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ABSTRACT

Several physical properties of liquids as well as those of the coexistence between liquid and

solid can be determined at absolute negative pressures. We describe three model
temperature-pressure cycles, which allow for the measurement of temperature-pressure
conditions of occurrence of maxima of liquid density, negatively sloped fusion lines, and

UCST of liquid solutions in these metastable regimes. A new apparatus for measuring

negative pressures was built. Temperature and pressure are determined within an
uncertainty of + 0.05 °C and % 5 bar, respectively. Water and heavy water have been used
as testing systems in respect to the location of their temperatures of maximum density
(TMD) loci. Empirical equations of state whose parameters have been fitted to
experimental data located in the normal positive pressure region have proven to extrapolate
well to the negative pressure regime. Furthermore, we attempted to use SAFT in order to
provide a more theoretically founded framework. Preliminary results for Gallium have
shown that a TMD exists 45 K inside the supercooled regime, and, that the continuation of

its melting line down to —80 bar evolves with a slope of — 515 + 25barK

Keywords: gallium; liquids under tension; maximum density loci; melting line;

metastability; negative pressures; water.



1. INTRODUCTION

Absolute negative pressure regimes constitute a particular case within the more general
phenomenon of superheating [1], one in which p < 0. Only condensed phases (solid, liquid,
or solid-liquid coexistence) can be put under tension at negative pressures. Gases cannot,
nor can, obviously, coexistence phases involving a gas phase. Metastability is a relative
concept [2]. One must specify with respect to what thermodynamic state a given system is
metastable. In order to do so, it is necessary to define the imposed external thermodynamic
constraints to the system. The most commonly used constraints are keeping either pressure
and temperature (p,T) or total volume and temperature (V,T) constant. In the former case,
the totally stable equilibrium state in respect to which the metastable one is referred to is
found at the minimum of the Gibbs energy. For the latter, i.e., volume and temperature held
constant, the minimum in the Helmholtz energy determines to which condition of greater
stability the system will evolve. Since, for a condensed phase, the act of crossing thep =0
line does not introduce any discontinuity or abrupt change in the physical properties of the
system, the most obvious feature of absolute negative pressure regimes in comparison with
most cases of metastability (in particular, with superheating at p > 0) isthat at p < 0 one
cannot impose the external constraints of (p,T) = constant. This is because there is no
totally stable single phase (or coexistence between phases) at negative pressures. Therefore,
in this work, the underlying external constraints when referring to negative pressures are
(V,T) = constant.

In spite of their metastability, absolute negative pressure states can be held for
considerable periods of time, permitting the measurement of physical properties of
substances [3] and their mixtures [4]. Nevertheless, and in contrast with solids, conceiving
of and successfully carrying out an experiment producing high tension in aliquid are quite

difficult [1]. The key factors for success are (i) smoothness and cleanness of the container
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walls, (ii) absence of gas bubbles and suspended impurities in the liquid, (iii) good
adhesion (wettability) between liquid and walls, and (iv) use of the smallest possible

amount of liquid sample; the strategy of wusing several cycles of
pressurization/depressurization has also proven useful [5]. In the case of isotropic and static
production of tension when aliquid phase is present, there are three model experiments (see

Figures la-c and their captions) which can lead to the determination of thermodynamic
properties at negative pressures. All cases share the use of the Berthelot method [1-5] for
generating high tension in aliquid: during an induced isochoric temperature drop of aliquid

phase presenting a positive isobaric expansion coefficient (ap), the pressure may drop to
negative values if nucleation of gas bubbles (cavitation) is avoided. Additionaly, the
temperature range has to be set below a maximum thermodynamic limit — the intersection
of the liquid spinodal with the p = 0 line [1]. For anomalous density liquids, the locus of
temperature of maximum density (TMD) can be extended to the negative pressure region
[3,6] by performing (p,T) measurements along several distinct isochores (Fig. 1a). For
substances with negatively sloped melting lines, the solid-liquid coexistence condition can
be monitored (Fig. 1b) at these same regimes [3]. Furthermore, for binary mixtures [4]
presenting an Upper Critical Solution Temperature (UCST), the phase transition from
homogeneous to heterogeneous region can be induced and detected at negative pressures
(Fig. 1c).

Designing reliable experimental studies and understanding the behavior of
metastable liquids is intellectually challenging. More importantly, over the last few years
the importance of metastable liquid studies to the understanding of non-trivial behavior at
stable conditions has been proven. Here, liquid watidseimnodel example [7], though not

the exclusive one [2,8]. Many open intriguing questions [9], such as liquid-liquid



metastable phase transitions in pure fluids terminating or not at a metastable critical point,
remain to be resolved.

In the present work we briefly describe a new apparatus capable of producing and
monitoring absolute negative pressures. We present data for the TMD of H,O and D,O
(testing systems) and, for the first time, the continuation below zero pressure of the
negatively sloped melting curve of Gallium(l), as well as a point of the locus of its TMD in
the simultaneously supercooled and stretched region. Methanol, a substance with no special
anomalies, has also been investigated for comparison purposes. We have aso tested the
ability of empirical equations of state to reproduce experimental data of liquid isochores in
this metastable region. Finally, more theoretically founded equations of state such as the
Statistical Associating Fluid Theory [10] are discussed.

The choice of Gallium as a substance of study arose from the belief that an intimate
interrelationship exists between liquid density anomalies, negatively sloped melting curves,
and open molecular coordination environments. Liquids with such characteristics are also
good candidates for demonstrating liquid-liquid coexistence, which may develop either in

the more experimentally accessible stable region or in the more hidden metastable one.

2. EXPERIMENTAL

The experimental setup is similar to one previously reported by Speedy [3,11], but contains

several modifications. We have manufactured the glass capillary helixes from normal Pyrex

glass tubing. Each tube was stretched under heat, wound around a graphite cylinder under a

flame, and etched in 5% aqueous solution of HF for several minutes. Typical 1.D.’s and

0O.D.’s of initial helixes (before etching) are 0.12 + 0.02 mm and 0.24 + 0.02 mm,
respectively. The helixes act simultaneously as Berthelot tubes and Bourdon spiral gages.

The major improvement in comparison with Speedy’s apparatus lies in temperature control
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and measurement. The glass helix is suspended inside a stainless steel cell with a large
glass window. The SS cell can be evacuated for temperature control or filled with Helium
(300 mbar) to produce temperature changes. In turn, the SS cell is immersed in a
thermostated (better than 0.01 K) bath, which also has a large glass window. A four-wire
PRT (100 Q, readable to 0.001 K) monitors the temperature of the bath. Additionally, a Cu-
Constantan thermocouple detects any temperature difference between the external bath and
the interior of the cell in close vicinity to the helix. A He/Ne Laser beam projected onto a
large curved screen about 3 m from the cell gives pressure readings as it. This beam, in
turn, is the reflected image on a mirror hung at the bottom of the glass helix of an incident
one. Pressure accuracy is estimated to be £ 5 bar, judging from the standard deviation of the
pressure calibration curves.

H,O used in this work was double distilled, deionizédilljpore equipment),
degassed using a vacuum line, and filter€tr¢mofil disks of 0.20um porosity from
Mackercy-Nagel) from suspended impurities prior to injection into the glass hel®. Was
purchased fronChemika-Fluka with a claimed isotopic purity of 99.8 atom % D and it was
only further degassed and filtered similarly to normal water. Methanol (Aldrich Chemical
Co., 99.8 % purity) was cryogenically degassed and filtered. Gallidni¢h Chemical
Co., chemical purity 99.9999 %) was used as received. In order to maintain it in the liquid
state, Gallium had to be injected into the glass helix while inside a specially designed

transparent acrylic oven working at about 40 °C (m.p. of Ga (I) = 29.78 °C).

3. RESULTS and DISCUSSION

We have searched for the TMD ob® and DO in order to test our new apparatus and
methodology. Data for the quasi-isochores for each system are represented in Figures 2a
and 2b. Note that it was possible not only to maintain liquid water in the negative pressure
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regime, but also to supercool it down to —20 °C and —15 °C in the cases of normal and
heavy water, respectively. Below their triple point temperatures and sublimation pressures,
liquid water is in a doubly metastable condition in respect to the solid and gas phases.
Strictly speaking, the minimum of each experimental quasi-isochore does not coincide with
the location of the TMD. This is obviously due to the non-zero values of both the thermal
expansivity and isothermal compressibility of the glass helix. For those minima conditions,
estimated corrections taking these effects into account have proven to be of the size of the
temperature’s and pressure’s overall uncertainty of the experiments, typically + 0.05 °C and
+ 5 bar, respectively. Figures 3a and 3b compare our results for the TMD’s at negative
pressures with other data available in the literature [3,12] and with extrapolated predictions
to this region of commonly used equations of state (EoS) [13-15]. In both cases, the
agreement is good. Our experimental points in each case locate the TMD et K6.89

°C, - 153.7 bar) and that of,O at (11.71 °C, - 46.8 bar; 13.45 °C, - 121.9 bar; 14.74 °C, -
206.7 bar). Figure 4 shows a typical isochore for methanol. As expected, liquid methanol
always (ten trials, only two are shown) collapsed precociously (highest tension of about —40
bar) in comparison with water. This is due to the weaker adhesion of methanol to glass
(heterogeneous nucleation). In all cases, it should be emphasized how well empirical E0S
[14-16], whose parameters have been fitted to experimental data available at positive
pressures, can quantitatively predict the continuation of the TMD’s and/or of isochores at
least down to —200 bar.

This fact has also motivated us to test less empirical EoS. The Statistical
Associating Fluid Theory (SAFT) has been one of the most widely and successfully used
equations of state. It is founded on molecular bases and is appropriate for studying the
behavior of strongly associated fluids and their mixtures, including those with hydrogen

bonds. We have used its hard-spheres (HS) version [10]. We were interested to see whether



the same theory could have also shed some light on the origin of still controversia
interpretations of the abnormal features of supercooled water [9,17]. We refer to the
apparent divergences in response functions such as compressibility (Ky), expansivity (ap)
and heat capacity (Cp), and the possible existence of a metastable liquid-liquid critical
point. Nonetheless, and a bit surprisingly, the results obtained have proven that SAFT-HS
could not be used for such purposes.

Fig 2a shows the SAFT-HS isochore which was obtained for the experimental run at
p = 0.99256 gcm™>. This is the experimental orthobaric density of H,O at t = 39.15 °C. In
turn, this temperature is set as the one at which the vapor pressure of water curve intersects
our isochoric experimental results (filling temperature). Using the proposed model
parameters [10] for water fitted at its critical poiat< 3.099 x 13° m; €"/k = 4642 K and
e™/k = 1625 K) one gets the dotted-dashed curve represented in Fig. 2a. In fact, in order to
get total agreement between the above mentioned filling temperature and corresponding
orthobaric density, we have slightly chang8tik to 1688 K. Note the large disagreement
between the theoretical and experimental isochore. Moreover, we were unable to find in
SAFT-water any isochore within the liquid range showing any minimum, therefore, no
TMD, independently of the values of all three parameters within a large range of variation.
For instance, the best fit to our experimental isochore in the vicinity of the filling
temperature (dotted curve in Fig. 2a) has been obtainedwith.67 x 10° m, €"/k = 916
K and &%k = 1688 K. The corresponding reduced density variation is fion®.517 to
0.33. The slope of the p-T curve at that filling temperature now agrees with experiment but

diverges from it in any other region. This slope is simply the thermal pressure coefficient,

Yo = @pAT), = - @VIAT), / V/dp)r =0/ Ky (1)



We have also been unable to find other well-marked characteristics of water such as the
locus of minima in the temperature dependence of K. The conclusion is that, while the
critical point and coexistence line are relatively well predicted by SAFT for water, its
compressibility and expansivity, and, thus, much of the abnormal behavior, are not. Results
have shown that SAFT is inadequate to describe such peculiarities of anomalous density
liquids as oriented medium-range interactions. Other failures of SAFT have recently been
reported by other authors [18]. No serious criticism of SAFT is intended here. Instead, we
merely caution against its blind application.

We turn now our attention to Gallium. Preliminary results have shown that we have
detected a point of the locus of maximum density of liquid Gallium in the supercooled and
stretched (- 200 bar) regime at about 45 K deep inside this metastable region. Experiments
to determine the slope of this metastable TMD are currently in progress. It has long been
known that Gallium is much easier to undercool than water. The continuation to negative
pressures of the melting curve of Gallium (I) was aso investigated. Crystallization is hard
to achieve and in order to perform an experiment similar to that schematically sketched in
Figure 1b we had to immerse one end of the glass helix in liquid nitrogen (point C) as a
seeding procedure to trigger solidification. Then, the full process of solidification inside the
helix took about ¥z hour. Further warming (portion D-E of Fig. 1b) has revealed a thermal
pressure coefficient in the soligy, = 11.5 + 0.5 barK. Figure 5 shows a first set of
experimental data during melting obtained between c.a. - 80 and 180 bar. More
experimental sets of data are being undertaken. As fusion proceeds, the liquid, the solid,
and the liquid-solid interface are put under tension due to contractionf19J\( = -

0.031). The experimental slope of the melting line between those two pressures is

(dp/dT); =A"S/A'V=A"H/ (T; A" V) = - 515 + 25 bark 2)



to be compared with afitted value [20] obtained from data [21] at high positive pressure of

- 475 + 75 bark. Jayaraman et al. [22] report a value of — 500 BaaK1 bar, which is in

better agreement with our data. It should be noted that our temperature scale has been
slightly shifted in order to reproduce the literature’s melting point [23] of Gallium of 29.78

+ 0.01 °C at atmospheric pressure.

Tetrahedral liquids are potential candidates for featuring density anomalies [8].
Gallium has an open structure, though not tetrahedral. Solid Ga(l) possesses a unique
orthorhombic structure [22,24] in which each atom has only one nearest neighbor, with six
other ones farther away (“@anolecules”). The corresponding effective pair potential is
rather peculiar [24]. This complex structure is surely responsible for the increase in density
upon melting as well as its strong tendency to supercool below the freezing point, and its
anomalously long liquid range. Consequently, Gallium is also a good candidate for
exhibiting a liquid-liquid phase transition and a TMD locus. The latter has recently been

detected in a preliminary run performed in this work.
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CAPTIONS TO FIGURES:

Figure 1: Schemes of cycles of temperature-pressure in Berthel ot-type experiments. Thick
lines: course of the experiment; thin lines and circles: relevant property to be determined.
(@) TMD: A-B, warming process along the vaporization line; due to expansion, at B the
liquid occupies the whole volume of the container; B-C, expansion continues at a much
higher rate along an isochore; on reversing the process (C-B-D) by cooling the liquid starts
to be under tension at B; in the case of substances showing TMD (where a, = 0), the liquid
starts to expand on cooling between D-E; at E the liquid may collapse and relax to the
stable condition (F). (b) Tm: A-B-C, cooling process along the vaporization line; B-C,
supercooled liquid-gas regime; C, solidification is triggered; in the case of substances
showing a negatively sloped melting line, this solidification corresponds to a sudden
increase of pressure (C-D); D-E, isochoric warming of solid; fusion starts at E with
contraction; at F the system may collapse, relaxing to the stable condition (G). (c) UCST:

everything is similar to (a), but the isochore crosses now the phase separation border.
Figure 2: p-T curves for water. (a) H-O: (O) experimental, this work; (L1 ) from Chen et
a. [14]; (0) from Speedy [13]; dotted and dotted-dashed lines from SAFT [10] (see text).
(b) D,O: (O) experimental, thiswork; (L] ) from Fine and Millero[15].

Figure 3: TMD of water at negative pressure. (O), this work; (A), from Ref. [3]; (O), from
Ref. [12]; (L] ), EoS: in (a), Ref. [14] for H,0, in (b) Ref. [15] for D,O.

Figure 4: p-T curve for methanol. Two sets of experimental data (O, @) are represented,;
(1 ) from Machado and Streett [16].

Figure 5: Melting curve of Gallium(l) at positive and negative pressure. (O) experimental,

thiswork; thin lineis aleast-squares fitting to our data; thick line, from ref. [22].
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