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Comparison of equations (6), (7) and (8), in conjunction
with Table 2, makes it apparent that the well-defined
shape of the thermometric titration curve of boric acid
[Fig.1b] is accounted for by the fact that the ionization
of boric acid is endoenergetic but exentropic, yielding
altogether a heat of ionization which is small compared
to AH}. In other words, in the ionization step for boric
acid, a large positive free energy of ionization is com-
pensated by a comparable TAS term which has an op-
posite sign. In our studies, this type of inter-energetic
compensation, between free energy and entropy terms,
turned out to be a quite general phenomenon occurring
in important categories of analytical reactions, includ-
ing proton transfer [acid—base], electron transfer, pre-
cipitation, and complexation processes. Consequently,
thermochemical titrations, carried out under judiciously
controlled experimental conditions, represent an analy-
tical tool of wide applicability in instances where con-
ventional “free energy” methods of analysis are bound
to fail. Furthermore, the rise in the temperature, re-
corded on the ordinate in Figure 1b, can be used [if
appropriately calibrated] as a rapid and convenient
method for the determination of heats of reaction in
extremely dilute solutions. In this sense, the thermo-
metric titration curves of the type illustrated in Figure 1,
represent genuine enthalpy titration curves (or “enthal-
pograms”), from which both the stoichiometry and the
heat of reaction can be determined. In instances [which
will be discussed later in this paper] when the “titration
reaction” is appreciably incomplete in the vicinity of
the equivalence point, it is also possible to calculate
from enthalpograms the equilibrium constant (and the
free energy) of the process. Thus, thermochemical titra-
tions may make it possible to elucidate all the thermo-
dynamic parameters (enthalpy change, free energy and
entropy) of a reaction from a single experiment. Thermo-
chemical information on analytically important reac-
tions occurring in dilute solutions is conspicuous by its
absence in the literature, due to the extreme laborious-
ness of classical calorimetric methods. As will be illus-
trated later on in this article, thermochemical “en-
thalpy titrations” have made it possible to accumulate
information on the entropies of many important pro-
cesses, yielding illuminating insights into the detailed
nature of the chemical species actually prevailing in
various solvents. Knowledge of entropies has made it
possible, in particular, to elucidate association pheno-
mena, such as solvation and ion pair formation, which
involve relatively small free energy effects but appreci-
able entropy changes, because they are accompanied by
drastic order-disorder transitions.

For a future historian of science, the development of
analytical chemistry during the past few decades will
appear in retrospect as a period of spectacular develop-
ment of electroanalytical chemistry characterized con-
comitantly by significant advances in the understand-
ing of the kinetics and mechanism of electrode processes.
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Similarly, I anticipate that the coming few years will
witness extensive analytical applications of thermo-
chemical titrations, as well as the development of “en-
thalpography”, the maturing of thermochemical titra-
tions into a major analytical tool, accompanied by an
enhanced understanding of reaction entropies.

History and Nomenclature

The basic idea to monitor, in an adiabatic system, the
change in temperature occuring during a titration, is
quite old. The first “thermometric titration” has been
reported in 1913 in the Journal of the American Chemical
Society.2 It was followed by systematic studies in the
20’s and 30’s performed by French and Swiss scientists.3
All this “early work” however, is mainly of historic
interest, and has no exact significance as far as funda-
mental thermochemistry is concerned. These pioneering
studies were performed by discontinous manual proce-
dures, adding increments of a titrant from a conven-
tional volumetric buret to a sample (“the titrate”) in
a Dewar Flask. After each addition of titrant, a tem-
perature reading was taken from a Beckman thermo-
meter. The shape of such manual enthalpograms was
poorly reproducible. Temperature changes amounted to
several degrees and it was necessary to wait several
minutes before taking each reading, due to the slow
response and appreciable heat capacity of the mercury
thermometer. Each titration required about an hour.
Heat exchange with the laboratory environment was
inevitable, with the result that the titration curve ob-
tained depended somewhat on the patience of the ex-
perimenter. These drawbacks were eliminated in 1953
with the introduction (by LiNDE, RoGERs and HumMmE)
of temperature sensitive semiconductors as temperature
detecting devices used in conjunction with a constant
flow gravity buret.* With these improvements, it has
become possible to titrate extremely dilute solutions
(0.0001 to 0.01 molar), to minimize temperature changes
to one tenth of a degree or less, to reduce the time re-
quired for a titration to a few minutes and to eliminate
human error entirely. With the availability of automatic
instrumentation, thermochemical titrations have been
transformed from an art into a science. In this field,
automatic instrumentation represents not merely a con-
venience but a methodological necessity. Use of an in-
stantaneous electric signal for monitoring temperature
is an absolute requirement for eliminating the irrepro-
ducibility which has haunted the manual thermometric
titration techniques of yesteryear.

The first “enthalpy titrator” equipped with a motor
driven buret was put in operation at The Pennsylvania
State University in 1956.% Six years later, in February
1962, the first commercially manufactured automatic
2 J.M.BErx und C.F.CowrL, J. Amer. Chem .Soc. 35 (1913) 49.

3 For a review see S.T.ZENCHELSKY, Anal. Chem. 32 (1960) 289.

4 H.W.LiNDE, L.B.RocERs and D.N. HuME, Anal. Chem. 25 (1953)
404.

& J.JorpaN and T.G.ALLEMAN, Anal. Chem. 29 (1957) 9.
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Figure 9. Enthalpogram obtained by titrating mixture of Calcium
and Magnesium with Ethylenediaminetetraacetate in Aqueous
Solution at 25°C
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This is accounted for by the prevalence of the associative
equilibrium

(CrO;7), = = - CrO;~ (22)

involving a “polychromate” species. Similar evidence
has indicated the existence of the “ionic polymers”

(S0;7), and
Polysulfate

(CN7),
Polycyanide

in molten salts. Quite generally, thermochemical titra-
tions appear to be ideally suited for the study of en-
tropy compounds‘ of this type.
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