A Guide to Procedures for the Publication of Thermodynamic Data'

At the 1971 Washington, D.C. meeting of the IlUPAC
Commission on Thermodynamics and Thermochemistry it
was resolved that the following guide should be given the
widest publicity to aid in the resolution of some current
problems in scientific communication and in the hope that
it might stimulate similar action by other organizations
concerned with specialized tields of science.

This guide was previously ratified by the All-Union
Calorimetry Conference (U.S.S.R.), The Calorimetry
Conference (U.S.A.), the Experimental Thermodynamics
.Conference (U.K.), the Society of Calorimetry and Thermal
Analysis (Japan), and the Société Francais des
Termiciens (France).

In 1953, the 8th (U.S.A.) Calorimetry Conference
adopted a resolution providing guidance on minimum
publication standards in calorimetry. This resulted in an
improvement in the quality of publication, and so led the
Calorimetry Conference to revise, extend, and publish its
recommendations in 1960 (7). A second revision was au-
thorized in 1970, and it was intended that this new ver-
sion should be submitted to various calorimetry and relat-
ed conferences (2), and to the International Union of
Pure and Applied Chemistry for suggestions and ratifica-
tion.

This has been done with the approval of Commission
1.2 of IUPAC and the agreed text is hereby presented in
accordance with the terms of the resolution cited at the
head of this document. The Commission itself has also
prescribed recommendations on the publication of ther-
mochemical studies as early as 1934 (3), as has the sci-
entific council on chemical thermodynamics of IONKh of
the U.S.S.R. Academy of Sciences (4).

1. Introduction

This guide is addressed not only to specialists in calo-
rimetry or in the various aspects of thermodynamics but
also to all those who measure and publish thermodynam-
ic quantities as incidental aspects of their research en-
deavors. We would urge all who ever publish thermody-
namic values for whatever purpose to follow these
suggestions so that maximum benefit from their studies
will be realized. Journal editors and referees should note
that this document embodies a set of consistent carefully
considered criteria for judging the completeness and
acceptability of papers reporting thermodynamic quan-
tities. The ultimate needs of the compiler and correlator
of such data have been considered aiso.

2. Essential Information

The highly interdependent nature of thermodynamic
quantities imposes special obligations upon the author of
papers reporting the results of thermodynamic investiga-
tion. He must give enough information about his experi-
ment to allow readers to appraise the precision and ac-
curacy of his results so they may be properly consolidat-
ed within the existing body of data in the literature. Fur-
ther, as accepted values of physical constants change or
as new thermodynamic quantities for related systems be-
come available, subsequent investigators often can recal-
culate results if it is clear that they are based on good
experiments for which adequate information is presented,
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however old they may be. For these reasons, an author’s
prime responsibility is to report his results in a form relat-
ed as closely to experimentally observed quantities as is
practical, with enough experimental details and auxiliary
information to characterize the results adequately and to
allow critical assessment of the accuracy claimed. For
the convenience of the reader, the author may interpret
and correlate the primary results as appropriate and
present derived results in a form easy to utilize. However,
such derived (or secondary) results never should be pub-

- lished at the cost of omitting the primary results on which

they are based. Reference may be made to accessible
earlier publications for some details.

In addition to the presentation of the data themselves,
estimates of the precision indices and probable accuracy
of the data should be given by the authors. The various
sources of uncertainty should be rigorously described
with clear separation of measurement imprecisions, nu-
merical analysis deviations, and possible systematic bias-
es. The methods and assumptions for the statistical anal-
yses should be indicated. Possible sources and magni-
tudes of systematic errors should be identified and enu-
merated.

Because temperature scales are of such great signifi-
cance for all thermodynamic measurements the consid-
erations and conversions cited by Rossini (5) and others
should be observed. For accurately measured tempera-
tures depending on an international Practical Tempera-
ture Scale, the scale used in calibration of the tempera-
ture-measuring instrument(s) (e.g., "IPTS-48 as amend-
ed in 1960") and the scale to which the specified tem-
perature values refer (sometimes these two scales are
different, e.g. the latter might be |IPTS-68) should be stat-
ed.

In instances where requisite primary results are too
extensive or for other reasons do not merit journal publi-
cation in full, the use of auxiliary publication services
may be appropriate (6). A footnote in the publication in-
dicates how the reader may obtain the additional data.

Apparatus and procedures. A description of the appa-
ratus including details of the reaction container or calo-
rimeter vessel, the controlled environment, and measur-
ing systems such as those for time, temperature, and
pressure; the design of calibration heaters and heater
lead placement; precautions as to shielding or isolation
of calibration circuits; the method of calibration and the
sensitivity of the instruments used in these measuring
systems such as thermometers, bridges, and potentiome-
ters, flowmeters, weighing devices should be given. The
history of a particular apparatus which is used in a con-
tinuing series of researches should be maintained and
documented as to modifications, improvements, etc., to
the end that should corrections be made necessary by
subsequent recalibrations or by revelation of systematic
errors or bias, such corrections can be applied to all af-
fected data either by the author or by compilers or re-
viewers. Information establishing the heat capacity of the
calorimeter or the energy equivalent (preferably with
traceability to a calibrating or standardizing laboratory),
together with details of the observational procedures, the
methods of evaluating the corrected temperature incre-
ment, methods of analysis of results, and the precision of
the measurements should be given. The reliability of the
resuits should be established by the use of recognized
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reference substances such as the samples likely to be
recommended by the IUPAC Sub-commission on Stan-
dard Calibration Materials (7), those provided by the Na-
tional Bureau of Standards (U.S.A.) (8}, or by VNIIM
(U.S.S.R.) (9), those authorized by the Calorimetry Con-
ference for thermophysical or thermochemical measure-
ments (70), or those systems generally recognized as
standard for mixtures, e.g. the solubility of oxygen in
water at 101.325 kPa and 298.15 K for gas solubility
(11), hexane + cyclohexane for enthalpy changes on
mixing (72), and benzene + cyclohexane for volume
changes on mixing (73). Determination of the same
quantity by two or more independent methods is often an
advisable alternative method for detection of systematic
error.

Materials. The source of and/or method of preparation
for all materials used, including calibration, reference,
and auxiliary substances; experimental values for analy-
ses and pertinent physical properties of materials, the
criteria of characterization and purity, as well as the
method, temperature, time interval, etc., of storing sam-
pies and preparing them for measurements should be
stated whenever this is important. The density used in re-
duction of weighing to mass, and special procedures
such as for dealing with partially filled ampoules, should
be specified. For studies made on solutions, the source,
preparation, and quality of the solvent should always be
inciuded, as should information as to dissolved gases
(CO,, air, etc.) whenever these impurities may be of in-
fluence on the results. For all thermochemical studies, the
methods and results of all analytical investigations on the
initial and/or final system should be presented, including
tests for incomplete reaction, side reactions, evaporation
losses of components from mixtures, corrosion of appara-
tus, etc. These considerations as well as possibie dialysis
of compounds prior to actual reaction, buffers employed,
etc., may be especially important in biothermodynamic
studies.

Symbols, terminology, units. Authors are encouraged
to foilow as closely as possible the recommendations of
the International System of Units (SI)} (74), and the sym-
bols and nomenclature approved by IUPAC (715). In par-
ticular, authors are urged (a) to use the recommended
name for each physical quantity and the preferred sym-
bol, (b) to use the internationally accepted symbols for
units, (¢) to use Sl units, and (d) to adhere, particularly
in the labels of columns or rows in tables and in the la-
bels of the axes of graphs, to the implications of the con-
vention: physical quantity = number X unit; for example
by the use of S/J K=" mol~" as a label for a series of
numbers rather than “S” (with or without a statement
somewhere as to what the units are), or *‘S, J/K mol”, or
“S(J/K mol)”, and (e) to use functional expressions such
as S°(H20, g, 298.15 K) rather than expressions like
S298,1H,0°'8.  (Those authors who elect to use non-Si
units should define them in terms of S| units. This might
be done, for example, by means of such a footnote as:
“Throughout this paper caly, = 4.184 J, Torr =
(101.325/760) kPa, and A = 0.1 nm.”)

Mode of presentation of results. Although a table giving
the appropriate independent and dependent variables is
often the best form of presentation in that it permits re-
covery of the primary results, circumstances arise where
especially for a great many determinations the same end
may be achieved, for example, by the presentation of an
equation representing the temperature dependence of the
measured quantity and a deviation plot showing the indi-
vidual points. This procedure saves space, promotes

clarity, and in many instances can be sensitive enough to
permit full recovery of individual results without a table.

Occasionally, as in combustion calorimetry, each set
of replicate measurements can be acceptably recorded
as only the mean value, the magnitude and definition of
its precision index, and the number of individuali mea-
surements made. For the precision indices on thermo-
chemical data, the conventions suggested by Rossini
(16) are recommended.

Occasionally, tabulations of high-temperature thermo-
dynamic functions are given by empirical equations
which, instead of being in pre-determined form and num-
ber of disposable parameters, are derived to fit the en-
thalpy, vapor-pressure, or other data within their preci-
sion at every temperature of measurement. This not only
provides ready analytic interpolation, differentiation, or
integration (as by a computer), but can save the journal
space of longer-than-abbreviated tables when this is an
issue. [t is obviously not expedient, of course, when the
given property function shows major lack of monotonic
behavior. Graphical and analytical representation of the
primary results or secondary results are occasionally
worthwhile for the convenience of the reader, but are not
generally a satisfactory substitute for tabular presentation
of accurate experimental results. Extensive tabulations of
secondary values (e.g. smoothed values at rounded tem-
peratures) should be so designed with values reported at
temperatures (or pressures, etc.) so spaced that no seri-
ous loss of accuracy will result by using an interpolation
formula equivalent to five-place Lagrangian interpolation
(17). In particular, a sufficient number of digits should be
retained to make such interpolation feasible.

It is not practicable to give detailed recommendations
for presenting the results of all types of thermodynamic
investigations. However, the following paragraphs do pro-
vide recommendations for some important kinds of ther-
mochemical, thermophysical, and equilibrium studies and
will serve as guides for related areas.

3. Presentation of Thermochemica! Calorimetric Data

Reaction calorimetry. The following experimental quan-
tities should be included if applicable: energy equivalent
of the calorimetric system, mass of sample and/or mass
of product used in determining the amount of reaction,
masses of auxiliary substances, corrected temperature
increment (or if appropriate initial and final temperatures
plus heat exchange adjustment), total observed energy
change, ignition energy, chemical and physical specifica-
tion of the initial and final states of the reaction, conver-
sion to ‘standard” concentrations, correction for side
reactions, reduction to standard states (e.g., the “Wash-
burn corrections”), temperature of experiments, final ex-
perimental energy (or enthalpy) of reaction and uncer-
tainty interval (with the chemical reaction to which the
result applies precisely specified). Derived values such
as standard enthalpy and standard Gibbs energy of for-
mation may be provided for the convenience of the read-
er. Detailed discussion of procedures is available (78,
19).

Solution calorimetry. Although most of the consider-
ations and literature of the previous paragraph apply, ad-
ditional material to be included would involve the specifi-
cation of the temperature of the measurements, appro-
priately specified concentrations of all reactants, solvent,
supporting electrolyte, ionic strength, the precise reaction
occurring, etc. Thermochemical studies on solutions
should present primary and derived resuits in sufficient
detail that the actual calorimetric process is clearly dis-
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cernibie. Dilution corrections to standard states should
describe any approximations for unmixing (e.g., Young's
rule) (20) or approximations as to the relative apparent
enthalpy of uncharged solutes such as NHj, COg, etc. in
the solution. Investigators of thermochemical properties
of solutions are urged to ascertain densities of their solu-
tions to facilitate theoretical comparison.

4. Presentation of Thermophysical Calorimetric Data

The following information is important for delineating
the temperature dependence of the thermodynamic (ther-
mophysical) properties of non-reacting systems and as-
certaining the influence of thermal history on measured
properties and evaluating the reliability of the results: a
table of experimental values of heat capacity or enthalpy
increment values including the actual temperature incre-
ments used in the measurements (if important as e.g., in
transition, pre-melting, or anomalous regions), the
chronological sequence of measurements where the ther-
mal history may be significant either implicitly by
chronological presentation or by a general statement),
values of the energy (or enthalpy) increments and tem-
peratures of essentially isothermal phase changes, and
the reliability of the data indicated by an estimated un-
certainty, These primary experimental results may be
supplemented, but never supplanted, by a tabulation of
smoothed values of thermodynamic properties at select-
ed temperatures for the convenience of the reader.
Where applicable, such tabulations should include values
of the appropriate heat capacity, the standard entropy S°,
the standard enthalpy increment {H°(T) — H°(0){, and
the standard “Gibbs energy function” |G°(T) — H°(0)}/T
(21). Frequently these have been tabulated at 5 K inter-
vals from 0 to 50 K, at 10 K intervals from 50 to 300 K or
slightly higher temperatures, at 100 K intervals at higher
temperatures, and at the temperatures of phase transi-
tions. Such details need not be given for all substances
but are desiderata for important compounds. Use of aux-
iliary publication services as mentioned above may be
more appropriate as repositories for such tabulations.
Certainly values at the two important reference tempera-
tures, 273.15 and 298.15 K, should be included in the tab-
ulations. Definitive information on procedures is avail-
able (22).

5. Presentation of Calculated Thermophysical Functions

Because the usefulness of calorimetric data is extend-
ed if calculated thermodynamic functions based upon
them are provided, recommendations for the presentation
of such calculated values are incorporated here. The fol-
lowing information with appropriate sources is needed to
characterize the results of statistical thermodynamic cal-
culations: details of the molecular model used, including
bond distances and angles, specification of the exact
conformation, moments of inertia or rotational constants,
symmetry number, complete vibrational assignments, pa-
rameters used for calculating contributions of internal
rotation, rotational isomerism, anharmonicity, centrifugai
distortion, etc., the citation (usually by reference) of for-
mulas and special tabulations used, and comparison
with experimental thermodynamic data. The functions
tabulated should include those indicated in previous sec-
tions except that the heat capacity should be C°y or C°,
and in addition, values of the standard enthalpy of forma-
tion A¢H®, standard Gibbs energy of formation A;G°, and
the common logarithm of the standard equilibrium con-
stant of formation logqo K°, may be published if warrant-
ed. The criterion suggested above for the spacing of

values is recommended; this corresponds, for example,
to 50 K intervals to 300 K, 100 K intervals to 2000 K, 200
K intervals to 3000 K, and 500 K intervals at higher tem-
peratures. Again the values should be given also at the
reference temperatures, 273.15 and 298.15 K.

For purposes of smoothness, interpolation, and internal
consistency, one (but seldom more than one) more digit
may be retained than is justified by the absolute accura-
cy. For calculations on small rigid molecules, involving
anharmonicity, centrifugal stretching, rotation-vibration
interaction, Fermi resonance, isotopic composition, and
,any other significant effect, functions may be reported to
three decimal digits, e.g.:

12.345 calyy K=" mol~'or 51.651J K= 1 mol~1.

For more approximate calculations, but with agreement
with calorimetric values of C°5 and S° obtained by empir-
ical anharmonicity corrections or other semi-empirical
procedure, two decimal digits are appropriate. For calcu-
lations to the rigid-rotator, harmonic-oscillator, indepen-
dent-internal-rotator approximation, only a single decimal
digit should be retained. For even more approximate cal-
culations (based on non-definitive calorimetric data,
rough incremental calculations, etc.) the single decimal
digit should be printed as a subscript, e.g.:

12.3caln K- 'mol=Tor51.7J K=" mol—1,

6. Presentationofp, V, T Data

Full disclosure should be made of the use and calibra-
tion of the pressure gauge including buoyancy, local
gravitational acceleration, fluid heads, pressure reference
standards, and pressure point in the sample. Volumetric
measurements should be referred to a calibration stan-
dard as, for example, the density of mercury or water,
and the effects from combined pressure and temperature
should be described. Also, volumetric data presented in
terms of mass or amount of substance should include the
values assumed for atomic weights as well as a state-
ment of the corrections applied for impurity in the sam-
ple.

Here also, the importance of the presentation of pri-
mary results should be observed. Primary results are not
the instrument readings but the values of physical proper-
ties derived from these instrument readings after the ap-
plication of all calibration corrections, and evaluating
equations, etc. These experimental values should be re-
ported in full, together with a brief discussion of the ap-
plication of various corrections and adjustments. The
steps necessary to transform experimental values into
final results should be made clear. Particularly, methods
of smoothing results and of numerical differentiation or
integration should be given as well as the sequence in
which they are used. The final results should be accom-
panied by a statement regarding the magnitude of the
difference between the smoothed and the unsmoothed
results. Care should be taken to indicate clearly any re-
sults of other workers which are included in the prepara-
tion of a composite table. The base for tabulating entropy
or Gibbs energy of a compressed fluid shouid be defined
in one of the following ways:

{S(p, T, real) — S(p, T, ideal)} or
{S(V, T, real) — S(V, T, ideal)}.

When results are presented in tabular form, the spacing
of data should be sufficiently close to permit accurate
mapping of the p, V, T surface. Consistency tests for
anomalous trends should be applied whenever possible.
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A related guideline (23) for the specialized communica-
tion of results may be of interest.

The results of thermophysical measurements leading to
Joule-Thomson coesfficients or (3H/dp)r should include
adequate descriptions of apparatus, procedures, calibra-
tions, and comparison measurements, as well as proce-
dures for analysis of results.

Since more accurate characterization of the pressure
scale to increasingly high values is now possible (24),
authors should be scrupulous in indicating the pressure
scale involved.

7. Presentation of Other Equilibrium Measurements

Included in this category are such diverse measure-
ments as vapor pressures, either by equilibrium or effusion
techniques; studies of solubility, distribution, dissociation,
adsorption, or other chemical equilibria, by whatever
techniques are applicable; electrochemical measurements,
etc. Such measurements provide information leading to the
standard Gibbs energy increment A.G° for a reaction, but
care is needed before associating this value with a par-
ticular reaction. Here again, details of apparatus, calibra-
tion, and experimental procedures should be clearly pre-
sented, together with preparations of materials, analytical
procedures, and any special procedures applicable to the
problem. Evidence as to attainment of equilibrium should
be given. Primary results, as defined in connection with p,
V, T data, should be reported in full, together with results
and methods for reduction of results to standard condi-
tions, including any auxiliary information or equations,
such as those from the Debye-Huckel theory of electro-
lytes. The chosen standard state should be clearly de-
fined, and the final results, such as A,G°, logie K, or
logio p, should be accompanied by an explicit description
or statement of the related reaction, process, or change
in state. The presentation should include a discussion of
errors, and estimates of other factors inciuding instru-
mental and analytical limitations, effects of non-attain-
ment of equilibrium, side reactions, non-ideality correc-
tion, etc., to the end that the precision indices for A.G°
of reaction include such contributions.

Definitive studies on activity or osmotic coefficients
should likewise present clear descriptions of apparatus,
materials, experimental, and computational procedures,
together with sufficient primary results to permit verifica-
tion of derived results. A forthcoming book will discuss
procedures in the areas of equilibrium measurement
(25). In reporting adsorption studies, the mass of adsor-
bent used as well as the duration of the experiment are
important.

8. Non-definitive Data

Although this resolution is concerned primarily with
precise and accurate measurements taken by definitive
techniques on well-characterized samples it is recog-
nized that survey measurements are often made for tech-
nical and/or analytical purposes and the resuits are sub-
mitted for publication. Such results may be of doubtful
significance as a basis for theoretical deductions or for
incorporation in critica! tables of scientific data. Fhere-
fore, the foregoing recommendations do not fully apply

and presentation of a brief note summarizing the most
important values and heralding a more detailed docu-
mentary presentation may be appropriate. However, in
differential-scanning calorimetric measurements, for ex-
ample, the characterization of the solid phases before
and after the experiment, the composition and pressure
of the gas phase, the heating rate, the arrangement of
the sample in the cell, the extent of base-line drift during
the thermal effect and the way it is taken into account,
should all be noted. Additional recommendations for pre-
sentation of thermal analysis data have been cited (26).
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