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Abstract

Structured water near solid surfaces can particularly exhi~-
bit structural transitions of higher order at about 15°, 30°,
45°, and 60°C the mechanism of which is still poorly under-
stood.

In the present work compressed samples of silicic acid
(Aerosil 200) were wetted with aqueous LiCl and CsCl solu-
tions, respectively, and after heating up and cooling down
again subject to DSC tests, which yielded exothermic peaks in
ranges around 30° and 45°C. Their location on the temperature
scale is discussed in terms of the structure temperature in
the pore water.

1. INTRODUCTION

It is a widely accepted view that water near interfaces is
affected in its structure and, hence, exhibits physicochemi-
cal properties notably different from those of the bulk phase
[1-4]. Recent studies with mica and fused silica plates,
respectively, as the wetted substrates have revealed that
interfacial water structuring can extend up to about 3 nm
[5-7].

A particular feature of vicinal water structure might be
the occurrence of its obviously abrupt changes at about 15°,
30°, 45°, and 60°C [1-4], which have turned out to be of ut-
most biological importance [4,5]. With respect to the mecha-
nism it is commonly believed that about these temperatures
water contiguous to surfaces undergoes structural transitions
of higher order [8].

Clifford (9]}, however, enmphasizes that the occurrence of
these anomalies is chiefly dependent on the presence of a
microporous substrate. What makes the phenomenon still more
puzzling is the fact that the temperatures at which the
structural transitions take place are practically independent
on the chemical nature of the solid substrate ("paradoxial
effect") [2].

Many experlmental techniques have been employed to substan-
tiate the existence of such anomalies at the solid/aqueous
solution interface [1,2]. A direct approach was tried by Pe-
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schel [10] investigating the disjoining force in thin aqueous
layers between two fused silica plates. He found significant
maxima at about the characteristic temperatures which were
obviously due to strong surface hydration effects. These fin-
dings were corroborated by examining the surface viscosity of
water near fused silica surfaces [12]. Mention must be made,
however, of the physical state of the silica surfaces used.
They displayed a mean roughness of about 10 nm so that by
pressing them in water against each other very small pore
openings could be formed which might according to Clifford
[9] be the origin of the anomalous thermal effects.

Calorimetric investigations in this special field are very
sparse. Ling and Drost-Hansen [12] have attacked the problem
in question by a thorough DTA study of the system porous
glass/water by varying the average pore diameters from 20 up
to 200 nm. They, in fact, detected structural transitions at
about the characteristic temperatures but because of experi-
mental difficulties felt unable to analyze the order of the
transitions.

Their evidence is founded on endothermic peaks and rather
steep aberrations of the baseline. It remains to point out
that the apparent heats of transitions were found in the
range of 40 up to 410 J/mol water which is believed to re-
flect the right order of magnitude.

Recent work related to this subject is due to Peschel and
Furchtbar [13] who investigated by DSC technique compressed
disks of highly disperse silicic acid wetted by different
aqueous electrolyte solutions. They likewise found anomalous
caloric effects at about the temperatures in question. It
must be stressed, however, that simple heating curves lead to
minor effects only appearing as "kinks" on the baseline. But
first heating up the sample to about 85°C, then rapidly coo-
ling down to about 10°C and heating up again provided rather
significant exothermic peaks at about some of the characteri-
stic temperatures.

The essential question concerning these experiments is, how
strong the dependence of the anomalous caloric effects on the
pressure is, which was applied when producing the disks from
disperse silicic acid. The pressure on the other hand, deter-
mines the pore size distribution in the test samples. The
present work, therefore, aims at carrying on the experiments
performed by Peschel and Furchtbar [13] with special focus on
the influence of pore size.

2. EXPERIMENTAL

2.1 Method

DSC technique [14,15] (DSC2, Perkin Elmer) was employed to
examine the caloric behavior of compressed disks consisting
of highly disperse silicic acid (Aerosil 200, Degussa) which
were wetted by small amounts of aqueous solutions of selected
electrolytes.
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In order to study by DSC surface hydration phenomena and to
get valuable information about the mechanism it seems prefer-
able to modify the structure of the aqueous phase by the ad-
dition of ions according to the lyotropic series [16). Lit
among the alkali cations has the extreme position of a strong
structure former, followed by Na* and K'. The position of the
strongest structure breaker is occupied by Cs'. Therefore,
when carrying out experiments with Li* and Cs* solutions,
respectively, it may happen that widely different caloric ef-
fects appear which, on the other hand, should facilitate the
explanation of the hydration effects.

Let us as a further parameter regard the size of the pore
openings in the compressed samples, since Clifford [9] stres-
ses the importance of hydration phenomena in pores and ca-
pillaries.

2.2 Measuring Procedure

In a number of cases the test samples were pressed to disks
from disperse silicic acid by applying pressures from 1 . 108
up to 4 « 10%® Pa. Most of the experiments, however, were run
with disks compressed by a constant pressure of 3 . 10% Pa.
The surface area of the porous disks was about 2.0 . 105
m’kg~! (BET with nitrogen). The average size of the primary
particles of Aerosil 200 turned out to be 12 nm. Application
of electron microscopy showed that the primary particles had
formed aggregates with a diameter of about 100 - 200 nm.

When starting an experiment 20 mg of fragments of the pres-
sed disks were weighed in small pans manufactured from stain-
less steel. Then 10 mg of aqueous solution were dropped on
the fragments. Finally the pan was closely sealed. The refer-
ence pan was filled with pure compressed silicic acid.

In the first instance, a given sample was heated up from
about 10°C to about 85°C with a heating rate of 10 degrees
per minute (Procedure I). The result was that the baseline
displayed rather unsignificant "kinks" only at about the
characteristic temperatures. The sensitivity was as in all
the following runs adjusted to 0.42 mJs!.

In view of the poor evidence a modified procedure was em-
ployed when carrying out the following runs. The sample was
as stated before heated up to about 80°C, then cooled down to
about 10°C by a coollng rate of 10 degrees per minute and fi-
nally reheated again. The most interesting features of these
experiments were that at about some of the characteristic
temperatures rather large exothermic caloric peaks appeared
which could well be compared with respect to their localisa-
tion on the temperature scale.

2.3 Chemicals

The salts used (LiCl, NaCl, KCl, CsCl) were startlng from
pP.a. grade purified by the "adsubble method" [17,18] in order
to remove traces of surfactants. The water used was triple-



178

distilled.

3. REBULTS

Though thermal anomalies in vicinal water have been report-
ed by numerous authors, it is still rather uncertain if bulk
water and bulk aqueous solutions, respectively, can likewise
undergo structural transitions of higher order on the common
temperature scale. If this were the case it should be worth-
while to look for correlations with respect to the anomalous
surface effects.
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Figure 1. DSC curves of 20 pl 102 M agqueous NaCl solutions
for different reheating rates, 1, 5°C min!, 2, 10°C min?,
3, 20°C min™',

DSC tests with differently concentrated aqueous electrolyte
solutions (LiCl, Nacl, Kcl, CsCl) in quantities of 20 mg
according to Procedure I provided practically no anomalous
caloric effects. Employing, however, Procedure II the situa-
tion revealed to be quite different. For all selected concen-
trations (10* - 10! M) a moderately large exothermic peak
appeared in the temperature range 50° - 65°C. Along with that
the peak shifted to higher temperatures and grew larger in
its area. Fig. 1 shows the results for a 102 M NaCl solu-
tion. The peak areas correspond to maximally 50 J mol™l, It
seems noteworthy that highly concentrated electrolyte solu-
tions (1 M and more) did not display any caloric peak.

In order to check the influence of the pressure applied for
producing the silica disks on the caloric effects exerted by
the wetting medium, DSC tests were carried out with 1 M
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aqueous solutions of LiCl and CsCl, respectively, by varying
the pressure.
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Figure 2. DSC curves of Aerosil 200 wetted with agqueous Licl
and CsCl solutions, respectively, and compressed with various
pressures. 1, 1 M Licl, 1.10® Pa; 2, 1 M Licl, 2.10% Pa;
3, 1 M Licl, 3.10%® Pa; 4, 1 M CsCl, 1-10° Pa; 5, 1 M CsCl,
2+10% Pa; 6, 1 M CsCl, 3.10% Pa.

The thermograms in Fig. 2 reveal that for the smallest
applied pressures no peak can be detected. Regarding LiCl an
exothermic deviation from the baseline sets in at about 30°C
and clearly changes into a large exothermic peak at about
50C; by increasing the pressure two peaks appear both lying
below 50°C. A similar picture is found for CsCl, irrespective
of the occurrence of two peaks for both pressure.

A significant feature of these experiments, however, is
that with increasing pressure applied to the silica disks,
i.e., with decreasing size of the pore openings, the exo-
thermic peaks are shifted to lower temperatures.

Fig. 3 displays thermograms for the aqueous wetting solu-
tions of LiCi, NaCl, Kcl, and CsCl and the constant pressure
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Fig. 3. DSC curves of Aerosil 200 compressed with 3.10% Pa
and wetted with 0.1 M aqueous solutions of 1, LiCl; 2, NaCl;
3, KCl; 4, csCl.

3.10% Pa applied to the silica disks. All DSC curves obtained
are distinguished by the occurrence of two adjoining exother-
mic peaks; for LiCl they are localized at about 25°C and
33°Cc, for NacCl at about 30°C and 38°C, for KCl at about 37°C
and 47°C, and for CsCl at about 27°C and 33°C. In the latter
case the effect is rather small.

There is no question that the concentration dependence of
the caloric effects of aqueous LiCl solutions is particularly
intriguing (Fig. 4). With increasing concentration the lower
temperature peak is finally shifted down to about 15°C,
thereby decreasing its hight. The higher temperature peak is
subject to a similar shift, but its height grows larger more
and more.

4. DISCUSSION

It is certainly important to recognize that applying Pro-
cedure II only to bulk aqueous solutions of electrolytes pro-
vided well detectable caloric (exothermic) effects in con-
trast to Procedure I. It is, of course, rather difficult to
explain this extraordinary behavior at the first attempt.
Realizing that water is well-known for its many-sided reacti-
vity let. us speculate on the ability of small quantities of
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Fig. 4. DSC curves of Aerosil 200 compressed with 3.10% Pa
and wetted with 1, H,0, and differently concentrated aqueous
LiCl solutions, 2, 103 M; 3, 10 M; 4, 102 M; 5, 102 M;

6, 101 M; 7, 1 M.

agueous solutions to suffer supercooling within the course of
Procedure II. When reheating such a sample it might jump into
equilibrium in a small temperature range where possibly some
sort of structural transition is believed to occur, even if
this is practically not detectable by employing Procedure I.
This tentative assumption is corroborated by the fact that
the transition enthalpies in all tests with aqueous electro-
lyte solutions turned out to be exothermic contrary to that
what was expected.

When in Procedure II after cooling down the temperature was
kept for, e.g., five minutes at about 12°C reheating did not
provide any caloric effect on the temperature scale. Obvious-
ly the system had turned within the period of some minutes
from the nonequilibrium into the equilibrium state.

Quite another explanation could be derived from findings
due to Krasnogolovets et al. [19]). The authors succeeded in
showing by NMR tests that water containing dissolved oxygen
exhibited weaker hydrogen bonds. In the present case the
first heating up in Procedure II might serve for degassing
the solution sample which then by further thermal treatment
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might pass into a state which makes structural transitions
much easier possible.

In order to understand the results in Fig. 2 let us recall
that Luck et al. [20] investigated porous glass exposed to
water vapor by infrared technique and provided evidence for a
more disorganized structure in pore water than in the bulk.
They particularly assigned to pore water a ’structure tempe-
rature’ which is introduced to be the temperature at which
bulk water displays the same state of hydrogen bonding.

Similar considerations were reported by Thompson [21] who
speculated that water is present in small clusters in pores.
That water in pores of silica can have a rather broken struc-
ture has been advocated by Clifford and Pethica [22] who in
their NMR-investigations found an appreciable (14 ppm) proton
shift upfield and, this is of large importance, a shorter
spin-lattice relaxation time than in bulk water.

Commonly the reason for disruption of water structure is
believed to be created by space requirement for ordinary wa-
ter structure, which cannot be fulfilled in small pores.

Oon the other hand, pore water with a less tough hydrogen
bond structure can, as is widely acknowledged, easily be sub-
ject to the orienting influence of polar surface groups. Thus
the existence of an extended hydration layer on the pore wall
can be assumed.

According to Drost-Hansen [2] the hydration sheath adjacent
to a solid surface is followed by a disordered transition
zone which passes over into bulk structure. Using this
picture one can easily imagine that in sufficiently small po-
res the median part of pore water might be more or less dis-
ordered according to the formation of hydration water by the
silica surface or adsorbed ions, respectively, when the
wetting medium is an aqueous electrolyte solution. This is,
of course, another mechanism to disrupt water structure with-
in the pores. The pore radii (determined by nitrogen adsorp-
tion) showed a broad distribution with peaks at about 14 nm
(2 » 10% Pa), 12 nm (3 + 10° Pa), and finally about 6 nm
(10 « 10® Pa). The porous glass investigated by Luck et al.
[20] had pore diameters of about 10 nm.

From that, what is said before, follows that smaller pores
(micro- or mesopores) imply increasing perturbation of water
structure. Hence, pore water can achieve a structure tempe-
rature of, say, 60°C though the measurable temperature is not
larger than, e.g., 30°C.

The implication is that the structural transition in the
range about 60°C (Fig. 1) might occur in sufficiently small
pores at about one of the other characteristic temperatures
according to the hydrogenbonded water structure in the pores.
Increasing the pressure applied to the disks reduces the dia-
meter of the pore openings and along with that the number of
hydrogen bonds in the pore water. Consequently the exothermic
peaks should show a shift to the low temperature side. But
just that was found.

The findings in Fig. 3 lend further support to our idea.
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Li* ions will in comparison with Na' and K' ions via adsorp-

tion on the pore wall create the strongest hydration sheath
and consequently the largest molecular disorder in the median
part of the pore. Hence, the exothermic peak for LiCl should
in comparison to NaCl and KCl appear at a rather low tempera-
ture, when the concept of a structure temperature applied to
pore water is right. For CsCl the situation might be quite
different since Cs* ions completely disrupt surface hydration
structure, but at any rate they create disorder and, thus,
enhance the structure temperature of pore water.

The question, why at least two adjoining peaks appear can-
not be answered promptly. Possibly, two (or more) differently
sized pore systems are existent in the compressed disks.

This problem is likewise evident in Fig. 4. What can be Qde-~
duced from this picture is, that the smaller pore system (on
the low temperature side) differs in its behavior from the
less smaller pore system (adjoining on the higher temperature
side) in that the concentration dependencies of the caloric
peaks are reversely directed. May be, that the particular
property of Li* ions to be excluded from small pores contain-
ing hydration water [4,23] is a basis for the explanation of
this extraordinary effect. The error in the determination of
the transition temperature lies in the order of some degrees
because of the rather great heating rate adjusted.

Our concept, to be sure, cannot give any explanation for
all the thermal anomalies described in literature which are
mostly crowded around the characteristic temperatures. We be-
lieve that two essential parameters determine the localiza-
tion of the anomalies on the temperature scale. These are the
pore size of the porous substrate and the strength of the
hydration sheaths on the pore walls which by virtue of their
volume, particularly in the case of Li*-solutions, might ad-
ditionally impose space limitations for the formation of or-
dinary water structure. In face of our experimental evidence
we cannot exclude the fact that the "paradoxial effect" owes
its strange features rather to the presence of pores of ap-
propriate size than to the chemical nature of the substrate.

We believe that our arguments do not contradict the view of
Etzler [24] who postulates the existence of an appreciable
amount of hydration water in small silica pores.

5. CONCLUBIONB

In the present work we have tried to give an explanation
for the appearance of thermal anomalies in highly porous
systems in contact with aqueous electrolyte solutions. The
disks compressed from silicic acid might in the sense of
highly sophisticated experiments serve as very simple samples
of biological tissue which is extinguished by the occurrence
of multiple thermal anomalies. Our understanding of such phe-
nomena is still very poor; much work has still to be done to
reveal all the details of the underlying mechanisms.
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