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Abstract

The state of water and several transitions were examined in the systems n-decanephos-
phonic acid (DPA)-water and the sodium salts of DPA-water. Temperature — composition
phase diagrams are reported. The results show that several liquid crystalline phases plus iso-
tropic liquid, and two solid phases (a waxy solid phase and a crystalline phase) are formed.
Several types of water were detected: bulk-like water, interfacial water and hydration water.
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Introduction

Surfactant-based liquid crystalline phases are currently the subject of vigor-
ous research because of their scientific and technological applications [1-4].
Weakly polar amphiphile compounds such as low molecular weight alcohols and
fatty acids usually do not form liquid crystalline phases with water or other sol-
vents. Alkanephosphonic acids have polarities similar to those of fatty acids [5],
and it was therefore believed that they would not form liquid crystals in water
either. However, Klose et al. [6] found lamellar phases in mixtures of water and
n-alkanephosphonic acids containing seven or eight carbons. More recently,
Schulz et al. [7] reported that the use of differential scanning calorimetry (DSC),
polarized light microscopy and FTIR spectroscopy revealed the formation of
several liquid crystalline phases in the systems n-decanephosphonic acid (DPA)-
water and n-decanephosphonic acid-water. Besides their usual phase behavior
[6, 7], alkanephosphonic acids have many applications. They are used as corro-
sion inhibitors [8], as metal sequestrants [9] and as collectors for recovery of
metals by flotation [10].

Several types of water have been detected in surfactant-based liquid crystal-
line systems [11—15]. The enthalpies and temperatures of melting of the inter-
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facial and bound water are different from those of the bulk water and they exhibit
unusually low supercooling temperatures [13]. The supercooling and freezing
behavior of water in non-bulk states is important in comprehending how water
behaves in foods, gels, biological tissues, microstructured fluids and other com-
plex systems at sub-zero temperatures. In this paper, we examine the water be-
havior and other thermal transitions in binary mixtures of water and surfactants
that form liquid crystalline phases. The surfactants examined were (DPA) mono-
sodium n-decanephosphonate (NaHDP) and disodium n-decanephosphonate
(Na,DP).

Experimental section

The synthesis and purification of DPA are described elsewhere [16, 17]. Be-
cause of the large differences in the pK’s of DPA (pK;=3.98 and pK,=7.90) [18],
the monosodium and disodium salts of DPA are simply prepared by dissolving a
known amount of DPA in methanol and mixing with a methanolic solution of
NaOH of appropriate concentration, the methanol is then removed by vacuum
drying to yield the solid salt. Water was doubly distilled and deionized.

Samples were prepared by weighing water and DPA or the salt in vials, which
were hermetically sealed and maintained at 100°C for 1 h with constant agita-
tion. Then samples were allowed to stand at room temperature for 2 days before
DSC, FTIR or microscopic examination.

DSC curves were obtained with a Perkin Elmer DSC-4 differential scanning
calorimeter. The instrument was calibrated with indium, water and n-octane
standards. Cooling scans were run with the aid of an Intracooler I refrigeration
unit (Perkin Elmer). All curves were obtained at heating and cooling rates of
10°C min™". Aluminium pans were used for volatile samples to minimize losses
by evaporation. Samples were weighed before and after DSC runs. Results on
samples that lost mass were discarded.

IR spectra were taken with a Nicolet SZDA FTIR spectrometer equipped with
a thermostated Irtran cell. A Meopta Praha polarizing microscope furnished with
a photographic camera and a hot-cool stage was used to examine the textures of the
sample. The stage has a thermocouple to measure the temperature of the sample.

Results

Representative DSC curves of DPA—water mixtures upon heating or cooling
are shown in Fig. 1. When pure DPA is heated, three thermal transitions are de-
tected (Fig. 1: DSC curves for 100% DPA). These transitions are labelled 1-3 in
the phase diagram shown in Fig. 2. The first transition, at 44°C, has an enthalpy
of 97.548.8 J g'. The second transition takes place at 53°C, with an enthalpy of
21.3+0.27J g_l. The last transition, occurring at 89°C, has an enthalpy of
594387 g™
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Fig. 1 Representative DSC curves of the DPA-water system: (A) by heating; (B} by cooling;
(C) amplification of the water freezing peaks. Concentrations are in wt.% DPA
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Fig. 2 Phase diagram for the DPA—water system: V: cubic phase; L,: low-temperature lamel-
lar phase; Lg: high-temperature lamellar phase; C: crystals; I: isotropic liquid; WS:
waxy solid
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Upon addition of water, all the transitions detected for pure DPA become
weaker and broader because the crystalline structure of the pure amphiphile is
disrupted (DSC curve for 95% DPA in Fig. 1). Two other transitions are observed
with increasing water content in the sample: one at 0°C, which corresponds to the
melting of water, and another at around 15°C, which shifts to higher tempera-
tures as the DPA concentration increases. These five transitions are denoted a—e
with increasing temperature in the phase diagram (Fig. 2). The natures of these
transitions were elucidated by FTIR spectroscopy and polarized light micros-
copy. Details are given elsewhere [7].

All the transitions showed supercooling (Fig. 1b). In particular, in cooling
runs two different peaks for the solidification of water were detected. The transi-
tion temperatures of the supercooling shifts to lower values as the water content
in the sample decreases (Fig. 1c).
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Fig. 3 Representative DSC curves of the NaHDP-water system: (A) by heating; (B) by cool-
ing. Concentrations are in wt.% NaHDP

Representative DSC curves for the system NaHDP-water are shown in Fig. 3.
With the aid of optical microscopy and FTIR spectroscopy, the temperature —
composition phase diagram was obtained (Fig. 4). The composition NaHDP-
SH,O was obtained by crystallization of a 6-month-old saturated solution. The
water content was determined by differences in mass. Attention is drawn to the
presence of two small peaks next to the transition at 0°C (which is due to the
melting of ice). These peaks, at —2 and ~5°C, are related to the melting of inter-
facial water, Similar curves have been reported for other water—surfactant liquid
crystalline phases [11, 13].

The phase diagram of the system Na,DP—water, shown in Fig. 5, was again
obtained with a combination of DSC, optical microscopy and FTIR spectros-
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Fig. 4 Phase diagram for the NaHDP-water system: H: hexagonal phase; L: lamellar phase;
C: crystals; I: isotropic lignid; WS: waxy solid

copy. The composition Na,DP-4H,0 was determined by crystallization of a 6-
month-old saturated sample. The cmc boundary was drawn from data taken from
the literature [19]. Similarly as in the system NaHDP-water, three peaks associ-
ated with different types of water were detected (not shown).

The enthalpies of melting of water are shown in Fig. 6 for the three systems
examined. When plotted per gram of water, the melting enthalpy of water for the
system DPA—water, obtained by extrapolation to 100 wt.% water, is equal to that
of pure water, i.e., 320 J ¢! (Fig. 6A). At about 70-80 wt.% DPA, the enthalpy
reaches a minimum (230 J g™"), and it then increases to about 460 J g at very
high DPA concentration. When the enthalpy of melting of water is plotted per
gram of sample (Fig. 6B), it decreases linearly with increasing DPA concentra-
tion and becomes zero at 100% DPA.
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Fig. 5 Phase diagram for the Na,DPA-water system: H: hexagonal phase; C: crystals;
I: isotropic liquid

500

A
400 + A
-
300 » -Iﬂ a
[ ] A .
200 } Ee . &
o 100l B e
%ﬂ 100 .N:;DI’ » . .
~— L™ 4 *e
0 4
E 600 1 . B
500 + °
A
4 1 A L]
00 g . A Y S
300- " . a
] | 1L A i
200 " .
- A
100 1 . - .
-
0 : } 4 .
0 20 40 60 80 100
wt % Surfactant

Fig. 6 Enthalpy of melting of water per gram of water (A) and per gram of sample (B) for the
DPA-water (e); NaHDP-water (a ); and Na,DP-water (w)

In the system NaHDP-water, the enthalpy of melting of water per gram of
sample decreases linearly with increasing surfactant concentration, and it be-
comes zero at 73 wt.% NaHDP (Fig. 6A). At this concentration, there are about
5 molecules of water per molecule of surfactant. Extrapolation to 0 wt.% surfac-
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tant yields values of AHmening larger than those of pure water. AHpeiing Of water
per gram of sample in the system Na,DP-water decreases linearly with increas-
ing surfactant concentration and it becomes zero at about 57 wt.% Na,DP. At this
concentration, there are about 11.2 molecules of water per molecule of surfac-
tant. Again, extrapolation to zero surfactant concentration gives values abnor-
mally high (352 J g™") for the enthalpy of melting of water.
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Fig. 7 (A) Enthalpy of transition b (crystalline solid+water—waxy solid) and (B) of transi-
tion ¢ (waxy solid—mesophase) for the DPA-water (o) and the NaHDP-water sys-
tem (a)

Figure 7 reports the enthalpy of transitions b and ¢ for the systems DPA-
water and NaHDP—water. Transition b corresponds to the transformation of crys-
tal into a ‘waxy solid’. FTIR measurements on this phase indicate that the hydro-
carbon network is ‘liquid-like’, but not completely disordered, whereas the hy-
drated, hydrogen-bonded polar network is still rigid [7]. AH for transformation b
becomes zero at 16 wt.% for DPA and at 5.2 wt.% for NaHDP. Transformation b
ends at point 1 in the phase diagram for DPA (Fig. 2), whereas in the system
NaHDP-water the enthalpy of the transformation becomes zero at 71 wt. %,
where the free water peak also disappears. Transformation ¢, in turn, corre-
sponds to the phase transition between the ‘waxy solid’ and a lamellar phase. The
enthalpies of transformations b and c increase linearly with increasing surfactant
concentration for the system DPA—water, whereas they pass through a maximum
at around 30-35 wt.% surfactant for the system NaHDP-water. In this concen-
tration range, a phase transition finer timer texture lamellar (L) phase to a coarse
texture lamellar (L) phase was detected (Fig. 4).
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Discussion and conclusions

Even though the enthalpy of melting of water in the system DPA-water de-
creases linearly with increasing DPA concentration and becomes zero at 100%
DPA (Fig. 6B), it is clear that some water is bound weakly to the surfactant mole-
cule. The existence of bulk-like water and bound water can be deduced from the
existence of two freezing peaks for water. One type of water behaves like free
water and supercools at about —17°C. This peak loses intensity as the DPA con-
centration increases. The other peak appears at —20°C, with an average enthalpy
of melting of 47.2+3.3 J g™} of DPA. The constancy of this enthalpy when related
to the mass of acid supports the hypothesis that this water is associated with the
DPA headgroup. This appears to be true only when the systems is in a liquid
phase, i.e. this association does not exist when the system is solid-like.

With NaHDP, about 5 molecules of water are strongly bound to the headgroup
and the counterions. Inasmuch as the polar group in NaHDP is the same as in
DPA, it is clear that much of this water is bound to Na*. However, the presence of
three peaks for the freezing of water suggests the presence of free water and of
two types of interfacial water, one strongly bound to Na* and another more
weakly bound to the polar groups, probably through hydrogen-bonding with the
POs;H™ headgroup. As expected, the amount of bound water in the system
Na,DP-water is around twice as much (11.2 molecules of water-molecule of sur-
factant) as in the system NaHDP~water, because the concentration of counte-
rions is doubled. Hence, in the system Na,DP-water, about 10 molecules of
water are bound to Na* and 1 molecule of water is more weakly bound to the
PO3 headgroup through hydrogen-bonding.

Extrapolation of the plots of enthalpy of melting of water (Fig. 6) to zero sur-
factant concentration gives values larger than that for pure water for both NaHDP
and Na,DP. The entropy of melting at zero surfactant concentration for Na,DP
(2431K! per mole of water) and for NaHDP (30.0 ] K per mole of water) are
also larger than that for pure water (21.08 J K™’ per mole of water). Abnormally
large values for enthalpy and entropy of melting have also been reported for this
kind of system elsewhere [20, 21]. The entropy of melting decreases continu-
ously with increasing surfactant concentration in the NaHDP and Na,DP sys-
tems. These decreases suggest that there is an influence of the ions on the water
molecules even at large dilution [22].

In the system DPA-water, complex phase behavior was observed (Fig. 2). Pure
DPA exhibited the following sequence of phases with increasing temperature.

crystalline solid — waxy solid — cubic phase — isotropic liquid

whereas the DPA--water mixtures exhibited the following sequence of phases
with increasing temperature:

crystalline solid + ice — crystalline solid + water — waxy solid — lamellar phase
(Lo) — lamellar phase (L) — isotropic liquid
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By contrast, the phase behavior of the systems of the sodium salts of DPA and
water is quite different (Figs 4 and 5). For instance, in the system NaHDP-water
only one hexagonal phase is detected at lqw surfactant concentrations, which
changes into a lamellar phase as the surfactant concentration is increased,
whereas in the system Na,DP-water only a hexagonal phase is observed. The
phase sequence with increasing temperature for the sodium surfactants in water
is as follows:

crystalline solid + ice — crystalline solid + water — waxy solid — meso-
phase — isotropic liquid

The enthalpies of two of these phase transitions were examined for the sys-
tems DPA-water and NaHDP-water: transition b (crystalline solid+wa-
ter—waxy solid) and transition ¢ (waxy solid—lamellar phase). For the system
DPA-water, the enthalpies of both transitions increase with increasing DPA con-
centration (Fig. 7). These increases are related to the energy required to ‘melt’
the hydrocarbon chains of the crystalline structure to form the waxy solid, and to
disrupt the polar association in the waxy solid to produce the lamellar phase.
Both transitions shift to higher temperatures as the water content decreases be-
cause the presence of water disrupts the structures of the crystalline solid and the
waxy solid. By contrast, the enthalpies of transitions b and c¢ in the system
NaHDP-water pass through a maximum at surfactant concentrations around
30-35 wt.% (Fig. 7). No explanation of this maximum is available as yet, but it
is significant that, at the concentration where the maximum occurs, there is a
transition from a fine texture lamellar phase (L) to a coarse texture (Lg) phase in
this system (Fig. 4).
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