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Why this talk?

• IAEA: the equation of state (EOS) of water, especially that of heavy water, is 
used in the nuclear power industry

• Vienna: the isotopic composition of water follows the industry standard, 
the so-called Vienna Standard Mean Ocean Water (VSMOW)

• IAPWS: the International Association for the Properties of Water and 
Steam tries to come up with a new EOS, for which new, highly accurate
ideal-gas thermochemical functions are needed in the temperature range
of 0 – 6000 K (old data: Friedman and Haar, 1954, also used by JANAF)
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Central quantities: energy levels
Experiment Theory

Accuracy
in Spec: (10-4-10-6 cm-1) >> 10-1-10-3 cm-1

in Th: 1 kJ mol-1 ~  1 kJ mol-1

Completeness
in Spec: ~1-10% << ~100%
in Th: ~100% ~ ~100%

Results
Implicit Explicit

Conclusion: use experiment and theory together and 
connect them with ‘inversion tools’ to achieve accuracy
and completeness at the same time



Internal partition function
• Several definitions, one based on spectroscopic data (“direct sum”):

• Q(T)’s first and second moments:

• The isobaric specific heat capacity:
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Internal partition function
• Several definitions, one based on spectroscopic data (“direct sum”):

• Q(T)’s first and second moments:

• The isobaric specific heat capacity:
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accuracy goal in Cp(T): 0.01% in the widest possible temperature range



RRHO vs. exact Q(T) (H2
16O)



Partition function of H2
16O

Exact partition function: 

where the Ei values come from

• MARVEL (accuracy)

• ab initio computations (completeness)

• unbound states
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T. Furtenbacher, T. Szidarovszky, J. Hrubý, A. A. Kyuberis, N. F. Zobov, O. L. 

Polyansky, J. Tennyson, A. G. Császár, J. Phys. Chem. Ref. Data 45, 043104 (2016).



Uncertainty of the partition function of H2
16O

1. Each energy level has its own uncertainty

method A: error propagation formula; method B: two extrema method (Q+-Q-)
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Uncertainty of the partition function of H2
16O

2. The ‟missing” energy levels, ab initio is not complete

Q”(T)

Q(T)



Uncertainty of the partition function of H2
16O

3. The effect of unbound states (vide infra)



4. Uncertainty of physical constants (CODATA, ciaaw.org)

Uncertainty of the partition function of H2
16O

K cm (83)1.438777362 c





Partition functions and resonances



Partition functions and resonances

h(E) is the scattering phase shift



Partition functions and resonances



24MgH

blue diamond: NIST-JANAF green cross: B + sharp R + int. form
orange square: bound only (638) violet circle: B + R + simple sum
green circle: bound + sharp res. violet cross: B + R + integral form

De =11,104.7(5) cm-1 and Ev=19,000 cm-1



Summary

• Weighted linear-least-squares approaches, which combine
all the experimental and theoretical knowledge yield the best
enthalpies of formation.

• When the experimental rovibronic energy level information
is available, highly accurate ideal-gas thermochemical
functions can be computed via the extended “direct
summation” technique up to very high temperatures (6000 K).

• Unbound states may play a significant role in the accuracy
of high-temperature thermochemical functions, especially Cp; 
they can be considered via the “direct integration” technique.
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