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Abstract 

Heat-of-mixing calorimetry has been the starting point of a long dedication of the author to chemical thermodynamics as 
applied to different fields of theoretical as well as practical interests. From the heat of mixing measured at room temperature 
and normal pressure to heat capacities and mechanical coefficients measured over extended ranges of temperatures and 
pressures, from fluids to polymers, several milestones mark a passionate quest for a better understanding of the 
thermodynamics of molecular interactions in fluid mixtures and of phase changes in polymers. © 1997 Elsevier Science B.V. 
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I.  Introduct ion 

More than thirty years ago, the kinetics of ester- 
ification helped me to realize that molecular interac- 
tions played an extremely important role in liquid 
mixtures. Evidently, alcohols and esters being 
involved, their mutual interaction had to be known. 
Besides spectroscopic evidences of hydrogen bond- 
ing, there was a need to quantitatively evaluate the 
energy involved on mixing. Heat-of-mixing calorime- 
try provided a direct access to, and addressed the 
complex problem of molecular interactions and che- 
mical thermodynamics. At this stage, I must confess 
that I never dealt with kinetics but, for sure, I have 
been engaged for over three decades in heats-of-mix- 
ing measurements and interpretation. During this per- 
iod, calorimetry emerged as a rather versatile 
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technique and, thanks to close cooperation with emi- 
nent calorimetrists, its development towards new areas 
of application simply convinced me that, by far, this 
technique is both the foundation and the main tool of 
chemical thermodynamics. In this paper, I want to 
stress how, from simple heat-of-mixing calorimetry to 
elaborate high-temperature high-pressure pVT-calori- 
metry, the technique has helped further the limits of 
understanding not only of nonelectrolyte mixtures in 
the liquid state but of gaseous systems as well as 
polymeric materials. In this passionate incursion, 
novel designs and experimental measurements have 
generated new pertinent data which were instrumental 
for further developments of theoretical models. 

After reviewing the main steps of heat-of-mixing 
calorimetry and then of heat-capacity calorimetry for 
liquid mixtures, the subsequent developments of 
calorimetric techniques to measure thermochemical 
quantities of fluids, liquids and gases, will be con- 
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sidered to eventually lead to calorimetry as a pVT- 
technique in investigating fluids as well as polymers. 

2. Heat-of-mixing calorimetry 

As for everyone else, the (mine) first step was to 
construct a colorimeter. Combining inexpensive com- 
ponents and accurate measurements was challenging. 
The final version [1] was a batch-type calorimeter 
using Meccano® parts, where component 1 was 
placed in a rotating compartment immersed in com- 
ponent 2, contained in a Teflon light-weight calori- 
metric vessel which, in turn, is placed in an isothermal 
Dewar flask. Upon mixing, the bottom (made of an 
aluminium foil) the rotating compartment was cut 
with a spring activated cutter. This set up was able 
to measure endothermal heat effects at the price of 
lengthy electrical calibration runs, tedious calcula- 
tions for vapour-phase correction and numerous 
weighings. Thousands of weighings yielded hundreds 
of data points, particularly for binary alcohol + ester 
mixtures [2,3]; these and other measurements on 
mixtures containing chlorohydrocarbons are still the 
only ones existing in the literature, to be used for 
model calculations [4,5]. 

From batch calorimeter with vapour space to batch 
calorimeter without vapour space, the next step was 
the use of a Calvet-type commercial calorimeter, the 
CRMT calorimeter from Setaram. Mercury served to 
eliminate vapour spaces and an electrical heater 
inserted inside the mixing cell could be use for in 
situ calibrations [6]. With such a set up measurements 
on volatile substances were possible, including 
exothermal heats of mixing. Systematic studies, typi- 
cally on alkenes + alkanes binary mixtures [6] and on 
esters + hydrocarbons binary mixtures [7] delivered 
accurate data for model calculations using group 
contribution models. 

The end of the sixties witnessed an impressive 
evolution in heat-of-mixing calorimetry. Cumbersome 
batch-type calorimeters were progressively aban- 
doned and flow techniques took over; however, van 
Ness-type dilution calorimeters were at their apogee in 
terms of precision and accuracy. Interestingly, in 1969, 
the then new Journal of Chemical Thermodynamics 
was instrumental in publishing in its first year issues 
dilution calorimeters at their best [8,9], novel 

approaches using flow techniques [10,11] and the 
newly designed Picker-type differential flow micro- 
calorimeter [12]. I had the privilege to be in the midst 
of this calorimetry revolution. During 1972-73, at the 
NRCC in Ottawa, I had the opportunity to work with 
an ultimate version of the van Ness-type dilution 
calorimeter due to Murakami and Benson [9] and 
take part in the development of the use of the LKB 
flow calorimeter [13]. However, it was most exciting 
to measure for the first time enthalpies of mixing by a 
continuous scanning of concentration to obtain in one 
single run the entire mixing curve using the Picker 
dynamic flow calorimeter [14]. This was obtained 
after nights and days of nonstop laboratory sessions 
together with Patrik Picker, including a 52-hour ses- 
sion during which the author fell asleep and dropped 
from the stool one night. Although we showed it was 
possible to perform measurements under scanning, 
this procedure was never used but, since that time, 
and for more than two decades we measured heats of 
mixing by 'Picketing' under steady conditions at 
given concentrations [15]. Hundreds of binary mix- 
tures, when investigated, produced a large database for 
different classes of organic mixtures. These measure- 
ments helped, among other things, to show that plate- 
like molecules of the 1,2,4-trichlorobenzene type can 
induce conformational changes in n-alkanes which 
manifest themselves by a decrease of the excess 
enthalpies when the n-alkane chain length increases 
[16], as shown in Fig. 1. As a matter of fact, this 
induced conformational change phenomenon, known 
as the Wilhelm effect, is one of the milestones of a long 
standing collaboration with Emmerich Wilhelm; 
numerous other solvents and systems were investi- 
gated, always looking to both the HE and Cp E beha- 
viour as reported in the following. 

Naturally, flow techniques were well-suited to be 
adapted to perform measurements at elevated tem- 
peratures and pressures: this was superbly demon- 
strated by the calorimetry group at Brigham Young 
University, which designed several instruments mak- 
ing use of a heat-sink-type thermal detector-see, for 
example, the latest developments in [ 17,18] and refer- 
ences therein (see the contribution by J.B. Ott in this 
volume). We decided to use, instead, a Calvet-type 
differential thermal detector. For this, a C80 calori- 
metric unit from Setaram was equipped with a special 
assembly which featured a set of flow-through mixing 
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Fig. 1. Binary mixtures {benzene + n-alkane} and {1,2,4- 
trichlorobenzene + n-alkane} at 298.15 K. Dependence of the 
maximum molar excess enthalpies Hemax on chain length n, of the 
n-alkane; from [16]. 

cells and an active heat exchanger to bring the fluids to 
be mixed to the working temperatures [19,20]. The 
design of the cells consisted of a coil made with a thin 
capillary tubing (1 mm i.d.) and confined in stainless 
steel cylinders which actually fitted into the detector 
thermopile. The heat exchanger worked as a counter- 
current heat exchanger between the two incoming 
fluids and the fluid mixture coming out from the 
mixing cell. The flow controlling system consisted 
of a double syringe metering pump (Brownlee Micro- 
feed pump). Pressure control in the entire fluid was 
assured by means of a back-pressure regulator. This 
allowed to operate the setup with either gases or 
liquids. A more elaborate version has been recently 
developed using also the differential heat-flux calori- 
meter, Setaram C80. In this set up [21] the mixing cell 
also consists of a stainless steel tube (1.6 mm o.d., 
0.3 mm wall thickness) tightly coiled in ,--45 loops in a 
metallic confinement cylinder which fits into the 
thermopile detector of the calorimetric block. An 

identical mixing cell, serving as a reference, is placed 
in the second thermopile without any connection to the 
fluid circuit. The main difference with the previous 
setup concerns the calorimetric head and the counter- 
current heat exchanger with a preheater. The heat 
exchanger consists of three tubes (1.6 mm o.d.) 
twisted together side-by-side over the length of 
1.0 m in such a way that both the incoming fluids 
are circulated in one direction whereas the fluid 
mixture coming out from the cell is circulated in 
the opposite direction. A heating tape serving as an 
active preheater is wrapped around the three tubes. 
After passing through the heat exchanger, the incom- 
ing fluids reach the calorimetric head, a 'T'-joint 
piece, which makes it possible to introduce the fluids 
in two concentric tubes descending from the head 
vertically into the coiled mixing cell; the outer tube 
eventually connecting with the coiled tubing itself. 
This head also plays the role of ultimate fine thermo- 
stat for the fluids entering the mixing cell; for this 
purpose, the 'T'-joint piece holds two heaters and a 
platinum resistance temperature detector. The whole 
setup was checked with different test systems at 
temperatures up to 530 K and at pressures up to 
20 MPa; it was mostly used to measure heats of 
absorption of carbon dioxide in aqueous solutions 
of alkanolamines [22] to correlate enthalpies of 
absorption and solubilities obtained therefrom [23] . 

In the move for obtaining data faster, more accu- 
rately and, simultaneously, data on important thermo- 
dynamic quantities, we have developed a new type of 
flow instrument, combining a heat-of-mixing calori- 
meter and a vibrating-tube densimeter [24]. The 
calorimeter and the densimeter are housed in the 
cavity of a thermo-regulated massive block which 
also serves for final preheating of the fluids before 
mixing; the block itself is surrounded by a system of 
heated cans and lids. The densimeter is connected in 
series to the exit of the heat-of-mixing calorimeter in 
such a way that under flow conditions, and for a given 
concentration, heat of mixing is first measured in the 
calorimeter and thereafter, the corresponding density 
measurement is taken in the densimeter. The vibrat- 
ing-tube densimeter has been described previously 
[25]. The calorimeter is made of one aluminium piece 
and consists of two cylindric hollow sections. The 
lower one (39 mm o.d., 41 mm height, 4 mm thick 
wall) is immersed in a cavity of the block and supports 
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the tubing, regulation and compensation heaters, and a 
regulation thermometer. The upper section (28 mm 
o.d., 41 mm height, 5 mm thick wall) serves for 
transporting the heat from the calorimeter towards 
the heat sink. With such design the heat effect mea- 
surements are based on the heat conduction and heat 
compensation principle across the heat conductor 
between the calorimeter proper and the heat sink. 
The entire setup has been satisfactorily tested by 
mixing experiments with the methanol ÷ water and 
ethanol + water systems; measurements can be per- 
formed at superambient conditions up to 573 K and 
pressures up to 30 MPa. 

3. H e a t - c a p a c i t y  c a l o r i m e t r y  

Undoubtedly, Picker's contribution to this field is 
invaluable. The 1969 case history paper [ 12], followed 
by a second in 1971 [26], on measuring heat capacities 
of  liquids under flow conditions with a differential 
thermal balance method saw the initiation of  modern 
heat capacity calorimetry for liquids. Again, in 1973, I 
had the privilege to learn and use this technique with 
Patrick Picker. As a first step, we showed it was 
possible to directly and simultaneously measure den- 
sities and heat capacities on the same liquid sample 
flowing through a heat-capacity calorimeter and a 
vibrating-tube densimeter (of Picker's design) hooked 
in series [27]. Concomitantly, we also established the 
step-wise method for measuring a series of mixtures in 
the order of  increasing concentration of  one of  the 
components; starting from zero mole fraction, each 
mixture was used as a reference liquid for the next in 
the series. This procedure restricted the determina- 
tions of  volumetric specific heats to small differences 
which could be measured to full sensitivity. Simulta- 
neous heat-capacity/density measurements were never 
taken routinely but combined measurements (each 
type of  measurement taken independently) have been 
the rule since then. For our part, in two decades (1973- 
1993) we produced the largest database on binary 
organic mixtures of  different types: this appeared in 
more than 40 papers with a rough estimate of  150 
systems. Among the systems investigated, the most 
striking result was obtained in collaboration with 
Inglese and Wilhelm; it concerned the unusual com- 
position dependence of excess molar heat capacity of  
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Fig. 2. Excess molar heat capacities Cp E at constant pressure of 
binary mixtures {1,4-dioxane + n-alkane} at 298.15K as a 
function of the mole fraction x of n-alkane; labels corresponds to 
the number of carbon atoms of the n-alkane; from [28]. 

{ 1,4-dioxane + an n-alkane} binary mixture [28] as 
shown in Fig. 2. Typically, the cpE-curve plotted 
against the mole fraction of  the cyclic ether showed 
a double minimum separated by a marked maximum, 
yielding a W-shaped curve. Such a behaviour was 
recognized as the consequence of  the existence of 
preferential orientations and aggregations of  some 
f lexible molecules in admixture with similarly flexible 
alkanes, depending on the concentration range. For 
many years since this behaviour was reported, W- 
shaped CpE-curves, including theoretical modelling, 
were obtained in several laboratories worldwide (see, 
for example, [29] and references therein). For our part, 
we found such behaviour typically for mixtures con- 
taining ketones [30], c~-~,dichloroalkanes [31-33], 
and alkanoates [34,35]. As a matter of  fact, the number 
of  systems known to show E such W-shaped Cp -curves 
has increased steadily, and this behaviour is now 
recognized as being of  relatively wide occurrence in 
mixtures of a strongly polar substance and an n- 
alkane, although it is not restricted to this kind of 
systems alone. In this context, the correlation of W- 
shaped CpE-Curves with concentration fluctuations 
[36-38] is particularly interesting. 

Like for heats of  mixing, there was a need for heat- 
capacity measurements performed at elevated tem- 
peratures and pressures. Extension of  the Picker 
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design to enable measurements to be made over large 
temperature and pressure ranges was made in several 
laboratories. The one due to Wood and Smith-Mago- 
wan [39,40] has been basic for most subsequent 
calorimeters. Our contribution in the field of heat- 
capacity measurements over extended temperature 
and pressure ranges make use of Calvet-type differ- 
ential heat flux detectors equipped with special cells in 
which measurements are taken in the static mode (no 
fluid-flow) [41]. Between 270 and 370 K, at atmo- 
spheric pressure, we used a programmable differential 
scanning calorimeter (micro-DSC from Setaram). 
This apparatus has essentially two thermopiles 
inserted in a thermostatted metallic block; two small 
sized (1 cm3), batch-type cells are tightly fitted in the 
thermopiles. A liquid thermostat ensures the tempera- 
ture control of the metallic block to within i l  mK. A 
detailed description and operating mode have been 
reported together [42-44]. Between 300 and 570 K, 
we used a Setaram C80 calorimeter with which opera- 

tion is similar to the one with the micro-DSC; the 
temperature of the thermostatted block containing the 
thermopiles and cells is brought to the required value 
by means of an electric heater (instead of a liquid- 
filled thermostat). An initial version [45] of the set up 
was designed to study concentrated aqueous salt 
solutions [46]. A more recent version for measuring 
heat capacities of gases has been described in details 
elsewhere [47]. The entire experimental assembly, 
shown in Fig. 3, features two cylindrical cells (inner 
volume ~ 11 cm3), made of stainless steel, which have 
been specially designed to sustain temperatures up to 
573 K and pressures up to 30 MPa. The temperature is 
read to 0.06 K by means of a 100 f~ platinum resis- 
tance, located between the two cells. The operation of 
the instrument is made in the static mode and, in order 
to eliminate heat leaks by conduction and connection 
through the connecting tubes of the cells, an additional 
thermostat was mounted on the top (the 'head') of the 
calorimeter (see Fig. 3); additional thermal guards 
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Fig. 3. Schematic diagram of the set up for measuring heat capacities of gases with a C80 Setaram calorimeter, from [48]. 
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around the connecting tubes further improved 
the temperature control of the cells. In actual experi- 
ment, constant pressure during heating or cooling 
is monitored through the use of a buffer volume 
connected to the sample cell. This buffer consists of 
two 0.5-1 cylinders connected together and placed 
inside a cylindrical thermostatted block. With such 
an arrangement, pressure inside the cell can be read 
with a accuracy of 0.5% of the full scale of a 50 MPa 
pressure gauge. The whole set up operation is 
monitored by a computer through an RS-232 inter- 
face; a typical constant pressure experiment, covering 
the 323-423 K range and consisting in measuring 
Cp at ten different selected fixed temperatures, can 
be run fully automated in 24 h. This calorimeter 
and associated experimental procedure have been 
advantageously used to measure heat capacities of 
various gases (pure gases and mixtures); of special 
interest was the study in the vicinity of the critical 
points [48]. 

4. Thermodynamic derivatives by 
pVT-calorimetry 

For a thermodynamicist, pVT-calorimetry is 
surely the most accomplished experimental concept 
[49]. It allows a direct determination of the most 
important thermodynamic derivatives; it shows 
how, in practice, Maxwell relations can be used 
to fully satisfy the thermodynamic consistency of 
those derivatives. In this respect, Stanislaw Randzio's 
contribution has been essential [50], especially in 
showing how the thermodynamic functions of a sys- 
tem can be accurately determined by measuring their 
derivatives against an independent thermodynamic 
variable. 

Also of particular interest is the use of pressure as an 
independent variable [51-54]. This is typically illu- 
strated by the newly established pressure-controlled 
scanning calorimeters (PCSC) [55,56] and it has been 
my pleasure to participate with Randzio in developing 
these techniques which opens a new era in thermo- 
dynamics. Basically, the isobaric expansivity 
a(p, T) = ~ (~rr)~ can be considered as the key quan- 
tity from where tl~e molar volume v can be derived and 
therefrom all subsequent molar thermodynamic deri- 
vatives with respect to pressure, To being a reference 

temperature: 

v(p, T) = v(p, To)exp ago, T)dT (1) 

O# = v(p, To)exp a(p, T)dr (2) 
T 

l ;  } x exp a(p, r)dr (3) 
k JTo 

(°1 ~p T = v(p, To)a(p, T)exp a(p, r)dT 

(4) 

ap J T = - ~  p 

I ;  }] x exp a(p, r)dr (5) 
k dTo 

Knowing the molar volume as a function ofp  at the 
reference temperature To, the determination of the 
foregoing pressure derivatives only requires the mea- 
surement of the isobaric expansivity a as a function of 
p and T. Thus, it is easy to compute the total variations 
of the above-mentioned thermodynamic functions 
over extended p, T-surfaces. 

Pressure-controlled scanning calorimetry is so ver- 
satile and, in fact, so easy to operate that it makes 
thermodynamics easier to understand, and to use in 
many applied fields; it is also a perfect tool to teach 
thermodynamics (and attract new followers or passio- 
nate thermodynamicists). Complete and comprehen- 
sive investigations on pure components like n-hexane 
[57] or 1-hexanol [58], on binary n-hexane + 1- 
hexanol mixtures [59,60] or in the vicinity of the 
critical point [61], typically demonstrate the power 
of the technique to provide a full and extended ther- 
modynamic description of systems under study. 

5. Scanning transitiometry 

Another promising development of thermodynamic 
variable-controlled scanning calorimetry is its exten- 
sion to study phase transitions [62]. The advantage of 
controlling the three main thermodynamic variables p, 
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V and T during calorimetric measurements and there- 
from of determining simultaneously thermal and 
mechanical effects, allows to investigate systems hav- 
ing limited stability or showing transitions. That is to 
say, not only is the complete thermodynamic descrip- 
tion of the system possible but transitions can be 
analysed in detail or even monitored along changes 
of the state variables. 

From this point of view transitiometry has per- 
formed very well to investigate polymers. The best 
example is the complete study of the behaviour of the 
thermal expansivity ap of various polyethylenes as a 
function of pressure, temperature and density (or 
crystallinity) [63]. One of the striking results is the 
linear decrease of ap with the degree of crystallinity 
over the 0-300 MPa pressure range. This linear depen- 
dence allowed to estimate ap for both the crystal and 
the pure amorphous phases as functions of pressure up 
to 300 MPa. At 302.6 K and 0.1 MPa, the estimated ap 
of the crystal phase is equal, within the experimental 
error, to the literature value of ap for the orthorhombic 
polyethylene unit cell derived from crystallographic 
data. Another interesting example of the use of the 
transitiometric technique is the study of the influence 
of temperature and pressure on the fusion of poly- 
ethylenes, particularly in the prefusion region [64]. 
Fig. 4 shows experimental isobaric curves of a med- 
ium density polyethylene as a function of temperature; 
typically, at low pressure, ap sharply increases in the 
premelting zone. Presently, the technique is used to 
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Fig. 4. Thermal expansivity ap of a medium density polyethylene 
plotted against temperature at five different pressures between 10 
and 300 MPa. 

investigate the influence on the thermomechanical 
properties, as well as on their fusion and crystallisa- 
tion, of polymers in which supercritical gases are 
dissolved. 

6. The present and the future 

For many years, my efforts have been directed 
towards the development of new experimental tech- 
niques and their use in obtaining reliable data on many 
different systems. However, the aim was not only for 
calorimetry per se. Calorimetry is a sophisticated tool 
providing the best information to carry out research 
projects in various fields of interest. I am not here 
dealing with theoretical interpretation of the results, 
neither with specific applications. Evidently, new 
designs and improved capabilities of calorimeters 
have constantly enlarged the horizon of possible 
and practical applications for modern thermody- 
namics. Of particular importance is the introduction 
of pressure as a scanning parameter. It turns out that 
working with high pressures is relatively easy and that 
calorimetry has naturally gained more importance in 
the thermodynamic description of matter and of its 
transformation. Certainly, materials science is a major 
field for future applications; the study of polymers 
submitted to the triple stress, temperature, pressure, 
and dissolved gases should bring new insights into the 
behaviour of such important materials present in our 
everyday life. 

Isothermal pressure scanning should find applica- 
tion in fields as different as high pressure fluid 
technology, high temperature, high-pressure food 
processing or high-pressure biotechnology. 

As a calorimetrist and thermodynamicist, I am 
proud of the existing stage of calorimetric techniques, 
I am also convinced that new developments, for 
example 'nano' replacing 'micro' are opening new 
perspects. In other words, an "old technique" stays in 
the forefront of science and helps thermodynamics 
push new frontiers. 
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