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A new method of division used for the viscosity B-coefficient has now been extended to the partitioning of
the NMR B’-coefficient both in aqueous and various nonaqueous systems. The derived set of By’-values, unlike
those obtained by other methods in water are found to be quantitatively related to the ionic molal volumes
obtained by the UVP method. The usual assumption of equal contributions of X+ and Cl~ ions has been
discarded. Abraham et al.’s electrostatic entropy of solvation of ions has also been found to give excellent
linear correlation with the derived NMR By’-values in different solvents. The striking feature is that the NMR
By’-values as derived by Abraham and coworkers by a different method are almost identical to the present values
in all the nonaqueous solvents studied. The slight disagreement observed for the aqueous system has been
discussed as being due to encroaching of the disordered second layer to the first layer of solvation, thereby
making the absolute entropy estimates less certain. Both the cationic and anionic By’ -values are represented by a
single smooth parabolic curve against the crystal ionic radii as predicted by the theory. The hydration number

[Vol. 64, No. 2

for Cl™ ion as derived from this work agrees excellently with the widely accepted value.

Recently, there are many attemptsi-® to derive the
single ion values of various thermodynamic and trans-
port properties of electrolytes both in aqueous and
nonaqueous systems. However, similar activities for
the NMR B’-coefficient, first introduced by Hertz and
co-workers,®) are rather limited. From the NMR
measurements concerning the molecular motion in
solutions, these authors proposed the following equa-
tion (1), in analogy with the viscosity B-coefficient,”
of the relative proton relaxation rate for pure solvent

(1/TF) and solution (1/T:) as a function of
concentration:
1/T:
=1+Bc+C'c2+-- (1)
1/T

The NMR B’-coefficient in equation (1) gives infor-
mation about the reorientational behavior of solvent
molecules in the first coordination sphere of the ions.

A survey of the literature shows that there has been
no generally accepted method of division for the B’-
coefficient in any solvent. In aqueous solution,
Hertz et al.® partitioned the B’-coefficient assuming
Bk+=Bq¢r- at all temperatures in analogy with the
partitioning of the B-coefficient by Kaminsky.®) Very
recently, Sacco and co-workers? have utilized the same
method as adopted for the B-coefficient in dimethyl
sulfoxide (DMSO) by Bicknell et al.1® for the separa-
tion of the B’-coefficient in the same solvent.
Abraham and co-workers!!) have also partitioned both
the NMR B’ and viscosity B-coefficient by means of
correspondence plots with the theoretically estimated
electrostatic entropy of solvation of ions in various
protic and aprotic solvents.

Very recently, a general method of separation of the
viscosity B-coefficient applicable to both aqueous and
various nonaqueous systems has been developed by
the author.!? Since the NMR B’-coefficient has
almost all the attributes of the viscosity B-coefficient
and also the fact that the NMR relaxation rate has
better theoretical models than the viscosity, it is inter-
esting to see how far the new method is applicable to
the division of the B’-coefficient. Moreover, it is also
imperative to study the relative merits of the various
methods of division of the NMR B’-coefficient as far
as the basis of suitable criteria is concerned. With
these ends in view, we have compiled the various
NMR B’-coefficient of different electrolytes reported
by Hertz and co-workers,813 Sacco and co-workers® in
water, methanol, formamide, N-methylformamide
(NMF), DMSO, and ethylene glycol at 25 °C.

Derivation of the Model

Now, that the NMR B’-coefficient is not only addi-
tive and a measure of ion-solvent interaction like the
B-coefficient, but the hydration number from the two
coefficients can also be evaluated from the two analo-
gous expressions as follows:

B = (z/12—1) ny*/55.5 @)
BE=(nt/mo—1) ni*/55.5 3)

where 7% is the rotational correlation times,®13) 5.t is
the coefficient of viscosity for the hydrated ions,4 ny*
is the hydration number of ions, 55.5 and the subscript
zero are respectively the number of moles of water per
kg of water and the corresponding property for pure
solvent.
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Thus, considering the similarity of the two defini-
tions in Eq. 2 and 3, it is now assumed that the ionic
NMR B’-values like the viscosity Bi-values should be a
monotonic function of crystal radii cubed, indepen-
dent of the sign of the charge.’® The above assump-
tion is implicit in the treatment of Couture and
Laidler?® that for large monoatomic monovalent ions,
B’ like T is not dependent on the sign of the charge,
as the two parameters are also similar in nature. Fig-
ure 1 shows two different smooth curves of By’ versus
7 plots, one for the alkali metal ions and the other for
the halide ions on the basis of Bx*=B¢1-® in aqueous
system. According to the assumption, a smooth
curve representing all the cations and anions is only
obtained, if an estimated correction term of 0.075 is
added to the cationic By-values and the same is sub-
tracted from the anionic values. The smooth fusion
of the two curves into a single one as also the same
derived values obtained for K* and F~ ions add sup-
port to the above assumption. This is also illustrated
in the figure. It is striking to note that the only alkali

0-24f -
-+ o
i O-Hertz et al’s values at 25°¢|
B /\-Present values at 25°
O- o in methanol at 25°¢
o6 n

0-08

Tonic B’-coefficient/kg mol~!
Q
o

-008

~-0.16

| | | | | ]
o] 2 4 6 8 10 12

18/R3

Fig. 1. The NMR B’-coefficient of alkali metal ions
and halide ions plotted against 72 in methanol as
well as the same for two different values of By based
on (i) Bk+=Bti- scale and (ii) the present scale for
aqueous system.
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metal ion off the curve is Cs*, as was similarly
observed for the viscosity B-coefficient in aqueous
system.12)

The method of partitioning the B’-values for aque-
ous system at 25 °C has been extended to other temper-
atures also, viz. 50 °C, 80 °C with the respective correc-
tion terms being 0.080 and 0.070. Thus, in order to
get Bi’-values of any ion at any temperature, one
requires to add [Z] times the corresponding correction
term to the cationic B’-values and subtract the same
from the anionic B’-values, as obtained on the
assumption that Bk+*=Bgr-, where Z is the charge on
the ion. The correction term which is the direct
consequence of the assumption signifies that cations
are more and anions are less solvated relative to what
are obtained from the assumed equality of By’-values
for K* and Cl- ions or any other ions. Since the
additivity law holds good for the B’-coefficient, the
magnitude of the correction term for the oppositely
charged ions becomes the same though with opposite
sign.

Following the same model, the partitioning of B’-
coefficient® in methanol, formamide, NMF, DMSO,
and ethylene glycol has been carried out at 25°C.
The initial tentative By’-values are obtained on the
basis of BGs+=B’- in formamide, NMF, and DMSO,
whereas in methanol and ethylene glycol, Bk+=B"r-
and Bk*=Bcr- respectively are followed. The differ-
ent correction terms estimated in various solvents are
0.034, 0.014, 0.022, 0.064, and 0.025 respectively.
Also, Fig. 1 illustrates a smooth curve representing the
relation between the derived By'-values of all the sim-
ple ions and 73 in methanol only, thereby confirming
the justification of the present method of division in
nonaqueous systems. The thus derived Bi’-values
together with the corresponding viscosity Bi-values for
monovalent ions are recorded in Table 1. Also
included in the table are the various ionic entropy of
solvation of different ions reported by Abraham et
al,1) as also the corresponding ionic partial molal
volumes mostly derived by the ultrasonic vibration
potential method.16:17

Results and Discussion

The ionic partial molal volume also measures the
ion-solvent interaction and is more akin to the B or B’-
coefficient than either the more sensitive entropy of
solvation!® or the ion conductance.’¥ As there are
now reliable estimates of the VP-values from the defin-
itive experimental measurements,'6”) any quantita-
tive correlation of this parameter with any of the
derived Bi’-values by different methods would be the
reasonable criterion to evaluate the relative merits of
such methods. Moreover, the good linear correla-
tions between the entropy parameter (ASy ) and the
derived B’ or B-coefficient obtained by Abraham and
co-workers,11) are in fact, the direct consequence of the
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Fig. 2. Comparison of NMR By versus V;° plots for monovalent
monoatomic ions between the present work and those obtained by
(i) Hertz and co-workers (i1) Abraham and co-workers for aqueous

system.

correspondence plots between the two parameters.
In the present case, where the ionic B or B’-values are
derived by an entirely different approach, any quantit-
ative correlation between the derived B’-values and the
entropy parameter (ASy ) should demonstrate the bet-
ter applicability of the present method of division.
Partial Molal Volume of Ions (¥7%). Figure 2 illus-
trates the comparison of the various By’ versus V¥ plots
obtained by using the single ion B’-values by different
methods, viz., Hertz and co-workers,® Abraham and
co-workers!V) as well as the present method for aque-
ous solutions. Apart from the Lit ion, the B/-V?
plots for all the inorganic ions studied in this work
show an excellent linear correlation as anticipated,
“and the regression data are shown in Table 2. In com-
parison to this, the Bi’-values by Hertz and co-workers
show a U-shaped curve indicating that the assump-
tion Bk+=Ber- is not satisfactory for aqueous system.
Although the nonlinearity is considerably reduced in
the case of Bi-values derived by Abraham and co-
workers, 1V it still deviates from the linearity shown by
the present work. Exactly the same observation was
also obtained in the case of viscosity Bi-7F plot
obtained by the present method'® in aqueous system,
indicating the close similarity of the two coefficients.
Moreover, the 7 values of K* and F~ ions obtained by
the UVP method in water are almost identical, as is
similarly obtained for both the B’ and B-coefficient for

the same ions following the present method (Table 1).

It is striking to note that contrary to what is
observed for aqueous system, the Bi’-values obtained
in this work and those by Abraham and coworkers!?
are quite close in almost all the nonaqueous solvents
studied here.

the B/-T7¢ plots for all the non-aqueous solvent
excepting NMF have also been studied taking dif-
ferent derived By-values. The various 77 values
required for these plots were compiled from the UVP
method for methanol’® and ethylene glycol,1?
Mukerjee’s method?® for formamide and those report-
ed by Abraham et al.1t) for DMSO. A comparison of
B/-T? plots in methanol and formamide obtained by
using By’-values of this work with those of Abraham et
al.1d) clearly shows that the quantitative correlations
are quite similar, as is evident from Table 2.

In DMSO, such comparison is made with the two
different sets of Biy’-values derived by Sacco and co-
workers? using two different reference electrolytes,10:21)
as very few data were reported by Abraham et al. in
this solvent. While the Bi-values of Sacco et al.
following Lawrence et al.’s method?! fail to correlate
well with the 77, the other set of By-values!® show
comparable linear correlation with those obtained by
this work (Table 2). Also, the Bi’-values of only three
ions as reported by Abraham et al.}!) in this solvent are
quite close to the present values.
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Table 2. Regression Data for Various NMR By vs. V¢,
NMR By’ vs. ASynr and Viscosity B¥ vs. ASyn Linear
Plots for Simple Inorganic Ions in Various
Solvents Obtained by Computerized

Least Square Method
Water
Abraham et al. This work
— B’=—0.0062V7+0.089
+0.001  $0.016
B’=—0.0053AS,110.016 B’=—0.0068AS1,u+0.021
+0.002 +0.015 +0.008 +0.029
B*=—0.0060ASy11+0.019
+0.004
Methanol
B’=—0.00297940.084 B’=—0.00347240.088
+0.002 +0.0016 +0.007
B’=—0.0051 AS1,51+0.005 B’=—0.0060AS1110.016
+0.0008 +0.003 +0.0007 +0.006
Formamide

B’=—0.0033V7+0.124
+0.0043 =£0.016
B’=—0.0032A8;,1+0.0016

B’=—0.00367?+0.132
+0.0036 +0.013
B’=—0.0044AS1 1;+0.02

+0.0015 +0.0003
DMSO
“B'=—0.0024V9+0.117 B’=—0.00187°+0.108
+0.001  +0.004 +0.001  +0.0034
AB’=—0.0032AS81,110.005 B’=—0.0024AS; 11 +0.022
+0.0004 +0.009 +0.0003
NMF
B’=—0.0032AS1u+0.0076 ~ B’=—0.0025AS111+0.02
+0.0006 +0.005 +0.0003 +0.004
Ethylene glycol

B’=—0.00297?+0.073
+0.003  £0.019

a) Sacco et al.9

Electrostatic Entropy of Solvation of Ions (ASyx).
It is interesting to note that contrary to what is
observed for B/-77? plots in aqueous system, the By'-
values of all the inorganic ions including Li* derived
by the two methods give good linear correlation with
the ionic entropy of solvation as shown in Table 2. A
comparison of the regression data for the two linear
relations, however, indicates that the Abraham et al.’s
correspondence method makes the smaller ions less
structure makers and the larger ions less structure
breakers in water than the present method. Table 2
also reveals that the Biy-ASin correlations for the
various non-aqueous systems studied here obtained by
the two methods, are almost similar. However, the
corresponding correlations between the viscosity-B;
versus ASy i1 also shown in Table 2 are even better than
the same for the NMR By’ -coefficient.

The striking similarity between the Bi’-values by the
two methods in the nonaqueous solvents can now be
explained as follows. According to Abraham et al.,1V
the entropy calculations either by one layer or two
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layer model in aprotic solvents result in the same
value and these agree well also with the experimental
values. However, this is not true in the case of
hydrogen-bonded solvents, where a disordered second
layer of solvation makes the calculations rather more
complicated. For DMSO, NMF, methanol, and for-
mamide, there is either no such disordered region, or
the effect due to this is quite insignificant. As a
result, the estimated entropy values are of the right
order of magnitude. However, water being a pre-
dominantly structured solvent is also known to be
highly susceptible to structure-breaking in presence of
larger inorganic ions.22 It is perhaps due to
encroaching of this disordered region into the first
layer that the estimated entropy values as given by
Abraham et al. do not reflect satisfactorily the effective
picture of ion-solvent interaction in water.

Table 3. Tonic B’-Coefficient of Higher Valent Cation
and Polyatomic Anions in Aqueous
Solution at 25°C
Pauling B/ Pauling B’
lon  radius ’ Ion radius !
A kg mol-1 A kg mol-!
Ba?t 1.43 0.33  SCN- 2.34 —0.145
Srzt 1.27 0.38  ClOs- 2.58  —0.155
Cazt 1.06 042 BrOs~ 2.69 —0.135
Mg2* 0.78 0.65 103~ 2.79 —0.055
Pb2t 1.32 0.35 NOs~ 2.49 —0.125
COs>~  2.48 0.10 Hg(CN)} 468 —0.26
SOs2- 2.54 0.07 CdIg- 4.75 —0.24
SO42- 2.89 —0.03  Hgls?~ 4.85 —0.21
S40¢?~ 3.6 —0.10 WO 3.35 +0.02

Table 4. Ratio of Rotational Correlation Times of Simple
Inorganic Ions for Different Hydration Numbers
by This Work as Also from Hertz et al.613)
(within Parentheses) in Aqueous
Solution at 25°C

Hydration numbers

Ion
4 6 8 10
Lit 3.9 2.9 2.5 2.2
(2.9) (2.3) (2.0) (1.8)
Nat 2.8 2.2 1.9 1.7
(1.8) (1.6) (1.4) (1.3)
Kt 1.9 1.6 1.4 1.3
(0.8) (0.9) (0.9) (0.9)
Rb* 1.5 1.3 1.2 1.2
(0.6) 0.7) (0.8)
Cst 1.3 1.2 1.2 1.1
(0.5) (0.7) 0.7)
F- 1.9 1.6 1.4 1.3
(2.9) (2.3) (2.0 (1.8)
Cl- — 0.2 0.4 0.6
(0.8) (0.9) (0.9) (0.9)
Br- — — 0.2 0.4
(0.4) (0.6) 0.7) (0.8)
I- _ _ — 0.2
—_ (0.3) (0.4) (0.6)
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Crystal Ionic Radii (r). Engel and Hertz8 deduced
the NMR B’-coefficient as a function of ionic radius
by the following equation,

B't=K(ar>—b|Z|e+ cZ2¢2/12), (4)

where K, a, b, and ¢ are constants, |Z|e is the charge on
the ion.
Equation 4 can be conveniently written as

B/t = A2 — Ag|Z|e + AsZ%e?/72, (5)

where A1, A2, and Az are the products of the various
constants.

Equation 5 is a parabolic equation such that the By'-
coefficient has high values both for smaller and higher
ionic radii and a minimum in between. The expres-
sion for rmix can easily be obtained by equating the first
derivative of B’ in Eq. 5 to zero

Tmin = (A3/A1)V4 (|Z]e)V2 (6)
and by substituting rmin in Eq. 5 one obtains
BE = |Zle [2(A145)2—A2]). (7
Thus for a change in |Z|e values, both 7w, and B/,
should change by \/|Z|e and |Z|e fold respectively.
Figure 3 illustrates two smooth parabolic curves

of By’ versus 7; plots, one for the monovalent ions and
the other for the divalent ions. The different B’-

On the Partitioning of the NMR B’-Coefficient in Aqueous and Nonaqueous Systems 649

values for various ions for aqueous solution are
derived by the present method from those reported by
Hertz and co-worker,® and are included in Table 3.
The noticeable feature is that both the cations and
anions of the same valence fall on the same line of the
curve. This is contrary to what was demonstrated
earlier by Engel and Hertz® showing two separate
curves for the cations and anions with the By’-values
derived on the basis of Bk*=Bci~. It is now known
that the cation-solvent and anion-solvent interactions
are very similar in aqueous as also in many nonaque-
ous solutions.’62) Figure 3 also reveals that while
the increase in B’%, for Z=2 is in accordance with Eq.
7, the same for rmi 1s slightly larger than that predicted
by Eq. 6.

Rotational Correlation Times and the Hydration
Number. Equation 2 gives the values of (7.+/7) for
various ions provided the hydration number (n:%) is
known with certainty. According to Engel and
Hertz,613) if 7.£/70>>1, then the ion is structure forming
and for 7zt/t9<1, the ion is structure breaking.
Table 4 compares such values for simple inorganic
ions calculated with Bi-values derived by the two
methods, viz., Hertz and co-workers and the present
method, assuming arbitrary values of n;=4,6,8, and
10. The interesting feature of Table 4 is that only the
present method rules out the possibility of hydration

By’ -coefficient/kg mol—!
o
I

r/A

6:0

Fig. 3. Variation of ionic NMR B’-values with crystal ionic radii at 25°C for aqueous

system.
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number equal to 4 for CI™ because of the negative
value obtained for (z£/1¢), and agree with a value of 6
instead, which is confirmed by definitive experimental
studies.24

Moreover, Hertz and co-workers!® also estimated
the correlation time for fluoride ion (7.”) in aqueous
solution, considering the unsymmetrical arrangement
of water molecule in the hydration sphere (nonrigid)
of the ion and the values are t.~=1X10-11 s for ny=4
and 7.7=0.5X10-1! s for ny=6. The corresponding
values from the proton relaxation data derived by the
present method are 0.5X10-11 s and 0.4X10-1! s respec-
tively. The fair agreement between the values in the
case of ny=6 thus strongly favors the latter as the
hydration number for F~ ion.

The author is indebted to Professor M. Sengupta,
Calcutta University, for initial inspiration in this area
of chemistry, and also thankful to the referee for
courteous comments.
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