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THERMAL ANALYSIS, CALORIMETRY AND CHEMICAL THERMO- 
DYNAMICS - A REVIEW* 

An attempt is made to review the level of development of the subjects covered 

by the Swiss Society for Thermal AnaIysis and CaIorimetry, namely thermai analysis, 
calorimetry and chemical thermodynamics. 

A compreheusive presentation and elucidation of the stage of development of 

these subjects seems to be impossible because of the broadness of each of these 
subjects with respect to theoretical, rne~~oio~~ and instrumental aspects, and 
also because of the diversity of applied and basic research in this area. The discussion 
is therefore restricted to such aspects as definitions and the boundaries of these 
subjects. Furthermore, the importance of chemical ~~~~~~ in the appkation 
to thermoanalytical methods and to applied research is pointed out. 

IHlRODUCTSOl’J 

The following paper was presented at the first scientific meeting of the Swiss 
society for ThermaI Analysis and Calorimetry which was held in Ziirich in March 
1976, The subjects, which were discus& there, are also of some importance to the 
German Society for Thermal Analysis_ Therefore the paper will be repeated at this 
GEFTA meeting. 

Within the titIe of this paper, there are severa open questions, probably more 
than one would expect at first gtance, These open questions arise from completely 
different reasons and are concerned with the folIowing expressions: review: thermo- 
dynamics, chemical thermodynamics, thermal analysis and finally calorimetry. 
&rticuk.r details concerning these points wifl be dkcussed in the foiIowing sections_ 

D-PMEN-I-OFTHERMAL M!aLxss,. CAJm RIMExRyAND-CAL THER!dODYNAXICS 

An attempt will be made to review the present status of the subjects covered 
by the Swiss Society, namely thermal adysis, calorimetry z&d chemical thermo- 

* RcsamdattheZhdSytnpnsiumoCtheGamanSocictyfor~ AmtIysisheid;ittheUnivasity 
of @nstanifroni 5-6 JuIym 1976. 
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dynamics A comprehens& prcsentution and elucidation of the stage of develop- 

ment of these subjects however seems at first to be impossibIe This impression 
is based on the broadness of each of these subjuzts with rupect to theoretical, 

methodological and instrumental aspects and a3so because of the diversity of applied 
and basic -h in this area_ Furthcrmorc, the Icvel of deveiopment for such a 

scieutiSc field is constantly changing and therefiore absolute criteria are not avaitabfe 

for such a c&i& review. On the other hand, this broadness of subject matter is 
necessary to ensure the success of a scientific society over a period of one or two 
decades This condition should be fulfilled in the cast of our Swiss society_ 

It is gmerally acccptui that an evafuation of tcchnoiogical progress is achieved 

more easily than an evahration of the progress in research_ Such an evahration of 
subjects with many applications within technology, such as thermai analysis, calori- 
metry and chemical thermodynamics, should thercfore be d&cussed in two separate 
parts: namely, with rcspcct to basic and applied research. Hass delivered a paper’ 
on the occasion of the presentation of the Perkin Medal Award in I968 with the title 
UErr~~ neper repeMs_ He pointed to the problem which is sometimes cailed the 
-h technology interfaR Without further discussion of this relationship between 
university and chemical industry I quote from this excellent address: WccasionalIy 
you hear the hoary f&cy that the store of scientific knowhzdge is cont.inuaZIv being 

dep?emd by application to industry and so the reservoir must be ref&d, This nnplies 
that ifan idea is once used it can never be used again. The fact is exactIy the contrary: 
when an idea is used it is always expanded, strengthened, and made more readiIy 

availa& than it was before- This can be seen if we take an example such as the wheel, 
it has been apphed to tens of thousands of innovations and will doubtless be applied 

to hundreds of thousands in the future_ As a result we have wooden wheels, wire 
u&cc& stecI disk whccfs, p&&c whceIs, cog wheeh, little wheels, and as I am re- 
minded by Iooking at this audience-big wheels”, 

The interpretation of Ha& remarks can be extended to the further evolution 
ofthcfiddsofthern& anaIysis, calorimetry and cheznicaI thermodynamics_ 

Thezmodynamics was mentioned in the introduction as another point of dis- 

cussion, Clausius introdruxd in his paper Uebpr die betregent& fitit &r W&e wrd 

die Gesezze, ~eZche sicl darmcr f2 d&z WmeLzhre se&St ableitem bsserz the second 
Iaw of therInodynamics in 1850, CIausius’ theorieswere based on the work of Carnot 

and CIapeyron_ According to Grbbs2 the fundamental studies of Clausius implied a 
new epoch in the history of physics and marked the beginning of the subject of thermo- 
dynamics as a science_ This so-&&d ConventionaI thermodynamics includes the 
macroscopk description of the phenomena of heat and temperature with the restriction 
to conditions of equiiiiria or to changes over a reversible pathway_The term thermo- 

dynamics is anaIogous to the terms hydride and eWzrod~cs_ However, 
is this anaIogy realfy consistent for the subjects discussed? Physical phenomeua 
associated with water and dectricity are described as functions of time and space 

in hydrodynamics and ehztrodyuam& However, the systems which are described 
by conventiona! thermodynamics arc independent of time and space. In other words, 
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no diEerentia1 equations with derivatives with respect to space and time exist in 
conventionai thermodynamics, This inconsistency couId be eliminated by changing 
the name of conventional ~e~~~~~ to thermostatic-s~ In this case the analogy 
to hydrostatics and electrostatics would be accurate. 

ChemicaI thermodynamics was indicated as another point of discussion. The 

Iimits of this subject are not clearIy defined- Chemical thermodynamics is restricted 
according to Mllnsterj and Labha& to the chemicaI aspects of thermostat&. How- 
ever, aazording to Denbigh’ chemical thermodynamics is extended to statisticaI 
thermodynamics, e.g., to thermodyuamics in relation to the existence of mokcuies, 

Unequivocal definitions of the boundaries of thermal analysis and calorimetry 

do not exist either_ The methods of differential thermal anafysis (DTA) and thermo- 
gravimetry I;TG) are of great importance within tbe field of thermal anaIysis from a 
historicaI point of view_ Calorimetric methods were introduced in thermal analysis 
with the development of calorimetric titration methods and differential scanning 
calorimetry (DSC) Moreover, the range of application of differential scanning caIori- 
metry is practicahy identical with that of differential thermaf analysis (DTA), A 
proper definition of thermal analysis should therefore closely relate the methods of 
DSC and those of DTA, It is a question of whether the boundaries of a subject of 
science shall be given by historical aspects or by a definition which is based on physical 

parameters measured and the methodology used. To achieve proposais for a definition 
of the limits of thermal analysis and calorimetry is one of the goals of our society_ 

Thermal analysis and calorimetry wit1 be discussed in detail for the purpose of 

such a classification, The question is reexami ned if it is possible to separate the 
thermoanaIytical methods from the whole of physicochemical methods_ According 

to a defiuition given by Wendlandt’, thermal anaiysis is confined to those techniques 
in which some physical parameter of a system is determined as a function of tempera- 
ture_ Furthermore, this temperature function is generally restricted to a dynamic 

system with changes in a linear manner. A broader definition of thermal analysis is 
indicated in another chapter of WendIandt3 book7 which states that “Almost all 
of the analyticaI techniques that produce temperature-dependent data may perhaps 
be cIassified as thermal techniques. This would include ultraviolet and visible spectro- 

scopy, infrared spectroscopy, nuclear magnetic resonance, electron spin resonance, 
X-ray diffraction, electron diffraction, and many others”. 

MJXHODS OF ‘THERMAL ANALYSES 

The lack of correlation between the historkahy important methods of thermal 
am&&s is shown in the fofiowing section with a few examples of selected methods 

cIassified according to the thermodynamic parameters measured. The purpose of this 
discussion is to give a more rigorous de&&ion of thermal analysis aud calorimetry. 

Let us begin with the DTA and the DSC methods- Qualitative DTA instruments 

are not considered because only quantirative DTA is amenable to reproducible 
caloric calibration, Temperature differences between a sample volume and a refereuce 
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voIume are mtasurcd with DTA instruments as a function of temperature or time. 
The DSC method on the other hand, provides a direct measurement of the diEerence 
in heat flow to the sample volume and to the reference vohnne, also as a function of 
tempemture or time- The fundamental difference between the two methods is based 
on a thermodynamic property of the dependent, measured variable, The temperature 
differmcemeasured with the DTA method is an intensive parameter whereas the 
pammekr dekrm&d by the DSC method is extensive, namely the difference in heat 
Eow- Intensive parameters, relating to properties such as temperature, pressure, 
density* etc, are those parameters which can be specikd at any point in a system, 
AR intensive properties aie not additive and therefore are not related to the quantity 
of the sarnpk The extenSve properties, such as enthalpies, vohune and mass, are 
additive properties_ The values of extensive properties are not defmed for any of the 
points of a system but arc reiatai to the system as a whole. 

From a practical point of view* however, such a cksification is not satisfactory 
because the methods (DTA and DSC) are so closely reMed that upon appropriate 
calibration the same information can be obtained, 

On the basis of the foregoing considerations, the following definition can be 
proposed: 

Thermoanalytical methods ahow the determination of any physical property 
as a function of tempuatme, including dyuamic and isothermal measurcrnents. 

The themmadytical methods are divided into two groups, namely the caIori- 

metric group and the group of thcnnoanaIyticaI methods in a wider sense_ These two 
groups of methods are defined in the following manner: 

(I) ThermoanaIytical methods in the narrow sense allow the determination 
of a caioric, depemknt variabIe by a direct or indirect procedure. 

(2) Tkrmoana&kal methods in the wider sense ahow the determination of 
any physical property as a function of temperature, incM.ing dynamic and isothermal 
mcasuremcak 

This latter group of methods is defined in such a manner as to favour a broad 
development of methods of thermal analysis which today are not generally accepted 
as such, ThermoanalyticaI methods in a narrow sense, the so-caUecI ciIorimetic 
group, consist of two subgroups- The methods of the first subgroup allow a direct 
measmcmeot of calorimetric vaIues as the dependent variabIe. The second subgroup 
consists of all methods which measure temperature or differences in tempemture as 
the dependent variabk These methods are further restricted in that the measured 
values must be able to be reproducibly transformed into caloric data. Furthermore, 
the following fm must be stressed: (i) the definition of thermoanaiytical methods 
in a wider sense includes ali the thermoanaIytical methods in a narrow sense; (ii) the 
definition of th.ermoax&&al methods in a wider sense is, in practiq restricted to 
a given number of conventionaIly accepted methods Borderhne methods which fall 
under this definition may not yet have become established as tkrmoanalyticai 
mcfhods,butrmxyint%turcbeacceptedassuch, 
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iTlbmm&ytid b?E&oa5 rir II ourrow SeRse 

Diff’tiaI thermal anaIysis 
Thumometrif titrimc&y 
cMximay 

Difkmtial scanning caIorimetry 
Reaaion and solution cdorirnctty 
CaIorketfic titrkttry 
combu!aio5 cacorim 

2!ikmmdyfidmeiM ih a w&b sense 

Cryoscopic and boiiing point methods 
Thamorpavimdry 
DiIatomcny and typical analysis 
Torsional braidanalysis 
vapor pressure methods 
Volubility methods 
Low resolution nuclear magnetic resonance 

~eessentialdifferencesbetweentheabovedefinitionofthermoanalyticalmethods 

and those according to Wendlandt6 and Mackenzie’ are based on the following: 
(i) isothermal measurements which are wideIy used in thermal analysis are included; 
(ii) a broader consideration of calorimetric methods; (iii) the introduction of a well- 
defined caIorimetric group and a rather open second group_ It will be shown later 
that the formation of these two groups is also confirmed by the~odynamic 
considerations- 

The methods which are today generally regarded as ~e~o~~~i~i methods 

are presented in Table 1, 

CHEbUCAL I-HERMODYNAMICS 

Chemical thermodynamics is another area whose scientific and technological 

aspects shall be promoted by our society mainly with respect to application to thermo- 
ana!yticaI probiems. Let us begin the discussion with the question of the subjects 

which are normally included in chemical ~e~~~~~~ and with a remark about 
the general importance of chemical thermodynamics_ Chemical thermodynamics is a 

part of physicaI chemistry- Consequently, the relations between chemistry and 
physical chemistry are also valid for chemical thermodynamics_ The importance of 

physical chemistry lies in the application of appropriate physical methods to chemical 

problems- 
Chemistry is an immense subject, because of the diversity of organic and in- 

organic substances_ Therefor+ the goaIs of physical chemistry in establishing general 
principles describing chemical phenomena are of such great importance. 

As an exampIe, physical chemistry may be subdivided acco@ing to the following 
scheme: chemical thermostatics, chemical kinetics, statistical thermodynamics, 
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thermodynamics of irreversible processes, quantum mechanics and molecular 
spectroscopy_ Several aspekts favour the use of the subject chemical thermodynamics 
according to the interpretation of Denbigh’, namely as the part of physical chemistry 
which includes the subjects chemical thermostat&, chemical kinetics and statistical 
thermodynamics, One could go another step further and divide physical chemistry 
into the main subjects ofchemical thermodynamics, quantum mechanics and molecular 
spectroscopy. Chemical thermodynamics would then consist of the following sub- 
jects: (1) chemical thermostatics, (2) chemical kinetics, (3) statistical thermody&nics, 
and (4) thermodynamics of irreversible processes. These areas of chemical thermo- 
dynamics are summarized in Table 2, 

SObfE ASPECi?S OF CHEWCAL THERM~ATICS 

Following these remarks about chemical thermodynamics, we will now discuss 
some aspects of chemical thermostatics in detail especially Gibbs thermostatics, 
Gibbs’ fundamental equation describes the chemicaI potential of a substance in a 
given phase as a function of the state of the entire phase. The chemical potential of 
the substance i in phase a may be expressed as: 

(1) 

where T is the absolute temperature, S is the entropy, ni is the number of moles of 
the substance i, U is the internal energy, V is the volume, yi are the work co-ordinates, 
and nk are the number of moIes of all substances k which are present in the interior 
ofphase a. 

Gibbs’ fumiamental equation is only valid if the internal state of a given phase 
is entirely determined by the chosen variables of state over the whole range of variation_ 
Giibs* fundamental equation is normally transformed for practical applications into 
other forms, namely into the so-called entropy and energy forms, respectively. These 
two equations shall be written omitting the phase index and with the further restriction 
.that only. volume changes are considered_ For the entropy, we then obtain the 
following fimction written in a differential form: 

dS =+dU+ +dV- ~&lni 
f--l T 

and the analogous energy expression is: 

dU=TdS-PdV+ gKdnf 
i=1 

(2) 

(3) 

Both of these fnndamental equations provide a compIete thermodynamic description 
of a body in a given phase. Furthermore, these equations depend only on extensive 
parameters. 

Each of the intensive parameters which. are included in these fundamental 
equations can be expressed as a function of &I the v&iabIes which are the &e&Se 
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TABLE 3 

parameters in the corresponding fundamental equation, These relations between the 

intensive depcndcnt variables and the extensive independent variabks arc the so- 
caI!ed equations of state- The two sets of equations of state obtained from the funda- 
mental eqns (2) and (3) are given in Table 3. Each of these equations of state describes 
onIy certain aspects of a thermodynamic system, i-e_, it is not possible to calculate 
the thermodynamic equilibrium of a system with only one of these equations_ As 
an example: for an entire thermodynamic description in the case of a one-com- 

ponent system only two equations of state are necessary because the third equation 
is obtained by applying the Gibbs-Duhem equationg_ Two equations of state which 

are shown in Table 3 are known using a similar terminology as the caloric and thermic 
equations of state respectively. The caloric equation of state describes the internal 
energy as a function of temperature, voIume and mole numbers of aI the components 

ofasystem 

u = U(T* v, nj) (10) 

The thermic equation of state gives the dependence of the pressure of a system on the 
same variables 

P=P(T,Kna (11) 
The equations of state permit the description of certain aspects of thermodynamic 

systems as weIl as the definition of thermodynamic values_ JSxampIes of this are the 
molar heat capacity of a system at constant volume and the equation of isothermak 
Expression (11) is ah-eady known as the explicit function of isotherm&_ Empirical 
constants which charaderite the described substance must be introduced into this 
equation, 

The heat capacity is defined by the total difkrentiaI of the internal energy which 
is in the case of a one-component system given by 
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The molar heat capacity of a system at constant volume is obtained from eqn (12) 
by introducing the internal energy per mole u = U/n as 

(13) 

Many further exampIes in which these equations of state are appIicabIe could be 
0utIined. 

LRt us discuss now the relation between the dependent variable measured with 
therrnoanaIyticaI methods and the thermodynamical values calculated from these 
experimenti results. Caloric values are measured by the thermoanalytical methods 
in a narrow sense. These methods enabIe a direct determination of thermodynamic 
values such as heat capacities, enthdpies, energies and entropies. In contrast, thermo- 
anaIyt.ical methods in a wider sense yieId experimental values of physical properties 
other than czdorimetric, as a function of temperature. These experimentat results can 
be used for a cafcutation of catoric data by the application of appropriate thermo- 
dynamic relations, The separation of al1 the thermoandlytical methods according to 
the dependent variable, namely in two groups which measure caloric and non-caloric 
values, respectively, is aIso supported by the different rna~erna~~ treatments which 
are necessary to obtain characteristic thermodynamic values from thermoanaiytica1 
data. 

coNcLuSIOW; 

It may be conciuded that chemical thermodynamics in its broad definition 
consisting of chemical thermostat&, statistica thermodynamics, chemicaf. kinetics 
and the thermodynamics of irreversible processes, enables further applications within 
thermoanaIyt.icaI methods, namely: (i) the evaluation of ~experimentai data on a 
thermodynamic level which is inde~ndent of the methods and the instruments 
appIied, (ii) the application to the development of methods, and (iii) the theoretical 
basis of experiments performed in the elucidation of chemical systems. Undoubtedly, 
the use of chemical ~e~~yn~~ is accentuated in the area of applied research. 
The development of chemicai thermodynamics itself is the goaI of physicaI che- 
mistry- 

As a final remark, it shaIi be emphasized that by itself appfied research of 
chemical systems covers an immense area_ In the future, chemical thermodynamics 
and thermoanaIyticaI methods may aIso have a great impact in solving problems 
which are reIated to the fietd of appIied research. 
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