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Formulation of Stokes’ Radii in DMF, DMSO and Propylene Carbonate
with Solvent Structure Cavity Size as Parameter
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Conductance of univalent ions in DMSO (dimethyl sulfoxide), DMF (dimethylformamide) and PC (propylene
carbonate) was determincd by use of tetrabutylammonium-tetrabutylborate as standard electrolyte of equal

cationic and anionic conductance.

Empirical formulation of Stokes’ radius was attempted on the assumption

of a structure-cavity affecting the ionic transport in a medium of aprotic and polar solvent as well as water. By
application of classical fluid dynamics Stokes’ radius 7, is given in terms of —(2/3) 7.+ (l/os) (ro—7,)%, where
7o is crystal ionic radius, r, and ¢, are paramecters characteristic of the cavity and molecular sizes, respectively,

with respect the solvent.

According to hydrodynamic theory the force acting
on the hard shere with a radius ¢ moving with a steady
velocity of ve in an incompressible fluid with a vis-
cosity coefficient 7 is given by Eq. (1).

F=A4np-a-ve + 2190000 (1)
Equation (1) implies two terms of the friction drag
acting tangentially on the sphere and the normal
drag. The deviation from Stokes’ law is obvious in
ionic transport, if the crystal ionic radius is employed
for a hard sphere chosen as a model. If the ion were
to take as shape greatly deformed from the sphere
under the influence of solvent structure according to the
size fittness between the structure cavity and ions, the
normal drag of the second term in (1) would be greatly
reduced. A modification of Stokes’ theory is required
even in the frame of hydrodynamic theory by con-
sideration of the sticky and slipping boundary.) The
slippy boundary between the moving sphere and the
medium leads to a Stokes’ force of 4m9-a-veo with
the second term in (1) dropped. The solvation of
ions explains qualitatively the deviation from Stokes’
law, but a concept of negative solvation,? or some other
hypotheses is inevitable. For a quantitative aspect of
ionic transport, a number of more elaborate and so-
phisticated theories of solvation have been proposed,
such as the Zwanzing theory of dielectric drag,®
Uedaira’s micro-viscosity of a solvent molecule just
around the ions,¥ and a chemical-bond theory of
solvent structure with a microscopic dipole moment.?

In recent works,®~8) the transfer free energy of ions
in aprotic solvents, involving PC, EC, DMF, and
DMSO, were determined. These and similar data of
enthalpy reported by Krishnan and Friedman® enable
us to estimate the entropy of transfer of ions from water
to the aprotic solvents. A large negative value of
solvation entropy suggests that a certain liquid struc-
ture of solvent plays an important role in decreasing
solvation entropy by producing an ordered arrange-
ment even in these aprotic solvents. Accordingly, a
comparative study of the Walden product was at-
tempted in this work in various aprotic solvents other
than water.

Unusual behavior of ionic conductance has been
observed in some ionic species whose solvated radius
(apparent Stokes’ radius) is smaller than the crystal
ionic radius. Kiso has compiled a large number of
ionic conductance data with a variety of charges and

sizes, concluding that a maximum ionic conductance
can be seen for an ionic diameter of about 2.8 A in
aqueous medium which corresponds to the cavity
size of water structure.’® On this basis, Kiso proposed
a slipped transport with a minimum friction involving
a tangential shear alone, if the ionic size fits the size
of a cavity present in the fluid medium. This model
is helpful for understanding the apparent Stokes’
radius which shows occasionally a radius smaller than
the actual crystal ionic radius.

Experimental

Conductance of Cell. A conductance cell of 500 ml
capacity was constructed according to the Erlenmeyer flask
design of Kraus et al.'? An electrode chamber is attached
to the flask in such a way that the chamber liquid is thoroughly
mixed with the solution in the main body of the cell. The
electrodes were two platinum of 12 mm diameter, their
distance being 10 mm. The cell constant of 0.4070 cm~! was
determined by eight KCI aqueous solutions in the concentra-
tion range from 3x 103 to 8.5x 103 M as referred to the
value of 146.98 X 10-® mho for KCI solution at 1x10-3 M
at 25 °C.12

Procedure. Precaution was taken for precise conduct-
ance measurement particularly against pollution by impurities
of water vapor, CO, and O,. For preventing temperature
and composition changes of liquid in the conductance cell,
the temperature was controlled by a double chambered
thermostat at 25+0.01 °C. The cell temperature change was
readily detected by the shift of resistance readings exceeding
0.019. The starting pure solvent was subjected to constant
stirring with a teflon coated rotor of a magnetic stirrer for
one hour, additional half-hour stirring being sufficient for
each addition of electrolyte salt of about 100 mg. Direct
transfer of the solvent from the 500 ml measuring flask kept
in the thermostat to the conductance cell was made within
15s. Stepwise increase of the electrolyte concentration was
made by quick operation of transfer from weighing bottle to
the conductance cell. Calibration for drainage on the wall
of the flask, amounting to 0.5 ml or less, does not affect the
acuracy of electrolyte concentration more than 0.19. Re-
peated determination of cell constant was made for a series
of runs with a given solvent system. Resistance was measured
on a Model Yokogawa-Hewlette-Packard Universal Bridge.

Materials. The method of purification of solvent and
electrolyte was as described.® The standard electrolyte
of n-tetrabutylammonium n-tetrabutylborate, (n-Bu),N-B(n-
Bu),,'® was synthesized from borontrifluoride etherate and
n-butylmagnesium bromide as starting materials, purification
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by recrystallization being repeated thrice for the crude
preparation with a melting point of 110.6 °C to a final product
with a melting point of 111.5 °C. All other chemicals were
obtained from the Wako-Pure Chemicals Ltd.

Results and Discussion

The conductance of individual univalent ions at
infinite dilution was studied in order to see how the
ionic size regulates the ionic transport in non-aqueous
solvent. The conductance at infinite dilution 4° was
determined by extrapolation of the observed 4 values
from A-1/¢ plots for ten concentration points from
0.5x10-* to 5x103* M. For dividing 1~ into each
component of Af an assumption was made of an
equal conductance value for (n-Bu), N+ and (n-Bu), B—.
The results on 1% are listed in Table 1 together
with the calculated “apparent” Stokes’ radius, 7,
according to the relation: r,=e-E[6n7le. An em-
pirical formulation of apparent Stokes’ radius was
attempted as a function of crystal ionic radius, 7,14
by introducting a solvent-dependent parameter, 7.
Starting with the assumption that hydrodynamic
theory is valid even for ionic transport, we divided
the force, for the sake of the formulation of 7, into the
tangential drag and the normal drag, corresponding
to the first and the second terms, respectively, in Eq.
(1). Hydrodynamic theory predicts that an air bub-
ble of radius a passing through a liquid medium with
velocity ve has a drag force of 4nnave. If the moving
ions make use of a vacant space of the solvent-structure

IONIC CONDUCTANCE OF INDIVIDUAL UNIVALENT
IONS, Aw, AT 25°C
Identical values have been reported in the reference
marked with a number just behind the asterisk.

TabrLE 1.

Solvent DMSO DMF PC

Viscosity 0.096 0.00796 0.0253

7 (Poise) Ao 7s Ao 75 AY rs
Li+ 13.15 3.18 25.0 4.11 9.61 3.37
Nat 13.8» 3.03 29.9 3.44 10.45 3.10
K+ 14.4» 2.91 30.8 3.34 11.79 2.75
Rb* 16.1; 2.59 32.4» 3.18 14.0, 2.31
Cst 17.0, 2.46 34.6 2.98 14.7, 2.20
Me, Nt 18.6; 2.25 38.9%) 2.65 14.8;, 2.18
Et,Nt 16.8, 2.49 35.6 2.89 13.8, 2.34
Pr,N+ 13.4 3.12 29.2 3.53 11.0, 2.95
Bu,N+ 11.2, 3.74 26.9 3.83 9.32, 3.47
NH,*+ 38.77 2.66 14.45 2.24
Cl- 24.4, 1.71 55.1» 1.87 15.9, 2.03
Br- 24.2» 1.73 53.6" 1.92 18.7, 1.73
I- 23.82) 1.76 53.3» 1.97 19.0, 1.70
ClO,~ 24.6,» 1.70 52.9" 1.96 18.2, 1.77
NO,- 27.02 1.55 38.7% 2.66 22.1, 1.47

Data referred to a) P.G. Shears, G. R. Lester, and L. R.
Dawson, J. Phys. Chem., 60, 1433 (1956). b) R. C. Paul,
I. R. Suigla, and S. P. Narmal, J. Phys. Chem., 741
(1961). c¢) J. E. Prue and P. T. Sherrington, Trans.
Faraday Soc., 57, 1795 (1961). d) Similar data were
reported recently by M. L. Jansen and H. L. Yeager, J.
Phys. Chem., 77, 3089 (1973).
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cavity, the deviation of Stokes’ law in ionic transport
could be concentrated in the second ferm of the normal
drag in Eq. (1) under the influence of the discrepancy
between the ion-size and the cavity space. On this
account, a correction was made by introducing a cavity-
size parameter, r,, for the second term of Eq. (1) in
the form of Eq. (6) in consideration of the solvent-
structure effect.
6mnAcors = 4mnhoote + f(re—10)

For finding the form of the function, f(r,—r,), the
value of (r,—(2/3)r,) was plotted against r, from the
data shown in Table 1

The results are shown in Figs. 1 and 2, in which
f(r,—r,) is approximated to a hyperbolic function in
the form of k(r,—r,)2

It can be seen from the curves that a very small con-
stant value, r;, is needed in some arbitary way for
minimizing the deviation from k(r,—r,)? in Eq. (6).
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Fig. 1. Hyperbolic curves in the {r,—(2/3)r.} plots

against 7, for univalent ions with crystal ionic radius
of r. and with the apparent Stokes’ radius 7, in
water(W) and in propylene carbonate(PC), represent-
ed by; rs—(2/3)r,=0.53(r,—2.8)2—0.6 for water and
rs—(2/3)r,=0.31(r,—3.8)2—0.3 for PC.
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Fig. 2. Similar curves as Fig. 1 in DMF(dimethyl-
formamide) and DMSO(dimethyl sulfoxide) repre-
sented by; r,—(2/3)r,=0.32(r.—3.75)2+0.2 for DMF
and r,—(2/3)7,=0.33(r,—3.7)2—0.2 for DMSO.
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TABLE 2. PARAMETERS EMPLOYED FOR THE FORMULATION
ofF Stokes’ rADI BY EQ. (6) FROM THE PLOTS SHOWN
IN Fics. 1 anp 2

k 7, 7s° o 1/es  Donor
Sovent 4% & A A A-1  Number
PC 0.31 3.80 —-0.3 3.23 0.31 15.1
DMF 0.32 3.7 +0.2 3.13 0.32 26.6
DMSO 0.33 3.70 —-0.2 3.05 0.33 29.8
Water®? 0.53 2.80 —-0.6 1.93 0.52 18.0

a) From the data of ionic conductance in aqueous
system well established and available to be referred in
the Hand-book (Landolt Bernstein Tabellen, II. Band,
7. Teil, 259, pp. 266 (1960)).

The correction r; is too small to affect greatly the ac-
curacy in the predicted £ and 7, values which are
required for the formulation. The parameters £ and
ro could be determined by application of least squares
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The results are given in Table 2.

It should be noted that the parameter £ is a constant
varying inversely with the size of a solvent molecule,
o,, defined by 3V (3/4x)V;, where V. is the molar
volume of solvent at 25 °C. In order to see if this
observation on k values is right, works on conductance
are extended to many other non-aqueous solvents
whose data are available in literature. In a similar
way to our treatment stated before, calculated Stokes’
radii of univalent cations were formulated by a second
order linear equation in a more general form of
a-ri+b-r.+c=r,, where a, b, and ¢ are constants and
a is identical with the constant £.

The results are given in Table 3 for a dozen solvents.
In is interesting to see that a linear relationship between
the molarvolume radius ¢, and the coefficient a or
parameter k exsists in satisfactory agreement. Further-
more, the coefficient b has a value approximately equal
to —2 and another constant coefficient ¢ is proportional

rule to the average values, V'r,—(2/3) r,—ri/r, .

to the molecular radius of solvent, o.

TaBLE 3. COEFFICIENTS OF A SECOND ORDER LINEAR FUNCTION OF 7, (crystal ionic radius) EMPLOYED
FQR FORMULATION OF APPARENT STOKES’ RADIUS, 7; AT 25 °C
Molar ‘Volumc Coeflicients in Stokes’ Reference
Solvent Radius A re=arl+brotc Radius A
g a (A1) b (A) ¢ (A) (n-Bu) N+
1 Water 1.93 0.53 —2.30 3.56 4.77 a,b
2 Formamide 2.51 0.40 —1.97 4.06 3.80 c
3 Methanol 2.52 0.40 —2.13 5.08 3.85 d
4 Acetonitrile 2.75 0.36 —2.07 4.39 3.88 e, f,g,h,i
5 Ethanol 2.85 0.35 —2.13 5.55 3.84 i,p
6 NMF! 2.85 0.70 —3.81 6.17 4.83 k
7 DMSO? 3.05 0.33 —1.78 4.32 3.73 1,m
8 Acetone 3.08 0.29 —1.55 4.60 4.02 n, o
9 Propanol 3.10 0.32 —2.02 5.85 3.92 P
10 NMA? 3.12 0.34 —1.93 4.50 3.39 q (35 °C)
11 Pyridine 3.18 0.31 —1.79 4.80 3.87 s
12 DMF* 3.13 0.32 —1.84 4.70 3.69 r
13 PC3 3.23 0.31 —1.84 4.67 3.55 t,u
14 Butanol 3.31 0.28 —1.80 6.02 4.04 v
15 NMP® 3.34 0.25 —1.70 5.00 2.6 w
16 Nitrobenzene 3.46 0.31 —1.79 4.80 3.80 X,Y, 2

Average: —2.03

1 N-Methyl formamide, 2 Dimethyl sulfoxide, 3 N-Methylacetamide, 4 Dimethylformamide, 5 Propylene carbonate,
6 N-Methylpropionamide.

a) R. L. Kay and D. F. Evans, J. Phys. Chem., 70, 2325 (1966). b) R. A. Robinson and R. H. Stokes, “Electrolyte
Solution,” Butterworths, London (1955), pp. 25. c¢) J. M. Notley and M. Spiro, J. Phys. Chem., 70, 1502 (1966).
d) J. A. Davis, R. L. Kay, and A. R. Gordon, J. Chem. Phys., 19, 749 (1951). e) R. L. Kay, D. F. Evans, and C.
Zawoyski, J. Phys. Chem., 69, 3878 (1965). f) J. F. Coetzee and G. P. Cunningham, J. Amer. Chem. Soc., 87, 2529
(1965). g) A. C. Harknass and H. M. Daggett Jr., Can. J. Chem., 43, 1215 (1965). h) G. L. Kay, B. J. Hales, and
G. P. Cunningham, J. Phys. Chem., 71, 3925 (1967). i) C. H. Springer, J. F. Coetzee, and R. L. Kay, ibid., 73, 471
(1969). j) J. R. Graham and A. R. Gordon, J. Amer. Chem. Soc., 79, 2350 (1957). k) R. D. Sigh, P. P. Rastogi,
and R. Gopal, Can. J. Chem., 46, 3525 (1968). 1) N. P. Yao and D. N. Bennion, J. Phys. Chem., 175, 1727 (1971).
m) D. E. Arrington and E. Griswold, ibid., 74, 123 (1970). n) M. J. MacDowell and C. A. Kraus, J. Amer. Chem. Soc.,
73, 3239 (1951). o) M. B. Reynold and C. A. Kraus, ibid., 70, 1709 (1948). p) D.F. Evans and P. Gardam, J. Phys.
Chem., 72, 3281 (1968). q) R. Gopal and O. N. Bhatnagar, ibid., 69, 2382 (1965). r) J. E. Prue and P. J. Sherrington,
Trans. Faraday. Soc., 57, 1795 (1961). s) D. S. Burgess and C. A. Kraus, /. Amer. Chem. Soc., 70, 706 (1948). t) L. M.
Mukherjee and D. P. Boden, J. Phys. Chem., 73, 3969 (1969); 74, 1942 (1970). u) M. L. Jansen and H. L. Yeager,
ibid., 77, 3089 (1973). v) D. F. Evans and P. Gardam, ibid., 73, 158 (1969). w) R. D. Sigh and R. Gopal, This
Bulletin, 45, 2088 (1972). x) C. R. Witschonke and C. A. Kraus, J. Amer. Chem. Soc., 69, 247 (1947). y) E. G. Taylor
and C. A. Kraus, ibid., 69, 1731 (1947). z) E. Hirsch and R. M. Fuoss, ibid., 82, 1018 (1960).

The constant ¢
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Fig. 3. A linear correlation between molar-volume
radius ¢, of solvents and constant coeflicients, a and
¢ in the second order linear equation of 7, for re-
presentation of apparent Stoke’s radius r;.. Solvent
numbers refered to Table 3.

is a distance measured from the center of point charge,
that is 7, at r,=0, to a solvent molecule in a kinetically
restricted movement, designated by V' u-efekT, where
# and ¢ are the dipole moment and dielectric constant
respectively, of solvent at 7K. A linear dependence
of ¢ on ¢, can be understood from the fact that the
solvation sphere of a point charge ion has a distance
proportional to the molar-volume radius of solvent,
o,. Figure 3 shows the plots of a (or £) and ¢ against

8
o,.. A close correlation can be seen between the

8
apparent Stokes’ radii or Walden products and the
molecular size of the solvent. One exceptional case
was observed in a system of N-methylformamide whose
unusually high association by hydrogenbond could be
responsible.

Stokes’ radii of Bu,N+tion (Table 3) have essential-
ly the same value of 3.8, indicating that the Walden
product rule holds in a large number of non-
aqueous solvents, as far as this particular ion is
concerned. The only exception is seen in N-methyl-

formamide and its homologue, probably due to their -

strong hydrogen bonded association. In our formula-
tion of 7,, the curves plotted against 7, differ very slightly
among the solvents with an appreciable change of
dielectric constant. For example, pyridine (¢=12.3,
0,=3.18A), DMF (¢=36.1, ¢,=3.13A) and PC
(¢=64, 0,=3.23A), yield three very close curves
(Fig. 4). On the other hand, there is a large dif-
ference in the shape of curves and the location of the
minimum point discriminating one solvent from an-
other between acetonitrile, formamide and water
(Fig. 5). It seems likely that the donor number of
the solvent is also no influential factor in the ionic
transport, although it is a good measure of the medium
effect of non-aqueous solvent.” From the second
order linear equation a minimum Stokes’ radius ap-
pears at 7, (minimum) = —b/2a, which can be regarded,
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Fig. 4. Stokes’ radius representation by crystal ionic
radius in a-r,24-b-r,+¢ with constant coefficients a,b
and ¢ (in the Table 3), broken line with open circle
for DMF, dotted line with cross for Pyridine and
full line with black circle for PC.

5

>

(2

N

Stokes’ radius 7, (A)

-

0 1 2 3 4 5 6
Tonic radius 7. (A)

Fig. 5. Similar curves as Fig. 4. Full line for aceto-
nitrile(AN), broken line for formamide and dotted
line for water (Stokes’ radius omitted).

to first approximation, as l/a or £ since the value of
—b is close upon 2 (Table 3). This is the reason why
a minimum Stokes’ radius appears when the ion radius
fits well with the molar-volume radius of the solvent.
These facts lead to the conclusion that there should
be a contribution of a structure cavity or a free-volume
space in the solvent medium to the ionic transport
depending on the size of moving ions relative to the
size of solvent molecules.

References

1) R.B.Bird, W. E. Stewart, and E. N. Lightfoot, “Trans-
port Phenomena,” John Wiley, N. Y. (1960); pp. 50-60.

2) O. Y. Samoilov, “Ionic Solvation-Structure of Elec-
trolyte Solution,” Translation by Uedaira, Chizin Shokan,
Tokyo (1960).

3) R. Zwanig, J. Chem. Phys., 52, 3625 (1970); J. Phys.
Chem., 75, 239 (1971).

4) H. Uedaira, Zhur. Fiz. Khim., 42, 3024 (1968); ibid.,
45, 2550 (1971).

5) G. Howat and B. C. Webster, J. Phys. Chem., 76,
3714 (1972); K Fueki, D. F. Feng, L. Kevan, and R. E.



August, 1975]

Christoffersen, ibid., 75, 2297 (1971).

6) N. Matsuura, K. Umemoto, and Z. Takeuchi, This
Bulletin, 47, 813 (1974).

7) N. Matsuura and K. Umemoto, ibid., 47, 1324 (1974).

8) N. Matsuura, K. Umemoto, M. Waki, Z. Takeuchi,
and M. Omoto, ibid., 47, 806 (1974).

9) C. V. Krishnan and H. L. Friedman, J. Phys. Chem.,
73, 3934 (1969).

10) Y. Kiso, “Zone Electrophoresis,”” Nankodo, Tokyo
(1973), p. 28.

Stokes’ Radii in DMF, DMSO propylene carbonate

2257

11) H. M. Daggett Jr., E. J. Bair, and C. A. Kraus, J.
Amer. Chem. Soc., 73, 799 (1951).

12) J. E. Lind. Jr., J. J. Zwolenik, and R. M. Fuoss, ibid.,
81, 1557 (1959).

13) R. Fuchs, J. L. Bear, and R. F. Rodewald, ., 91,
5797 (1969).

14) V. C. Zrumahliz, Zhur. Fiz. Khim., 45, 2559 (1971);
L. Pauling, “The Nature of the Chemical Bond,” 3rd Ed.,
Cornell University Press, Ithaca (1960).






