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ABSTRACT 

By measurement of the conductance of various electrolytes in solutions of 
d-gluiritol, D-glucose, glycerol, D-mannitol, and sucrose, the hydration of the poly- 
hydroxy compounds and their association with electrolytes have been examined. The 
results have been analyzed in the light of conductance equations; it was found that 
D-glucose and sucrose associate with electrolytes, glycerol and D-manmtol are 
practically inert, and D-glucitol is only rarely bound. The association constants are 
of the order of 10-r to lo-‘. The results indicate that anions guide the process, with 
a free-energy change of 1.5-3.0 kcalmole- ‘, the order of the energy of hydrogen 
bonding. In the analysis of conductance data, neglect of association may introduce 
hydration numbers many times greater than are usual. 

INTRODUCTION 

Polyhydroxy compounds are known to interact with eletrolytes in solution’*2. 
Def?nite adducts of many carbohydrates with salts and hydrated oxides of alkaliand 
alkaline-earth metals have been reported in recent years3-5. However, the efficiency 
of such interactions in solution has not been quantitatively evaluated, for lack of a 
suitable, experimental probe. In two recent papers6*‘, equations that can relate the 
conductance of nonhydrated and hydrated insulato&ype bodies (including several 
proteins and polyhydroxy compounds) have been reported, and the alteration in 
conductance has been attributed to the obstruction of the electrical migration of ions 
by the environmental, nonelectrolyte entities. Significant changes in conductance of 
carbohydrate-electrolyte solutions were also reported in a very recent Note’. 

In the present paper, the results of further measurements have been analyzed in 
the light of an extended, conductance theory. The (long-anticipated) carbohydrate- 
salt complexation in solution has been quantitatively estimated with the help of this 
theory. When the complexation is zero, the basic theory can evaluate the hydration 
numbers of the polyhydroxy compounds concerned. 
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THEORETICAL. ASPECTS 

Electrical migration of ions through a continuous medium may be altered 
either by placing. therein (a) nonconducting (or weakly conducting) materials of 
comparatively larger dimensions as obstructants, or (4) nonconducting materials that 
can associate (or complex) with the ions. The obstructing effect has been identified 
with the increase in resistance of the solution caused by detours of the ions in the cell, 
thus making necessary a correction for the cell constant_ By incorporating such a 
correction, it has been shown’ that: 

k=k’(l+m~+m’6,2+nzn~3-t_..__.), (1) 

where k and k’ are the conductances of the medium and the solution respectively, # 
is the volume fraction of the added obstructant, and m, m’, and m” are appropriate 
constants. In earlier. reports, low values of 4 were used, and terms having powers 
higher than unity were neglected. In this report, terms having a power higher than 2 
are neglected, and so: 

k = k’(1 tm~+m’~2). (2) 

Equation 2 was chosen for use in the region where the equations of Frickeg and 
others ‘OS1 ’ are seldom trusted. 

Equation 2 may be rearranged in the following forms: 

(k-k’)/k’@ = m+m'4, (3) 

and 

(k-k’)/k’C= mVfm’ V’C, (4) 

where V is the specific volume (in ml.g- ’ ) of the obstructant introduced and C is its 
concentration. Equation 4 may be modified on the basis of association between the ion 
and the nonelectrolyte. (Whether or not a definite compound actually exists in solution, 
inter-particle attraction at close proximity may be identified in essentially the same 
way as ions missing from the migration stream because of compound formation.) 

K4 
Electrolyte + nonelectrolyte z$ 1:l complex, (5) 

(a-x) (b---x) x 

where a, b, and x are the ‘concentrations of electrolyte, nonelectrolyte, and the 
presumed complex, respectively. A 1:l complex is anticipated on the basis of our 
recent iindings4*5. For dilute solutions of electrolytes, conductance may be taken to be 
linearly proportional to concentration: . . 

.- k’ 
= cc, 

and 

k” = c@z-x), 
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where C is the proportionality constant, and k’ and k” are the conductances for the 
two situations. From equations 6 and 7, 

x = (k’ - k=)/C. (8) 

Now, according to equation 5, the formation constant (KA) is: 

I& = [x]/[a-x][b-&]. 

Hence, from equations 6-9, 

KA = (k’-k”)/k”[b--xl. 

(9) 

(lo) 

For conditions in which b %,x, 

& = (k’-k”)/k”b, 

or, 

k’ =k”(l +K’b). 

(10 

W) 

Combination of 2 and 12 gives 

k =,%“(I +K,b)(l tin++-m’+‘). (13) 

On expressing concentrations in g.ml- ‘, equation I3 becomes: 

k=k”[l+(1000KAC)/M-j(l+mVC+m’VzC2), (14 

where M is the molecular weight of the nonelectrolyte_ On simplifying and rear- 
ranging, and neglecting terms having a power higher than 2, 

k = k”[l +[mV+ IOOOK,/A4jC+[m’ V2+ 1000KAmV,i14jC2]. (1s) 

The subsequent linear form is, 

(k-k”)/Fr”C=[ntY+1000K,/~+[m’~2+1000K,mV/1M]C. (16) 

This linear equation can be used directly. In the absence of any association between 
the ions and the nonelectrolyte, it is reduced to equation 4. 

EXPERIMENTAL 

The materials used were either of pro Analysi (E. Merck) or AnalaR (BDH) 
grades. Resistance measurements were made with a Philips Conductivity Bridge 
PR 9500, operated in the most sensitive range, the solutions being placed in a water 
bath thermostatically controlled at 30 + 0.20. The reliability. of .readings obtained 
with the bridge was checked with standard resistances. A maximum error of 20% was 
observed in the range of l-100 IcQ. 

Before .the experiments were performed, equivalent conductances at iufinite 
dilution of NaCl and KC1 were determined with the.apparatus, and compared with 
the .literature data (NaCI: -lit. value, 142.0; .found, 141.7; KCI: lit. -value, 165.5; 
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found, 164.8). In all the experiments, 2m~ solutions of the electrolyte were used. This 
low concentration, in effect, lessened the contribution of interionic attractions to the 
conductance_ 

A sample of a polyhydroxy compound was placed in a volumetric flask and 
accurately weighed, and the volume was made to the mark with double-distilled, 
conductivity water (specific conductance, k = 1 .O ~~mho.cm- ‘) and the electrolyte 
solution. The final concentration of the electrolyte solutiou was 2mM. This solution 
(20 ml) was introduced into a wide test-tube, into which a dip-type conductivity cell 
(cell constant 1.30) was placed. The test tube was well immersed in the constant- 
temperature bath, and sufficient time was allowed for the contents to‘ attain the 
temperature of the bath. The initial resistance was measured; then, the solution was 
successively diluted with 2mM electrolyte solution taken from a container kept in the 
bath, and the resistance was measured after each dilution. The conductance of the 
2mM electrolyte solution at several concentrations of the polyhydroxy compound was 
thus obtained. In final processing, the data were expressed as conductance ratios, 
thereby presumably minimizing the inherent errors of measurement. 

Fig. 1 depicts the dependence of conductance on the concentration of the 
polyhydroxy compounds; representative examples for only a few electrolytes are 
given. For the D-glucose-electrolyte system, the concentration of electrolytes used 
was lOmr& h apparent order of differences among electrolytes used in the presence 
of a single nonelectrolyte, and of differences among nonelectrolytes for a single 
electrolyte, were apparent from these results. 

The first-degree,. conductance equation reported in our previous paper7 was 
found to hold for concentrations of -0.1 g.ml - ‘. The earlier analysis afforded 1.93 
as the value for the first-degree constant M. The results for protein solutions were all 
well within 0.1 g.ml- l, and use of a second-degree equation was unnecessary. The 
experimental results reported here are mostly above ‘0.1 g.ml- ‘, and this invites use 
of equations 3 and 4. To check the working domain of these equations, data on glass’ 6, 
sand particlesg, and dog blood-cells9 were plotted according to equation 4 (see Fig. 2), 
from which it may be seen that the intercepts consistently converge on the value of 
1.80 (the earlier average value was 1.93). The linearity of the lines for all of the 
systems was maintained up to -0.35 g.ml- ‘. The value of M was therefore modified 
to 1.80, and equations 3,4, and I6 are believed to be true up to at least the concen- 
tration limit of 0.30 g,ml- l. 

-Having thus. established the value of m and the concentration- limit for 
equations 4 and id, the results for the various systems in the presence of different 
electrolytes were plotted (see Figs. 3-6). For all of the systems, linearity is ~maintained 
up to at least 0.30 g.ml: I, as anticipated. The extensive:collection of data thus 
establishes with -certainty the applicability of equations 4. and Id.- To calculate KA, 
use was made of the hydration numbers of the polyhydroxy compounds;- these 
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Fig. 1. Specific conductance of electrolytes in the presence of polyhydroxy compounds. l&y: q , 
lOmM KCI in D-ghCOSe solution (Scale III-I); 8, 1Omhr NaCl in o-glucose solution (Scale I-1); 
0, 1Omhl CaCl, in D-ghCOSe solution (Scale I-I); 0, 8, and 0, 2rmf KC1 in solutions of dycerol, 
sucrose, and o-glucose, respectively (Scale II-I); A, A, and (3, 2mhr CaCI, in solutions of glycerol, 
D-mannitol, and sucrose, rcspectiveIy (Scale II-I).] 
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Fig. 2. Plots of (k-k’)/k’qS or (k-k’)/k’C versus q3 or C for various systems. [Key: A, Sand 
particles9 II (Scale I-I); 8, dog blood-cellsQ~(Scale.I-I); 0, sand particles9 I (Scale-1-I): 0,. myo- 
globinx6 (Scale II-II); and 0, I .glass particlesf6 (Scale XXI-ID.] 
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kg. 3. Plots of (k-_/KC msus C for various systems. IKey: 0). 8, @, 2m~ CuCI, in solutions 
of sucrose, D-glucose, and glycerol, respectively; 0,2m~ KBr in D-mannitol solution; and @,2m~ 
S-Cl2 in D-glucitol solution.] 

4- 5- 6- 7 

3- 4- 5- 6 

00 
1 I I 1 I I I I I I 

0.08 O.l6 a24 032 0.40 
C(g ml-l) - . 

Fig. 4., Plots.of (k-k3/KC UP~SKS C for various systems. Key: a). 0, 6, 0, @, 2rnM BaClZ in 
solutions of sucrose, D-ghCOSe, glycdrol, D -mamGtol, and D-glucitol, respectively.] -.. 
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Fig. 5. Plots of (k-IY)//c’C cer.ws C for various systems. Key: a), 8. a, CD, @, 2m~ CaC1, in 
solutions of sucrose, D-glucose, glycerol, D-mannitol, and D-glucitol, respectively.] 
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Fig. 6. Plots of (k-k”‘)/KC oersus C for various SyStemS. Key: 8, 0, 2mM KI in sucrose and D- 
glucosq solutions; a, 2m~ &SO& in D&UCOS~ solution; 0, 2m~ potakium hydrdgen phthalate in 
D-glucose solution; and e, 2m~ HC1 in D-&COie solution.] 
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numbers are known12 to be 2, 4, 2, 2, and 5 for D-glucitol, D-glucose, glycerol, 
D-mannitol, and sucrose. The specific, hydrated volumes were then calculated from 
the d&ties of the anhydro& materials and fhe volume contributions of appropriate 
water molecules attached. The Vvalues (hydrated) thus became 0.869, 0.750, 0.851, 
0.726, and 0.710 for D-glucitol, D-glucose, glycerol, D-mannitol, and sucrose, respec- 
tively. Now, from a knowledge of m and V, the value of KA could be obtained from 
the intercept, [nrV+.lOOOKl/~. From this value of KA, the second virial constant 
(m’) was ca!culated. These results are given in Table I. 

From Table I, it is apparent that KA is small, and of the order of 10-l to lo-‘. 
The significance of such a small value for the association constant is revealed if the 
specific volumes (and, hence, the hydration numbers) are to be calculated by omitting 
the KA term from the intercept. On dividing the intercept of equation 4 by m (Le., 
1.80), these hydration numbers are obtained (see Table II). For D-glucose and 
sucrose, the enormous effect of a small value of KA on the hydration number is 
observed. For D-glucitol, glycerol, and D-mannitol (except with CaClz and &Cl,), 
the hydration numbers are low and of the order expected’ 2_ 

DISCUSSION 

The KA values reveal that both D-glucose and sucrose complex with electrolytes. 
D-Glucitol, glycerol, and D-mannitol are all inert towards complexation (except for 
SrCI, and CaCI,). It was observed that the divalent cations Ca2+, Ba2+, Sr2+, and 
cu= + behave differently from the monovalent cations. Again, for the same cation, 
such anions as Br-, Cl”, I-, NO,, SO:-, and phthalate’- yield different K’ values. 
It should be mentioned that the KA values recorded in .Table I are not truly thermo- 
dynamic quantities, as activity terms were not used in the calculation. Because the 
solutions of electrolytes used in this work were all very dilute (2mM) and the activities 
of the nonelectrolytes do not greatly deviate from unity13, the results tabulated are 
not far from thermodynamic values. For the D-glucose system, use of HCI did not 
reveal any association; actually, the intercept is less than the value predicted if there 
is no association. This seems to be due to the special type of conduction of hydrogen 
ions in water by the proton-jump mechanism ’ 3 . In this context, mention may be made 
of the work of Stokes et al. 14, &ho observed ionic mobility to decrease in the presence 
of several polyhydroxy compounds, as in our recent investigation’. 

As regards the center of attack of electrolytes, it is probable that, as in carbo- 
hydrate-amine interaction’ ‘, the anions. may be weakly linked with the acidic 
hydrogen atom at O-l of D-glucose. This would lead to a hydrogen-bonded type of 
entity that could lessen the mobility of the attached ion. The order of the change in 
free energy also accords with a hydrogen-bonded. type of association. It ia probable 
that bivalent, cationie -salts hold the acidic hydrogen atom more strongly than 
monovalent salts. More inert .molecules, such as glycerol and D-mannitol (and, 
perhaps, D-&CitOij gie t&Us not pro&.to &so&i+;, ,&y cai’p,nly _obs@u&tic idns, 
and the &d&ion n,u&bers ian: be ob&ned.:&qn thi i&e&epts~ by foll&ing 
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equation 4. However, the activity of sucrose cannot be explained on the basis of the 
behavior of D-glucose; a different center of attack is necessary. .. 

The hydrogen-bonded, acid-base type of binding15 has been also revealed by 
the surprising change in conductance of bases in the presence of carbohydrates*. 
From the scanty data available to us, a much greater extent of association is antici- 
pated. Here, also, sucrose binds, but less strongly than D-glucose, as will be reported 
in a forthcoming paper. The following is a probable reaction scheme. 

D-Glucose Salt Hydrogen-bonded complex 

where Mf is a metal ion, and X- is its counter-ion. 
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