ions of the solute move one
by one from their equilibrium positions through transition states in which the intermolecular
bonds are stretched from their equilibrium positions. Thereby, the effect of the ions of the
solute on the viscosity of the solution is determined by both their intrinsic rate of motion and
their effect on the rate of flow of surrounding solvent molecules. Thus, the contribution of
the ions of solute to the activation Gibbs energy for viscous flow is the sum of two terms. It
has been suggested that the Gibbs energy for the movement of solute in viscous flow could
be approximated by that for diffusion or conductance of the solute ions [7], or by that for
viscous flow of the solvent [6] to obtain the Gibbs energy of activation of solvent molecules
due to the movement of solute.

In this work we extended our previous viscosity measurements of some alkali-metal cy-
clohexylsulfamates [8] from 293.15 up to 323.15 K over a sufficiently wide concentration
range in order to determine their viscosity A-, B-, and D-coefficients. Our prime interest
was the temperature dependence of the viscosity B-coefficient in connection with thermo-
dynamic functions of activation of viscous flow of the solute and solvent.

2 Experimental
2.1 Materials

Lithium (LiCy), potassium (KCy), rubidium (RbCy) and caesium cyclohexylsulfamate
(CsCy) were obtained by careful neutralization of cyclohexylsulfamic acid (purchased from
Sigma) with the corresponding base (Fluka, or Merck in the case of potassium hydroxide),
whereas sodium cyclohexylsulfamate (NaCy) was purchased from Sigma. The purity of the
salts was checked after repeated recrystallization from water by analysis of the elements C,
H and N (Perkin Elmer, 2400 Series II CHNS/O Analyzer) and also by ion exchange of the
cations of salts with the hydrogen ion (DOWEX, Type 50 WXS8); a purity of 99.9% for all
the salts was determined. The salts were kept in a vacuum desiccator over P,Os. Solutions
were prepared on the molal concentration scale by precise weighing, using a digital balance
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(Mettler Toledo, model AT201, Switzerland) accurate to within =1 x 107> g. Before use
the solutions were degassed by ultrasound (ultrasonic bath, Bandelin Sonorex, type TK 52,
Berlin, Germany).

2.2 Viscosity Measurements

The viscosity of the investigated solutions was determined with an Ubbehlode vis-
cometer (Schott Visco Clock CT 52 measuring system, equipped with a transparent
thermostat and flow-through cooler CK 300). The absolute viscosity of a solution, 7
(cP = 1073 kg-m~'.s7!) was calculated by means of the equation [9]

Ed
n:Cdt— t_2 (@)

where d (kg-m~?) is the density of solution, # (s) is the flow time and C and E are constants
characteristic of the viscometer. The viscometer was calibrated with water. The values of
C=3.1694x10°+7 x 107¥) m?>.s72 and E = (3.4 x 107* £ 2 x 107°) m’-s were
determined by a least-squares fit by Eq. 1, using the absolute viscosity and density data of
water [10], and the flow times at the experimental temperatures. The bath temperature was
maintained to 40.02°C. The accuracy of the measured viscosities of 3x 1077 kg-m~!.s~!
was obtained by using the method of propagation of random errors where §r = £0.01 s,
8d = +0.02 kg'm’3, while §C and § E are mentioned above.

3 Results and Discussion
3.1 Viscosity A-, B- and D-Coefficients

The values of viscosity, n (cP), measured at various temperatures as a function of the
temperature-independent molality, m (mol-kg~'), are presented in Table 1. The relative vis-
cosity, n = n/no (where 7y is the viscosity of pure water) of the investigated systems was
analyzed by the Kaminsky relation [11]

ne=1+ Ac"? + Bc + Dc? )

which is valid for more concentrated electrolyte solutions. In Eq. 2 c is the electrolyte mo-
larity (mol-dm~?) calculated from the relation ¢ = md /(1 +mM, x 1073) where d is the
density of solution [12, 13], and M, the molecular weight of the solute in g-mol”. The
A-coefficient depends on the interionic forces, the B-coefficient takes into account the ion—
solvent interaction and the D-coefficient includes all solute—solvent and solute—solute struc-
tural interactions that are not accounted for by the Ac!/? and Bc terms at high concentration.

The A-coefficient is a measure of the long-range ion—ion interaction (Coulombic forces)
and can be evaluated theoretically. It is based on the drag that the ion atmosphere causes
that retards the movement of the ion and indirectly diminishes the viscosity of the solution
[14]. The A-coefficient was calculated from the relation valid in the case of symmetrical
electrolytes, where 7, = |z_| =z [4, 14]

Ay

=ty ) ®
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Table 1 Viscosity, 1, of aqueous solutions of lithium, sodium, potassium, rubidium and caesium cyclohexyl-
sulfamate in the temperature range from 293.15 to 333.15 K#

m natT
293.15 298.15 303.15 313.15 323.15
LiCy
0.11281 1.0779 0.9560 0.8547 0.6978 0.5823
0.13651 1.0950 0.9707 0.8675 0.7075 0.5898
0.16366 1.1146 0.9874 0.8819 0.7186 0.5985
0.18807 1.1326 1.0024 0.8949 0.7288 0.6067
0.21205 1.1507 1.0180 0.9081 0.7390 0.6147
0.23001 1.1636 1.0288 0.9174 0.7458 0.6202
0.27277 1.1974 1.0577 0.9409 0.7652 0.6355
NaCy
0.04352 1.0276 0.9131 0.8176 0.6686 0.5593
0.07330 1.0455 0.9289 0.8313 0.6797 0.5680
0.09407 1.0579 0.9398 0.8413 0.6875 0.5741
0.12494 1.0782 0.9564 0.8553 0.6983 0.5829
0.15396 1.0959 0.9730 0.8697 0.7094 0.5918
0.16954 1.1072 0.9813 0.8768 0.7149 0.5961
0.19439 1.1236 0.9953 0.8890 0.7243 0.6036
0.22971 1.1467 1.0152 0.9061 0.7375 0.6142
0.28621 1.1842 1.0472 0.9337 0.7588 0.6312
0.33222 1.2165 1.0747 0.9581 0.7774 0.6458
KCy
0.03975 1.0208 0.9071 0.8126 0.6648 0.5565
0.06083 1.0312 0.9163 0.8204 0.6714 0.5615
0.08070 1.0406 0.9245 0.8278 0.6773 0.5663
0.09737 1.0492 0.9318 0.8343 0.6823 0.5703
0.11602 1.0584 0.9397 0.8412 0.6878 0.5748
0.14070 1.0719 0.9515 0.8514 0.6957 0.5809
0.16515 1.0846 0.9626 0.8611 0.7032 0.5873
0.17885 1.0914 0.9683 0.8660 0.7073 0.5902
0.19528 1.1008 0.9765 0.8730 0.7127 0.5948
0.20880 1.1074 0.9820 0.8778 0.7164 0.5977
RbCy
0.05056 1.0243 0.9105 0.8157 0.6675 0.5585
0.07540 1.0359 0.9203 0.8243 0.6747 0.5640
0.10193 1.0485 0.9315 0.8343 0.6824 0.5704
0.12811 1.0609 0.9419 0.8431 0.6896 0.5762
0.15151 1.0718 0.9516 0.8516 0.6960 0.5814
0.17738 1.0839 0.9620 0.8608 0.7034 0.5874
0.20158 1.0957 0.9723 0.8696 0.7104 0.5931
0.22600 1.1079 0.9828 0.8789 0.7177 0.5992
0.25383 1.1226 0.9953 0.8887 0.7252 0.6057
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Table 1 (Continued)

m natT
293.15 298.15 303.15 313.15 323.15
CsCy
0.05013 1.0243 0.9100 0.8151 0.6672 0.5584
0.07574 1.0357 0.9199 0.8242 0.6742 0.5642
0.10085 1.0471 0.9302 0.8329 0.6815 0.5696
0.12534 1.0585 0.9399 0.8415 0.6879 0.5753
0.15204 1.0706 0.9510 0.8512 0.6959 0.5813
0.17652 1.0820 0.9605 0.8595 0.7025 0.5866
0.20116 1.0933 0.9704 0.8685 0.7097 0.5921
0.22637 1.1051 0.9807 0.8771 0.7163 0.5977
AUnits: m, mol-kg_1 :n,cP; T, K
and
r° 4\ —20)?
f(xw“_)z[—][l _A0 A )
42 4+ V2)A90° (14+2)223

In Egs. 3 and 4, A, = 111.3 cP-(cm?-S-mol~")-K!/2.(mol-dm™3)~1/2, g, is the relative
permittivity of water, T the absolute temperature, and the function f (A%, A°) depends on
the equivalent conductances at infinite dilution of the ions, AS and A° and A° = AS +A°.
In the calculation of constant A, the relative permittivity of water was taken from ref. [15],
whereas the equivalent conductances of alkali ions were obtained from ref. [16] and that of
the cyclohexylsulfamate ion as the average values taken from refs. [17, 18] and at 338.15 K
from [19], not including results for ammonium cyclohexylsulfamate [17]. The values of the
viscosity A-coefficients are given in Table 2. The values of viscosity B- and D-coefficients
were determined by a least-squares analysis of Eq. 2 in the form

n—1— Ac'/?
C

=B+ Dc (&)

and are given in Table 2.

From the data collected in Table 2, it may be seen that the values of the viscosity A-
coefficient are small and in the range of those for simple 1:1 electrolytes [20], and that
the Ac!/? term in Eq. 2 appreciably affects the measured viscosity only for the data at the
lowest concentration. The values of the viscosity A-coefficient at a definite temperature
decrease with increasing size of the alkali cyclohexylsulfamate. Furthermore, the viscos-
ity A-coefficient slightly increases with increasing temperature (see Table 2) in accordance
with theory [21, 22]. The dependence of the viscosity A-coefficient on temperature was
calculated from the relation

A=ag+a; (T —Tp) +a (T — Ty)* (©)

where ag, a; and a, are empirical constants depending on the solute, and 7y = 298.15 K.
The values of the empirical constants were evaluated by a least-squares procedure. Only in
the case of lithium and potassium cyclohexylsulfamates was the last term in Eq. 6 needed,
whereas for the other compounds a linear relation was used. The values of the temperature
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Table 2 Values of viscosity A-, B- and D-coefficients of aqueous solutions of lithium (LiCy), sodium
(NaCy), potassium (KCy), rubidium (RbCy) and caesium (CsCy) cyclohexylsulfamate as a function of
temperature®

Salt T A x 103 B D

LiCy 293.15 3.588 0.629 £ 0.001 0.395 £ 0.007
298.15 3.590 0.6190.003 0.330£0.014
303.15 3.601 0.615 40.003 0.249 0.015
313.15 3.619 0.591 4 0.004 0.22240.020
323.15 3.640 0.554 4 0.003 0.226 +:0.018

NaCy 293.15 3.106 0.567 +0.002 0.323+0.014
298.15 3.119 0.570 +0.001 0.240 +0.006
303.15 3.141 0.566 + 0.002 0.189 +0.009
313.15 3.176 0.551 4 0.002 0.138 +0.012
323.15 3.207 0.517£0.001 0.164 £ 0.007

KCy 293.15 2493 0.454 4 0.001 0.306 4 0.011
298.15 2.522 0.459 4 0.002 0.2244+0.018
303.15 2.556 0.464 4 0.003 0.15440.019
313.15 2.618 0.459 4 0.002 0.106 +0.015
323.15 2.675 0.435 4 0.002 0.125+0.014

RbCy 293.15 2415 0.428 4 0.003 0.236 0.016
298.15 2444 0.434 £ 0.002 0.170 0.010
303.15 2479 0.444 4 0.002 0.08240.014
313.15 2543 0.448 4 0.003 0.000
323.15 2.607 0.415 4 0.002 0.097 £0.015

CsCy 293.15 2422 0.432 40.001 0.157 £0.007
298.15 2.454 0.428 +0.002 0.1534+0.013
303.15 2.490 0.437 +0.001 0.082 +0.008
313.15 2.557 0.441 +0.004 0.000
323.15 2619 0.4220.002 0.000

AUnits: T (K); A (mol-dm=3)~1/2; B (mol-dm=3)~!; D (mol-dm—3)~2

coefficient, dA /0T = a;, at 298.15 K are given in Table 3. From the collected data it is
seen that the temperature coefficient A /9T gradually increases with increasing size of the
alkali-metal ions from lithium to caesium.

The values of the viscosity B-coefficients, given in Table 2, are positive and relatively
large, which is typical of salts with large hydrophobic ions such as the cyclohexylsulfamate
ion [12]. At a definite temperature the viscosity B-coefficients decrease with increasing
molecular weight of the salt. The temperature dependence of the viscosity B-coefficient
was expressed by Eq. 6 and the values of the empirical constants were determined by a least-
squares procedure. The temperature coefficient, d B/dT = a; at 298.15 K, is negative for the
lithium salt, zero for the sodium salt, and positive for the potassium, rubidium and caesium
salts (see Table 3). The sign of the viscosity B-coefficient and its temperature coefficient
depends on the degree of solvent structuring induced by the ions. A positive value of the
temperature coefficient dB/d7T at 298.15 K is associated with chaotropic ions (structure-
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Table 3 Temperature coefficients of viscosity, dA /9T, dB/dT and dD /0T, of aqueous solutions of lithium,
sodium, potassium, rubidium and caesium cyclohexylsulfamate at the temperature 298.15 K?#

QA 6 B 4 oD 2
Salt 7 x 10 T x 10 —57 x 10
LiCy 1.36 +£0.26 —(13.2£3.0) (1.294+0.2)
NaCy 3.44+0.11 0.0 (1.324+0.04)
KCy 6.40 +0.21 (10.9+1.6) (1.45+0.7)
RbCy 6.44 £0.06 (21.3+5.9) (1.77+0.3)
CsCy 6.6110.09 9.9+7) (0.95+0.3)

aUnits: 9A/3T (mol-dm—3)~1/2.K=1; 9B/3T (mol-dm—3)"1.K~1; 9D/3T (mol-dm—3)~2.K~!

breaking ions), whereas a negative value is associated with cosmotropic ions (structure-
making ions) [20, 23]. According to this view, the ions of the lithium and sodium salts
are structure-making ions whereas ions of the potassium, caesium and rubidium salts are
structure-breaking ions.

Recently, a comprehensive model for calculating the viscosity B- and D-coefficients of
electrolyte solutions has been developed, e.g., [24]. The model includes a long-range elec-
trostatic interaction term, contributions of individual ions, and a contribution from specific
interactions between ions or neutral species. On the basis of such a model, even the viscosity
of multicomponent systems can be predicted accurately.

As in the case of the viscosity B-coefficient, no model exists for a quantitative description
of the D-coefficient. The viscosity D-coefficients given in Table 2 are positive and relatively
large and at a definite temperature almost linearly depend on the radius of the cation. With
increasing temperature the viscosity D-coefficient initially decreases to a minimum value
that depends on the nature of the cation, and then slightly increases. In Table 3 the temper-
ature coefficients of the viscosity D-coefficients of the investigated solutions calculated by
Eq. 6 are given using a least-squares procedure at 298.15 K. The temperature coefficient,
dD /0T = a,, is negative and relatively large.

According to Desnoyers and Perron [25], the Dc? term in Eq. 2 includes all solute—
solvent and solute—solute interactions that are not accounted for by the Ac'/? and Bc terms
at high concentration. The main contributions to this coefficient should include higher terms
of the long-range Coulombic forces. The viscosity D-coefficient is also influenced by higher
terms of the hydrodynamic effect, which are the leading contribution to the Dc? term in
Eq. 2. According to this approach, the viscosity D-coefficient should always be positive as
given by [25]

D210.05 x 107°(Vy)° )

where \_/20 is the limiting partial molar volume of the solute [12, 13]. Values of the viscos-
ity D-coefficient, using Eq. 7, are 0.152 (mol-dm~3)~? for lithium, 0.150 (mol-dm—3)~2
for sodium, 0.178 (mol-dm~3)~2 for potassium, 0.190 (mol-dm=3)~2 for rubidium and
0.215 (mol-dm~3)~2 for caesium cyclohexylsulfamate at 298.15 K. For lithium, sodium
and potassium cyclohexylsulfamates the calculated values are lower than the experimental
values, whereas for rubidium and caesium cyclohexylsulfamates the values of the calcu-
lated D-coefficients are overestimated. Thus, Eq. 7 based solely on the hydrodynamic effect
cannot predict the viscosity D-coefficients, nor even their sequence.
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3.2 Thermodynamic Functions of Activation of Viscous Flow of the Solvent and Solute

The viscosity B-coefficient can be related to the thermodynamic functions of activation for
viscous flow proposed by Eyring [26]. The transition state theory has been successfully
developed to treat viscosities of electrolyte or non-electrolyte solutions in aqueous or non-
aqueous media by Feakins et al., e.g., [6, 27]. They showed that the viscosity B-coefficient
of an electrolyte solution can be given by

- - [ A*GS —vA*GS
B=(wVp— V) + V;’(#) ®)

RT

where the coefficient v = 2 for a fully dissociated univalent electrolyte, V and Vy are the
limiting partial molar volumes of the solvent and solute, A*GS and A*G? are the limiting
Gibbs energy of activation for viscous flow of the solute and solvent, and R is the gas
constant. The Gibbs energy of activation for viscous flow of the pure solvent can be obtained

from [26]
hNA A*GS
o= == 9
=" )en( %) ©)

where £ is Planck’s constant and N, is Avogadro’s number.

The solute contributions to the molar entropy, A#S’;’ , and the enthalpy, A#I:Iz0 , of activa-
tion for viscous flow, can be calculated from the temperature variation of the Gibbs energy,
using the following relations:

A*S) = — 267G (10)
i aT
and
A*GS = ATHY — TA*SS. (11

The use of relations 8, 10 and 11 provides a framework for interpreting the effects of the
solute on the solution viscosity which is more rigorous than direct consideration of the
viscosity B-coefficient and its temperature coefficient. Thus, for example from relation 8 it
follows that a negative viscosity B-coefficient will result for the systems where v\_/lo < ‘_/20
and A#G‘z’ < VA#G‘I’ [6].

In the calculation of the limiting Gibbs energy of activation for viscous flow of the inves-
tigated salts through Eq. 8, we used the limiting partial molar volumes of alkali metal cy-
clohexylsulfamates at the desired temperatures given previously [12, 13], and for the Gibbs
energy of activation for viscous flow of water (see Eq. 9), the density and viscosity data of
pure water at the desired temperature given in ref. [10]. Thermodynamic functions of acti-
vation for viscous flow of pure water, calculated using the relations 9, 10 and 11, are given
in Table 4. For all investigated solutes the values of A#C_}g are positive and initially increase
slightly with temperature to a maxim value that depends on the size of the cation. The tem-
perature dependence of A#G‘z’ can be expressed by a similar function as for the temperature
dependence of the viscosity A-coefficient, i.e., by Eq. 6. The values of the empirical con-
stants, a;, calculated by a least-squares procedure, are compiled in Table 5. The limiting
partial molar entropy of activation for viscous flow of the salts was calculated considering
Eqg. 10 in the form

A*SS = —[a) 4+ 2ay(T — Ty)] (12)
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Table 4 Thermodynamic functions of activation for viscous flow of pure water A#G‘l’, A#S'? and A*H 10 in
the temperature range from 293.15 to 323.15 K#

T A*GY A*S9 A*HP
293.15 9.295 26.8 17.164
298.15 9.164 25.1 16.644
303.15 9.043 233 16.116
313.15 8.829 19.8 15.036
32315 8.647 16.3 13918

Units: 7, K; A*GS, kI'mol~1; A#S9, J-mol=1.K~1; A*A?, kJ-mol~!

Table 5 Values of empirical constants aq, a1 and ap for calculation of A#C_;g (Eq. 6), A#Sg (Eq. 13) and

A#Hfé’ (Eq. 14) for aqueous solutions of alkali-metal cyclohexylsulfamates in the temperature range from
293.15t0 323.15 K?

Electrolyte ap ap —ay
LiCy 115580 +£219 88+43 9+2
NaCy 108260 + 76 250+ 15 12+1
KCy 94858 £ 49 363 +29 12+1
RbCy 92428 £ 457 505 £89 17+4
CsCy 92923 £512 345+99 8+5

4Units: ag, J-mol~1; aj, J-mol~! K1 ap, J-mol~1.K—2

Table 6 Contributions of the solute to the activation of viscous flow at 298.15 K: partial molar Gibbs energy,
A#G‘z’, entropy, A#Sg , enthalpy, A#Hé’ , Gibbs energy for activation of conductance, A*’EGg(C - and the

contribution of the solute to the Gibbs energy of activation of molecules of solvent, A#(_}g(l — 1)

Compound A#G‘z’ —A#Sg A#I-_If A#Gg(cd) A#Gg(l — 1)
LiCy 115.13 88 89.29 23.44 91.69
NaCy 108.31 250 33.65 22.79 85.52
KCy 94.59 363 —13.77 21.84 72.75
RbCy 91.79 505 —58.77 21.70 70.09
CsCy 92.05 345 —10.78 21.72 70.33

“Units: A*GS, APHP, A*GY ), AFGS(1— 1), KI-mol~!; A*SS, Jomol =K !

and the limiting partial molar enthalpy of activation for the viscous flow of solutes, consid-
ering Eqs. 11 and 12 as
AYHY = ag — a Ty + ay (T§ — T?). (13)

Table 6 presents the standard limiting thermodynamic functions of activation for viscous
flow of the investigated alkali-metal cyclohexylsulfamates at 7 = 298.15 K. From Table 6 it
may be seen that A#Gg values are positive and decrease with increasing cation size, whereas
A#Gg values for rubidium and caesium cyclohexylsulfamates are approximately equal. Sim-

@ Springer



1338 J Solution Chem (2008) 37: 1329-1342

ilar behavior was observed by Waghorne [28] in studying aqueous solutions of alkali-metal
chlorides, though their A#Gg values are considerably lower than those given in Table 6.

According to Feakins et al. [6] the A#Gg value contains contributions from two ef-
fects: first, the activation energy of solvent molecules which are affected by the inter-
action between the solute and the surrounding solvent molecules in the transition state,
A#G‘z’(l — 1’); second, the solute moves through its own transition state, A#GS(Z — 2.
Thus, the limiting Gibbs energy contribution of the solute is given as the sum of the two
mentioned effects

A*GY = A*GS(1 — 1)+ A*GS 2 — 2)). (14)

Feakins et al. [6] have suggested that A#Gg (2 = 2') might be well approximated for small
ions by the Gibbs energy of activation for viscous flow of the solvent, or by the activation
energy for conductance, A#Gg(cd). So, from the measured A*G$ the A*GS(1 — 1) value
can be calculated.

For the investigated electrolytes the value of A#GS(Z — 2') was approximated by the
Gibbs energy for conductance, A#G‘z’(cd). The change of the Gibbs energy for ionic conduc-
tance, A#G;)(Cd), accompanying unit displacement of one mole of ions was calculated from
the relation given by Brummer and Hills [29] in the form

0o — _prm( _5Mh |
NGy = =RTIn{ =00 (15)

where ¢ is the electronic charge, F is the Faraday constant and L is the distance between
adjacent equilibrium positions in the liquid, i.e., the jump distance obtained from [30]

oN 1/3
L:(}(}—L) . (16)

The A#G?(Cd) values of alkali-metal ions were calculated from the A7 values given in
ref. [16]. These values of A#G?(cm are close to the value of water, A*G$ = 9.163 kJ-mol~" at
298.15 K. The average value of A#G?(Cd) for the alkali-metal ions is (10.21 £ 0.70) kJ-mol~!.
The ionic Gibbs energy for the conductance of cyclohexylsulfamate ions is A#(:}?(Cd) =12.09
kJ-mol~'. Thus, for A#C_}g(cd) we used the sum of the ionic Gibbs energy for the conduc-
tance of alkali-metal ions and the corresponding value of the cyclohexylsulfamate ion. The
values of A#Gg(cd) are collected in Table 6. From this table it can be seen that the A**”Gg@d>

values lie in a relative narrow range from 21.72 to 23.44 kJ-mol~'. Thus, A#Gg(Z — 2)
contributes only about one fifth of its value to A*GY.

The A#C_}g( 1 — 1) values collected in Table 6 are positive and decrease with increasing
cation size of the alkali-metal ions, being approximately equal for rubidium and caesium
cyclohexylsulfamates. Thus, the variations of A*GY (given in Table 6) would seem to reflect
differences in the effect of alkali-metal cyclohexylsulfamates on the activation Gibbs energy
for movement of the solvent molecules, i.e., on A#Gg(l — 1’). According to Feakins et al.
[6] the positive value of A#G‘z’(l — 1’) can be explained by the fact that transfer of alkali-
metal cyclohexylsulfamates from the ground-state solvent to the transition-state solvent is
not favored.

Table 6 lists the contribution of alkali-metal cyclohexylsulfamates to the limiting acti-
vation entropy, A#S’g, and to the limiting activation enthalpy for viscous flow, A#I-—Iz‘). From
Table 6 it can be seen that A*SS values are negative, like A* HY values for higher cyclohexyl-
sulfamates. Similar trends were also observed by Feakins et al. [5] for aqueous solutions of
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alkali-metal chlorides. Since the enthalpies and entropies of activation for diffusion or con-
ductance of the ions are positive [5], the effects of the solute on the activation enthalpy and
entropy of the solvent molecules, A#Hf(l — 1) and A#§§(1 — 1'), are low or even neg-
ative. In the case of lithium and sodium cyclohexylsulfamates, the positive contribution to
the A#ﬁz" value arises from the breaking of ion—solvent bonds in the transition state and the
negative values of A#§§ and A#I-_I; for higher cyclohexylsulfamates are a consequence of
ion—solvent bond formation in the transition state. Thus, the ion—solvent bond-making ef-
fect is responsible for the negative values of A*SS and A* H. The ion-solvent bond-making
mechanism is more pronounced for weakly coordinating ions in a highly structured solvent
such as water.

3.3 Hydration Numbers of Alkali-Metal Cyclohexylsulfamates

The hydration numbers of the investigated electrolytes can be obtained from the change
of the solution viscosity with solute concentration. Starting from a rather simple geometric
model based on Einstein’s viscosity law [31, 32], and from a fictive splitting of the process
of hydration into two consecutive processes where in the first step some molecules of water
are bound to the solute without any change of the specific volume of the solute and the
solvent, and in the second step where hydrated species bind the additional solvent or lose
some of the bound solvent from the first step, without change of the volume of the hydrated
species, Linow and Philipp [33] have shown that the hydration number can be calculated
from the volume of the hydrated species, ‘7,;’

B2 2577+ Vongy (17)

where 15, = 1, — 1 is the specific viscosity of the solution. The hydration number is given
by
Ve — vy

Vo (18)

np =
where V; is the molar volume of the solvent. The values of the hydration numbers of the
alkali-metal cyclohexylsulfamates are given in Table 7. From these results it can be seen
that the hydration numbers at a definite temperature decrease with increasing ionic radius
of the alkali-metal cation and, that for a specific alkali-metal cyclohexylsulfamate, strongly
depend on temperature. The explanation of the hydration numbers, given in Table 7, can

Table 7 Hydration numbers, ny, of alkali-metal cyclohexylsulfamates in the temperature range from 293.15
to 323.15 K*#

Electrolyte T

293.15 298.15 303.15 313.15 323.15
LiCy 19.3+£0.8 15.8+0.9 9.0+1.0 7.0+1.4 103+£1.5
NaCy 17.0£1.2 11.0£0.6 7.0£1.0 3.0£1.2 5.7£0.6
KCy 203+£1.3 12.6 £2.0 53+£23 0.0 24+1.9
RbCy 154+1.4 85+1.1 0.0 0.0 0.0
CsCy 6.7+£0.9 62+13 0.0 0.0 0.0
AUnits: T, K
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be visualized in terms of the structure of possible hydration shells around the ions. The
structure of the first solvation shell of simple ions was obtained from Nielson et al. [34].
Their results clearly show that the first solvation shells of the alkali-metal cations larger
than lithium ion are unsaturated in water and that the extent of unsaturation increases with
the size of the cation [28]. Furthermore, these studies also show that the extent of perturba-
tion of the water structure is limited primarily to the range of the first hydration shell [34].
The hydration numbers given by Lee and Rasaiah [35] are substantially higher than those
determined by Neilson et al. [34] and are for the second hydration shell. They amount to:
Lit (16.1), Na*t (17.5), Kt (21.2), Rb* (21.0) and Cs* (21.3) at 298.15 K. Concerning
the cyclohexylsulfamate anion, it was found previously [8, 17] that this ion is practically
un-hydrated. Therefore, we ascribe the hydration numbers, given in Table 7, solely to the
alkali-metal cations. Therefore, the hydration numbers given in Table 7 can be explained
by the existence of more than one hydration shell around the ion. Thus, the relatively high
Gibbs energy of activation of viscous flow of solute (see Table 6) is a consequence of the
strong interaction of ions of the solute with water molecules which also affect the movement
of water molecules beyond their solvation shells.

4 Conclusions

The alkali-metal cyclohexylsulfamates are relatively strong 1:1 electrolytes in aqueous so-
lutions. Their relative viscosity can be represented by the Kaminsky relation. The viscosity
A-coefficient and its temperature coefficient, A /9T, are small and gradually increase with
increasing size of the alkali-metal ion. The values of viscosity B-coefficient are positive and
relatively large which is typical of salts with large hydrophobic ions. They decrease with in-
creasing molecular weight of the salt. The temperature coefficient, d B/dT, which depends
on structuring of solvent molecules around ions, is negative for the lithium salt, near zero
for the sodium salt (structure-breaking ions) and positive for the potassium, rubidium and
caesium salts (structure-making ions). The viscosity D-coefficient is large and its tempera-
ture coefficient is negative and surprisingly large. The values of the limiting Gibbs energy
of activation of viscous flow of the solute are positive and at a definite temperature linearly
depend on the reciprocal value of the cation crystal radius. From the contributions which re-
sult from the interaction between the solute ions and water molecules in the transition state,
A#G‘z’(l — 1), and from that of the movement of solute ions through their own transition
states, A#Gg(Z — 2/), it was found that transfer of alkali-metal cyclohexylsulfamates from
the ground-state solvent to the transition state-solvent is not favored. This effect is dominant
for the investigated systems, whereas A#G‘z’ (2 — 2') contributes only about one fifth of its
value to A#Gg. The sign of the limiting activation entropy, A*S9, and limiting activation en-
thalpy, A#I-_IZ", of the solute shows that in the case of lithium and sodium salts the breaking
of ion—solvent bonds occurs in the transition state, whereas in the case of potassium, rubid-
ium and caesium salts, ion—solvent bond formation take place. The relatively high limiting
Gibbs energy of activation of the solute can be explained by the strong interaction of ions of
the solute with water molecules, as was indeed observed for high hydration numbers.
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