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Abstract

Basic principle of scanning transitiometry are presented. The new technique is based on a simui-
taneous recording of both mechanical and thermal variables of a thermodynamic transition induced
by scanning one independent variable (p, T or V) while the other independent variable is being kept
constant. Examples are given for applications of the new technique in materials science such as
simultaneous determination of o, and ky as a function of pressure for a crystalline polyethylene
at 363 K, simultaneous determination of heat and volume of transition for isothermal fusion of
polyethylene at 423 K and for isobaric phase changes in T0S5 liquid crystai (4-n-pentyl-phenyl-
thiol-4’-decycloxybenzoate) at 134.6 MPa. A special attention is paid to the determination of
a,, for dense liquids, theoretical interpretation of its pressure-temperature pehavior and the use
of the new technique in verification of equations of state for dense condensed systems.
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Introduction

The thermodynamic functions of a system are most often determined by mea-
suring their derivatives against an independent thermodynamic variable. Cal-
orimetry can be easily used to measure the rate of heat evolution of a physicochemi-
cal change induced by a known variation of one such variable, whereas the second
is kept constant. This procedure allows direct measurements of the most important
thermodynamic derivatives [1]. In Fig. 1 is given a schematic presentation of four
situations in which always one independent variable is kept constant and the other
programmed as a given function of time, the resulting rate of heat exchange, if
measured properly in a calorimeter, permits to determine respective thermody-
namic derivatives. Temperature-controlled scanning calorimeters (TCSC), in which
temperature is taken as the inducing variable and varied as a linear [2] or stepwise
[3] function of time, are the best known instruments of this type and allow measure-
ments of (aH/ay)p, or (8U/0T)y. Unfortunately, their construction is such that it is
very often difficult to state which variable is being kept constant (pressure or vol-
ume), and it is not uncommon for both to change during a given temperature pro-
gram, so that the thermodynamic significance of the calorimetric output signal is
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Fig. 1 A schematic presentation of relations between the inducing variable (p, V or T) and
the thermodynamic significance of the thermal power g of the induced transition

not clear. Pressure-controlled scanning calorimeters (PCSC) in which pressure is
the inducing variable and is varied as a linear [4-6] or stepwise function of time [7-
9] are examples of isothermal scanning calorimeters allowing measurements of
(88/6p)y. Calibration of the pump piston displacement as a measure of the volume
change inside the cell [9] enables volume to be used as the inducing variable under
isothermal conditions so as to construct a volume-controlled scanning calorimeter
(VCSC) to measure (85/0V),. However, the proper procedures become more diffi-
cult to attain in this case because volume is an extensive parameter.

The three techniques all involve closed systems, any change in the composition
of a system can only be a result of the perturbation of its thermodynamic state by a
variation of the inducing independent variable. The possibility of controlling of the
three most important thermodynamic variables (p,V,T) in calorimetric measure-
ments makes it possible to realize simultaneous measurements of changes or rates
of such changes of both thermal and mechanical contributions to the thermody-
namic potential change caused by the perturbation. For example, simuitaneous re-
cording of both heat flow and volume changes resulting from a given pressure
change under isothermal conditions (PCSC) leads to simultaneous determination of
both (8S/6p); and (8V/0p); (or isobaric thermal expansivity and isothermal com-
pressibility) as a function of pressure at a given temperature. In the case of the per-
turbation of the system by a temperature change under isobaric conditions (TCSC)
the simultaneous recording of both the heat flow and volume changes used to keep
the pressure constant leads to the simultaneous determination of both Cp and
(6V/8T),, as a function of temperature at a given pressure. The simultaneous deter-
mination of both thermal and mechanical contributions to the total change of ther-
modynamic potential, not only leads to the complete thermodynamic description of
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the system under study, but also permits investigation of systems with limited sta-
bility or systems with irreversible transitions. This approach is also very useful in
analyzing the course of a transition. By a proper external change of the controlling
variable the transition under investigation can be accelerated, impeded or even
stopped at any degree of its advancement and then taken back to the beginning, all
with simultaneous recording of the heat and mechanical variable variations [10].
This permits not only determination of the total changes of the thermodynamic
functions for the transition but also allows analysis of their evolution along the ad-
vancement of the transformation. This technique we have calied transitiometry,
from latin transitio -change, and greek petpov — measure, because it permits direct
investigation of physicochemical transitions of various types and much deeper descrip-
tion than could be done with separate calorimetric and/or dilatometric analysis.

Experimental

A realization of the fundamental thermodynamic principles presented above can
be exemplified with some technical details and diagrams presented below and
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Fig. 2 Diagrams of a transitiometer: a, b, two methods of transmitting pressure into the cal-
orimetric vessel; ¢, a block scheme of a transitiometer [10, 11]
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which have been taken from the actual version of the instrument, that has been pat-
ented and commercialized [10, 11].

A schematic presentation of the mechano-calorimetric part of the transitiometer is
given in Figs 2a and 2b, where two distinct thermodynamic situations are presented:

a) the action of pressure on the substance under investigation placed in the active
part of the calorimetric vessel is exerted through a hydraulic fluid which oceupies a
part of the inner volume of the experimental vessel and thus the mass of the sample
in the active part of the calorimetric vessel remains constant, but the thermodynamic
contribution from the hydraulic fluid must be subtracted from the output signal;

b) pressure is transmitted through the substance itself; in this case the active in-
ternal volume of the calorimetric vessel is filled completely with the investigated
substance and in the course of the pressure variation the mass of the sample will be
equal to the ratio of the internal volume of the vessel to the molar volume of the
substance, in case of linear pressure variations this leads to the direct determination
of the isobaric coefficient of thermal expansion as a function of pressure [6].

A block diagram of the whole transitiometer is presented in Fig. 2c. The cal-
orimetric vessels placed in the calorimetric detector are connected to the high-pres-
sure pump with the help of stainless-steel capillaries. The piston of the pump is
driven by a stepping motor through a gear box. The stepping motor is connected to
the computer interface through a control unit with sufficient power to drive the
pump up to 400 MPa. The output signals from both the calorimetric and pressure
detectors are connected to the computer interface through a multiplexer. The tem-
perature controller is directly connected to the computer interface. The temperature
range of the actual instrument is 213 to 503 K. The volume variations are recorded
by counting the number of motor steps, which drive the piston of the high-pressure
pump. The recording of the motor steps leads to the simultaneous determination of
the isothermal compressibility (xT) as a function of pressure for the substance un-
der investigation (the compressibility of the hydraulic fluid must be taken into con-
sideration) [9]. The total volume of the sample under investigation can be varied
from 0.5 to 2.5 cm’, depending on the kind of measurement performed. Typical
low scanning rates are: T 81074 K s, v: 210 %cm?® s7! and p: 2 kPa s}, These
allow measurement near the equilibrium state for many processes. The sample can
be loaded once into the experimental vessel and the phenomenon under investiga-
tion observed in various thermodynamic planes.

The software organization of the instrument realizing the four thermodynamic
situations presented in the introduction together with the recording of the variations
of the dependent mechanical variable is given in Fig. 3. Each of the four logical
elements of the digital control system is responsible for the realization of one of the
four thermodynamic situations. Of two independent variables (the upper pairs in
the block presentation in Fig. 3) one is always kept constant and the other is pro-
grammed as a given function of time. The output signals (the lower pairs in the
block presentation in Fig. 3) are always heat and variations of the dependent me-
chanical variable (pressure or volume). This permits simultaneous determinations
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Fig. 3 Schematic diagram of the software organization of a transitiometer [10, 11]

of the following pairs of thermodynamic quantities: o, and xr, y and xy, C,, and
OLp, Cy and k7.

A model example for scientific applications

It would be difficult to exemplify all possible applications of the new technique
in a short study. For applications concerning the investigations of phase transitions
the reader is advised to see previous publications [5, 12, 13]. In this stidy a special
attention will be paid to the determination of pressure-temperature behavior of o
and to its theoretical interpretation. At high pressures the determination of a,, by
calorimetric technique for liquids is more precise than by volumetric or dilatomet-
ric techniques. A number of liquids have been already investigated by this technique
{14]. It appears from those studies that for simple liquids (without strong specific
interactions) the isotherms of o, have a unique crossing point. In Fig. 4a is pre-
sented a set of isotherms of o, for n-hexane, obtained from a correlation equation
based on experimental data from various laboratories [15]. At low pressures, below
the pressure of the crossing of isotherms, thermal expansivity increases with in-
creasing temperature, but at higher pressures (experimentally investigated up to
700 MPa), o, decreases with temperature increases. At the pressure of the crossing
point, the coefficient of thermal expansion is independent of temperature. None of
the known equations of state (EOS) can reproduce this property. The van der Waals
equation of state does not reproduce any crossing of isotherms (Fig. 4b); similarly
behave all the van der Waals type EOS with a modified attractive contribution to the
pressure {16]. However, the Carnahan-Starling [17] modification of the repulsive
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contribution to the pressure in the van der Waals EOS properly demonstrates the
crossing of isotherms, although the coordinates of the crossing point are rather far
from the experimental data (Fig. 4c). A recent modification of the van der Waals
EOS by replacing the repulsive contribution with a soft-sphere term [18] has sig-
nificantly improved its ability to reproduce the experimental data. At the moment,
the best reproduction of the experimental isotherms of o, for n-hexane is obtained
with the soft-sphere term constructed with the use of 8-4 Lennard-Jones potential
(Fig. 4d). For methane this reproduction is almost perfect [16], most probably be-
cause methane is much more spherical than n-hexane.
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Fig. 4 Isobaric thermal expansivities (o)) of n-hexane: a, experimental [15]; b, derived from
the van der Waals EOS [16]; c, cferived from the Carnahan-Starling-van der Waals
EOS [16, 17]; d, derived from a soft-sphere EOS constructed with 8-4 Lennard-
Jones pair potential [16, 18]

The above observation that the crossing point of isotherms may be reproduced
better with the soft than with the rigid interacting pair potentials is to some extent
similar to an attempt by the present author to explain the existence of the crossing
point of o, isotherms for simple dense liquids by the pressure-sensitive shape of the
effective intermolecular potential [19].

The behavior of oy, (p, T) for associated liquids is much more complicated than
that for the simple liquids, and depends on the mechanism of the specific interac-
tions. For example, calorimetric measurements have demonstrated that with addi-
tion of n-hexanol to n-hexane the crossing of isotherms is pushed to higher pres-
sures, almost as a linear function of n-hexanol concentration [20, 21]. This behav-
ior could be approached only with the soft-sphere EOS [18] with an addition of a
contribution to the pressure coming from the association [22]. More details on the
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soft-sphere EOS for linear association in liquids will be given elsewhere. In case of
m-cresol [23] a self-associated liquid, there is no crossing point over the tempera-
ture range from 303 K to 503 K at pressures up to 400 MPa. The isotherms do
cross near 100 MPa, but the crossing points are temperature dependent. The iso-
therms cross at lower pressures as temperature increases. A unique crossing point
may exist at some high temperature where m-cresol is unassociated since the low-
temperature behavior probably results from the association equilibrium.

The use of scanning transitiometry in the investigations of dense liquids is an ex-
ample of a complete research cycle: the macroscopic quantity o, measured over
wide ranges of both pressure and temperature in the instrument, can be also mod-
elled through equations of state constructed on the basis of fundamental molecular
properties. This possibility, together with the facility of using the instrument,
should argue for exploitation of this approach also in the university education.

Examples of applications in materials science

Thermophysical properties of polymers and polymeric materials are of consid-
erable importance both to polymer scientists and engineers. The properties of the
solid polymers result very often from the coexistence of crystal and amorphous
phases. This coexistence can be perturbed by a change in the external environment,
such as mechanical stress, gas adsorption or gas dissolution, which can lead even
to accidental irreversible transitions. For this reason the simultaneous measure-
ments by transitiometry of both mechanical and thermal properties is of great im-
portance, because it gives credit that the measurements are performed on a sample
in the same state. In Fig. 5 is presented an example of simultaneous determination
of both o) and k1 as a function of pressure for a linear polyethylene sample of me-
dium density (crystallinity 0.57 mass fraction) at 363 K, near its temperature of fu-
sion at atmospheric pressure.
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Fig. 5 Isobaric thermal expansivity (o) and isothermal compressibility (k) of medium den-
sity polyethylene (crystallinity 0.59) determined simulitaneously at 363 K
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In Fig. 6 is given an example of simultaneous determination of the rate of heat
exchange and of the rate of volume variations during isothermal fusion of a sample
of the same polyethylene at 423 K induced by linear pressure scan with a rate
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Fig. 6 Isothermal fusion of medium density polyethylene at 423 K; arbitrary units for rates
of both heat exchange and volume variations
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Fig. 7 Isobaric phase transitions in 1085 liquid crystal (4-n-pentyl-phenylthiol-4’-decycloxy-
benzoate) at 134.6 MPa induced by a linear temperature decrease at 0.8 mK s
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0.015 MPa s™'. An example of simultaneous recording of both the calorimetric
curves and volume variations is given in Fig. 7 for multiple isobaric phase transi-
tions in 10SS5 liquid crystal (4-n-pentyl-phenylthiol-4’-decycloxybenzoate) at
134.6 MPa. Those transitions were induced by a linear temperature decrease with
a rate 0.8 mK s™. The pressure in the system was controlled by an automatic com-
pensation for the volume changes with the help of the piston driven by the stepping
motor. From the number of motor steps used for that compensation the volume vari-
ations were determined. In this case the compressibility of the hydraulic fluid had
no influence on the recorded volume variations, because the pressure in the system
remained constant.

In Fig. 8 are presented thermal expansivities of crystal and amorphous phases of
polyethylene as a function of pressure at 303 K and 333 K. The experimental data
have been obtained for the two phases by extrapolation of data from transitiometric
measurements performed for polyethylenes of various crystallinities [24]. The
Pastine theoretical EOS [25, 26] has been used for derivation of thermal expansivi-
ties for the two phases at the same conditions of temperature and pressure. One can
observe that for the crystal phase the agreement is reasonably good at low pres-
sures, while at higher pressures the theoretical values diverge from the experimen-
tal data. For the amorphous phase the agreement is less satisfactory, even at low
pressures. This can be attributed to the approximate character of the amorphous
part in the Pastine EOS. _
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Fig. 8 Isobaric thermal expansivities () of crystal and amorphous phases of polyethylene
determined by interpolation from calorimetric measurements {24] and derived from
the Pastine EOS [25, 26]
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Conclusions

Scanning transitiometry is a further development of calorimetric techniques
made possible by the use of modern computers. This combination of calorimetry
with volumetric techniques allows new insights into thermodynamic relations. The
combination of calorimetric and volumetric information makes it possible to obtain
a complete thermodynamic description of a transformation in one study.

An important field of future applications for scanning transitiometry is materials
science. As was shown on selected examples of studies of polymers and liquid crys-
tals, materials can be investigated for both thermal and mechanical stability under
variable, but well defined, thermal and hydrostatic conditions. Because the hydrau-
lic fluid transmitting the pressure inside the experimental vessel can be replaced by
any liquid or gas and the measurement performed, the technique can be also easily
adapted to comparative investigations of the influence of chemical composition of
the atmosphere on the material under investigation as a function of both pressure
and temperature. By comparison of results, it is possible to determine the influence
of various chemicals on the material under study over large pressure and tempera-
ture ranges.

Isothermal pressure scanning should find applications to high-pressure biotech-
nology problems such as inactivation of microorganisms by hydrostatic pressure,
high-pressure sterilization and pasteurization, investigation of life forms near deep-
sea hydrothermal vents, high pressure food processing, etc. [27]. One of new im-
portant applications of scanning transitiometry in this field could be a classification
of bacteria with respect to their resistance to pressure presented as pressograms.

Finally, scanning transitiometry can also be of interest in chemical and physics
education, especially in teaching physical chemistry and particularly chemical ther-
modynamics, because various theoretical models, especially EOS of condensed
phases [28] can be easily verified; phenomena under investigation can be observed
on various thermodynamic planes and the influence or behavior of particular ther-
modynamic variables clearly demonstrated.
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