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Abstract

In order to observe more directly the structural organization of water molecules around a non-
polar molecule in an aqueous solution, heat capacity differences between two kinds of solutions
(solution 1 and II} of quatcrnary ammonium salts were meagured. In the solution T stable water
structure was retained as much as possible and in the solution 11 water structure was destroyed
either by heating to high temperatures or by irradiating with ultrasonic waves. [t was found that
the heat capacity differences ((C )y ~(C,)) were slightly positive and its maximum values corre-
sponded to 7-8 percent of the heat capacity of pure water itself.

Keywaords: differential scanning calorimetry, heat capacity, hydrophobic hydration, quaternary
ammonium salts

Introduction

Recently, we proposed a new experimental method to observe more directly the
state of hydrogen-bonded water networks around nonpolar molecules [1-4]. The
principle of our new method is based on the observation of the differences of various
properties between two kinds of solutions (solution I and II). The solution I is a so-
lution in which stable hydrogen-bonded water structure is retained as much as pos-
sible by keeping at low temperatures, and solution Il is a solution whose water net-
works are destroyed deliberately either by raising to high temperatures [1, 3] or by
irradiating with ultrasonic waves [2]. In carrying out these types of experiments, im-
portant two factors should be determined in advance: (1) appropriate solute mole-
cules Lo use; and (2) appropriate physical properties to measure,

In our previous study, we used two quaternary ammonium salts, (n-C4Hg)NCI
and ({-CsH, )4NCI as solute molecules. The reason why we chose (n-C4Hg)4NCI1 and
(i-CsH;)aNC] as solute molecules is as follows: It is well-known that these tetraal-
kylammonium salts can form unusual hydrates having a large number of water mole-
cules per ammonium ion (hydration numbers) and fairly high melting points (the hy-
dration numbers are around 30) for the (n-C4Hg),NCI1 hydrate and around 40 for the
(i-CsH;)4NCI hydrate; the melting points are 15.0 and 29.6°C, respectively [5].
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These hydrates are of the semi-clathrate type [6, 7], similar to the so-called gas hy-
drates: the water structure is a hydrogen-bonded network (polyhedron) and each al-
kyl group of an ammonium cation is incorporated into one of the polyhedra. It was
found in our previous study [8] that the enthalpies of solution in a saturated aqucous
solution of clathrate-like hydrate solids of these ammonium salts corresponded to
about 90% of the enthalpies of fusion of thesc hydrate solids. This fact clearly sug-
gests that the state of the hydrogen-bonded water networks around the alkyl chains,
like n-C4Hy and i-CsH,, in an agueous solution, is very much similar to that in the
melt of these hydrates: A stable hydrogen-bonded water structure around the alkyl
chain in the hydrate solid remains in its agueous solution to a greal extent.

As measuring properties we employed supercooling temperatures and enthalpics
of mixing with some solvents in our previous study [1-4]. It was found that the su-
percooling temperatures of the solution I were higher than those of the solution T1,
and that enthalpies of mixing of the solution I were more endothermic than those of
the solution II. From thesc results it was concluded that these tetraalkylammonium
salts were appropriate solutes and such properties as supercooling temperatures and
enthalpies of mixing with some solvents were appropriate quantities to observe the
difference in the stabilitics of the hydrogen-bonded water networks in these two so-
lutions. In addition, these results indicate the fact that thermally destroyed hydrogen-
bonded waler networks in the solution II cannot easily revert to a state in the solution
I within the time interval cxamined.

In this study, similar types of experiments were carried out in order to determine
whether such a difference can also be delected by heat capacity measurcments.

Experimental

Aquecous solutions of tctrabutylammonium chloride and tctraisopentylam-
monium chloride were prepared by a similar manner as described before [1, 2, 4.
The concentrations of the mother solutions of these two chlorides were determined
by titration of the corresponding ammonium ion with a 0.02 mo! dm™ sodium tetra-
phenylborate solution, which had been standardized with a known amount of pure
(H'C4H9)4NI.

Based on the hydrate solid — liquid phase diagrams of the binary systems of (n-
C4H5),NCI-H,0 and (i-CsH,;},NCI-H,0, which were obtained in a previous experi-
ment [1], six solutions were chosen as being appropriate for carrying out this experi-
ment. These solutions are listed in Table 1 together with the dissolution temperatures
(t's) at which the hydrate solid phase completely disappeared when the hydrate
solid-aqueous solution equilibrium mixture was gradually heated.

To each solution listed in Table 1 the following procedurcs were applied. By re-
peated cooling and heating of the solution a well-formed hydrate crystal, either (n-
C4Hg)yNCl-(ca. 30)H,O or ({-CsH|[)4NCl-(ca. 40)H;0, was formed. Then three
kinds of solutions (solutions I, II, and IT) were prepared: Solution 1 was prepared by
melting the hydrate crystal at a temperature only one degree higher than its dissolu-
tion temperature (listed in Table 1); Solution II was prepared by heating the solution
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I up to 80°C (or 150°C ); solution 1T was prepared by irradiating solution I with ul-
trasonic waves (38 kHz) for 5 min at the same temperature as the solution 1.

Table 1 Mole fractions X and the dissolution temperatures 7 of the aqueous solutions used in this

experiment
Salt X ks
0.01 103
(n-CHy)NCI 0.02 13.8
0.003 23.9
‘ 0.006 264
(i-CsH ) ),NClI 0.01 28.5
002 202

For a pair ol solutions, either solution I and solution IT or solution I and solution
IT", heat capacity differences, AC,, werc measured by using differential scanning
calorimeter. For the measurements of the differences of Cp, AC,,, the use of differen-
tial scanning calorimeter is the most appropriate. The calorimeter used was model
DSC-10 with a SC-580 thermal controller, manufactured by Seiko Instruments and
Electronics. Each sample solution (6-13 mg) was sealed in a 15 pu1 aluminum pan
and solution I was set on a reference side and solution IT (or solution II") was set on
a sample side. A pair of solutions were heated at arate of 3 K min~' from 295 1o
353 K and all the heat capacity data were determined at 320 K. The observed values
of AC, were corrected by carrying out a similar experiment for a standard sample of
sapphire. These experimental procedures are illustrated in Fig. 1.

at BO'C or 180°C
Solution I

4
. heating irradiation with .
Aquem:: ;g::llon of A P — ,.i Solution |l I
4!
R=n-CH, or I-C;H,, Solution | l%
b
cooling al dissolufion
annealing

Clathrate-like solid
+ A G, measurement

aqueous solution by DSC

Fig. 1 Schematic presentation for the preparation of solutions 1, I and IT" and for the meas-
urements of heat capacity differences

For a pair of selutions, solution I and solution I (or IT’), the heat capacity differ-

ences, AC,=(Cp)i—~(Cp)y, were determined by the following procedure. The deviation
from a base line, A, can be expressed by
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’

ho {dH(so]ulion +cell)y  dH(sclution + cell)I}dT

dT
a7 a7 o ‘:mn(cp)n - m:(Cp)iz’E +h

dH{cell dH{( cell
where % is a heating rate, A’ = { (cellln - (ce )l}d—T

dr dar dr’
my and myy are masses of solution T and 11, (C}); and (Cp)y is heat capacity of solution

I and IT per unit mass, respectively.
Then we obtain

h=—h Am
a7 = m—l(Cp)” +AC,, where Am =my —m,
mldf

In these experiments, the values of £’ were measured in advance and then the values
ol h were measured for a pair of sulutions I and II, for which the mass differences,
Am, were varied deliberately in the range of -6 mg to +6 mg. Then the observed val-
ues of (h — £')/m; dT/dt vs. Am and exact values of AC, were obtained by reading the
values of the vrdinale at Am=0.

Results and discussion

In Fig. 2 the observed values of (h — #"Y/m; dT/dt for solution II of (n-C4Hg)4NCI
with X=0.01 vs, Am, together with similar data for pure water. Both Jines are drawn
by the least squares method. The line for pure water is drown by passing through
zero when Am=0 assuming that the heat capacity of pure water at 320 K is inde-
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Fig. 2 Relationship between the observed values of (A-#"Ym(dT/df} and Am=my—my for
aqueous solutions of (n-C4Hg)4NC! with X=0.01 () and for pure water (o)
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pendent of whether it is heated to 80°C in advance or not. The line for the solution I
of (n-C4Hg),NCl is shifted to the same extent as the line of pure water,

From Fig. 2 the (k - A')/mydI7dt values at Am=0 is determined to be 207 ) ' per
kilogram of the solution. This value corresponds to AC=43] K~ per mole of water
if we assume that heat capacity differences are attributable to the structure differ-
ence of water molecules: The heat capacily due to the presence of the (r-C4Hg}NCI
molecule is assumed Lo be identical in solution I and selution IL

Similar data for the solution I of (i-CsH,)4NCI with X=0.01 are shown in Fig. 3
in the same way as in Fig. 2. For this solution the valuc of ordinate at Am=0 is equal
to 224 J K™ per kilogram of the solution: This value corresponds to AC,=4.8 ] K™/
per mole of water on the basis of the same assumption mentioned above.
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Fig. 3 Relationship between the observed values of (h-F)/m(dT/dr) and Am=my—-m; for
aqueous solutions of (i-CsHi1aNCI with X=0.01 () and for piire water (o)

The concentration dependence of the AC, values, which are determined by the
same assumption, is shown in Fig. 4 for both (n-C;Hy),NC1 and (:-CsH, );NC1 solu-
tions. This figure indicates that the AC,, values increase with increasing the concen-
tration and reach maximum values around 5.6 J K™ mol™! for the (i-CsH,);NCI so-
tution and around 5.0 J K™! mol”! for the (n-C4Hy)4NCl solution, These valucs corre-
spond to 7-8 percent of the heat capacity of pure water itself. The concentrations at
which AC; values reach maximum nearly correspend to the congruent composition
in the phase diagrams for binary systems of water+(i-CsH|)4NCI und water+ (a-
C4Hs)4NClI, respectively. This composition was shown by a dotted line in Fig. 4. It is
interesting to note that the values of AC,, for the (i-CsH;,)yNCI solution is larger than
that of the (n-C4Hg)4NC1 solution. This fact seems to indicate that the hydrogenbon-
ded water networks around a (i-CsH|)4NCI molecule are more stable than those
around a (r-C4Hg)4NCI molecule, in good agreement with our earlier conclusion {8].
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Fig. 4 Concentration dependence of the ohserved heat capacity difierences of water. X is
mole fraction of (n-C4Hg)aNC1 () and of (i-CsHj))4NCl (o)

In Fig. 5. similar data are shown for aqueous solutions of (i-CsH;)4NCI1 (with
X=0.01) whose solution Ti is heated up to 150°C. It is interesting to note thal AC,, val-
ues are almost the same for the solutions heated uvp to 80°C (Fig. 3). This fact indi-
cates that the heating procedure to 80°C is strong enough to destroy the hydrogen-
bonded water networks around the quaternary ammonium salt molecules.
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Fig. 5 Relationship between the observed values of (A-h")/mi(dT!d¢) and Am=my-m for
aqueous solutions of (i-CsH11)4aNCI1 with X=0.01 (e) and for pure water (o). Solution
11 was prepared by heating to 150°C
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In Fig. 6, similar results for (n-C4Hg)4NCI aqueous solutions (with X=0.01) whose
water structure is destroyed by irradiation with ultrasonic waves (38 kHz, 5 min). The
ACy value obiained for this system is equal to 1.4 T K™' per mole of water, In addition,
from similar experiments AC, value for the (n-C4Hg),NCI aqueous solution with
X=0.02 is determined to be 2.0 J K™'mol!. These values are fairly smaller than those
observed for the solutions which were heated up to 8U°C (4.8 1 K 'mol™* for X=0.02,
as mentioned above). This phenomena will correspond to the fact that the differences
ol enthalpies of mixing for the (n-C4Hy)4NC! solutions which are heated up to 80°C
arc almost three times larger than those observed for the sclutions which are irradi-
ated with ultrasonic waves (38 kHz, 20 min) [2].
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Fig. 6 Relationship between the observed values of (h=A'Ymi(dT/dr) and Am=my—my for
aqueous solutions of (n-C4Hg)4NCI with X=0.01 (e) and for pure water (o). Solution
11 was prepared by irradiating with ulirasonic waves

Although the observed heat capacity differences cannot be discussed in detail at
present. il is important Lo note that energetic information about the hydrogen-bonded
waler networks around a nonpolar molecule has actually been obtained.
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