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Introduction Boltzmann distribution Conclusion

Knowledge of the equilibrium ortho-parahydrogen ratio is of The Boltzmann distribution describes the ortho-para ratio in thermal equilibrium: The aim of this work is to propose a reliable way to calculate the
fundamental importance for many liquid hydrogen applications in equilibrium ortho-para ratio. An in-depth literature review was
engineering and science. N, iho ... Orthohydrogen population conducted to reveal the most reliable set of molecular constants
. . . . ' T i ' lation of the rotational energy levels F(J). Th
Some examples with particularly high requirements for accuracy —@ Npara .. Parahydrogen population required for the calculation of the rotational energy levels /(j). The
3y (2Jj+1)e kBT . effect of these constants on the equilibrium composition was
are: Noriho J=1,3,5,..1(2] e "5 | J ... Rotational quantum number . o . .
— _ F ) p Boltzmann constant compared quantitavely. The result is a list of practical advice:
 Calibration and testing of ortho-para measurement N — B . .
methods 5 P para 1 2]:0,2,4,... (2J+1) e\KBT T .. Temperature - Use the non-rigid rotor model for most accurate results:
| . . _— . . | han
« The production of referece gas samples of known ortho-para FU) Rotatlona! ehergy level ghoeogi/g :lgt)rr;LllehzagigﬁL%%e\?amaecsflngva;nej By ess tha
ratio Rotational energy level F(J) 6 ... Characteristic rot. temperature - 0 0
. Measurements and modelling of thermonhvsical broperties / Ol By, Do, Hy ... Molecular constants « The parameter set from Brannon 1968 was chosen as a
g pny prop — — reference (lowest measurement uncertainty, best agreement
The equilibrium ortho-para ratio is described by the Boltzmann o o with the currently most accurate ab initio simulations by Le
distribution, which requires assumptions regarding the modeling of Rigid rotor model Non-rigid rotor model Roy 1990)
the rotational energy levels of the hydrogen molecule. However, Assumes that the Hydrogen molecule has a fixed bond Takes the distortion of the molecule in dependence of - The third-order term Hy J3(J + 1)° has only a minor effect
there seems to be ongoing confusion regarding the choice of length. It is commonly used but inherently less accurate rotational quantum number J into account th libri tion (~ 1 x 10-4% p-H
modeling approach and molecular constants. ' ' . ' Bl e EGUINITM EOMmIPESIHBm (i & D[PAhiz)
This work compares the methods reported in literature and aims to — * WWhen Using ‘the ngld}rotor model., que Or = 85'dZ4| I(dfor bgst -
provide clarity and practical advice on how the calculation should agre%ment with the reference non-rigid rotor model (deviation
be performed. << >> 0.02 % p-A,)
—_— - Integrate up to at least ) =7 for accurate and physically
Fffect libri i
R = const. R # const. pare;pz?ciﬂ?;gleﬂum consistent results at room temperature and above

~1-107% p-H,

Literature review (FG)=0rkpJ (J +1) FG)=BoJ U +1) = Do J2( + 1)+ Hy J*(] + 1)° References

Literature values for characteristic rotational temperature 8y

Eisenhut 2024 Eisenhut, S. & Haberstroh, C. Speed-of-sound-based ortho-parahydrogen

Rigid rotor model: effect of 8 _rioi : measurements, PREPRINT submitted to Int. J. Hydrog. Energy., 2024
References m ) & R 0.0 Non-rigid rotor model: effect of B, and Dy Green 2012 Green, R. A. et al. The theory and practice of hyperpolarization in magnetic
) | | ' | o ' ] " | - resonance using parahydrogen. Prog. Nucl. Magn. Reson. Spectrosc. 67, 1-48
EFisenhut 2024 85.24 = Brannon 1968 (non-rigid, reference) Scattering in Le Roy values likely due to conversion from (2012).

(rounded) tabulated o/p ratio to parahydrogen percentage . : o :
: = Fssler 2013 Parrot 2019 Parrott, A. J. et al. Quantitative In Situ Monitoring of Parahydrogen Fraction
Green 2012, Parrot 2019, Atkins 2022, 87.6 — Green 2012 0.005f . | Using Raman Spectroscopy. Appl. Spectrosc. 73, 88-97 (2019).
: ‘ Atkins 2022 Atkins, P. et al. Atkins’ Physical Chemistry. (Oxford University Press, 2022).
Essler 201 3, Kinard 1998 86.2 Sgnntag 1986 A Essler 2013 Essler, J. Physikalische und technische Aspekte der Ortho-Para-Umwandlung
Sonntag 1986 85.4 === Eisenhut 2024 = A‘ z von Wasserstoff. (Dresden University of Technology, 2013).
McQuarrie 2000 35.3

—
un
T

- Kinard 1998 Kinard, G. E. The Commercial Use of Liquid Hydrogen over the Last 40 Years. in
Proceedings of the International Cryogenic Engineering Conference 17, 39-43
-0.005fp v . (Bournemouth, 1998).
Sonntag 1986 Sonntag, R. & Van Wylen, G. Fundamentals of Statistical Thermodynamics.
v (Robert E. Krieger Publishing Company, Inc., Malabar, Florida, 1986).
-0.01¢ M - McQuarrie 2000  McQuarrie, D. A. Statistical Mechanics. (University Science Books, Sausalito,
Calififornia, 2000).

Brannon 1968 Brannon, P. ). et al. Electric field induced spectra of molecular hydrogen,
-0.015¢ v M . deuterium and deuterium hydride. J. Mol. Spectrosc. 27, 44-54 (1968).
Edwards 1978 Edwards, H. G. M. et al. Pure rotational and vibration-rotational Raman spectra
v == Brannon 1968 (reference) of tritium, 3H,. J. Chem. Soc., Faraday Trans. 2 74, 1203-1207 (1978).
-0.02} Ty === Edwards 1978 1 Stoicheff 1957 Stoicheff, B. P. High Resolution Raman Spectroscopy of Gases IX: Spectra of H,,
= Stoicheff 1957 HD and D,. Can. J. Phys. 35, 730-741 (1957).

Foltz 1966 Foltz 1966 goltz,J. V. e;al.z[agtezr1r2i(r11a9ti606r)ls of some hydrogen molecular constants. J. Mol.

ine: — RN - i i ectrosc. 21, — :

Dashed blue line: ]z, = 3 > 0.025 4 LeRoy 1990 (tabulated) Le Roy 1990 LS Roy, R. J. et al. Accurate thermodynamic properties of the six isotopomers

Rest:] ... =7 Jmax = 7 v Woolley 1948 (tabulated) of diatomic hydrogen. J. Phys. Chem. 94, 923-929 (1990).
e ~0.03 Woolley 1948 Woolley, H. W. et al. Compilation of thermal properties of hydrogen in its

50 ’I(I)O 1éO 2(I)0 250 300 5I0 160 150 2(.)0 2,';;0 300 various isotopic and ortho-para modifications. J. Res. Natl. Bur. Stan. 41, 379

—
1

Literature values for molecular constants B, and D,

References Bolcm] ___[Dolem?]

Brannon 1968 (reference) 59.3343 £+ 0.003 0.0457 + 0.0003
Edwards 1978 59.339 + 0.005 0.0460 + 0.0003
Stoicheff 1957 59.3392 + 0.005 0.04599 + 0.003
Foltz 1966 59.3362 0.04584
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Deviation from reference [% para]
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