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ABSTRACT 

We present thermodynamic properties of the H2 dissociation reaction by means of the Small System 

Method (SSM) and Reactive force field ReaxFF simulations. Thermodynamic correction factors, partial  

molar enthalpies and heat capacities of` the reactant and product were obtained in the high temperature 

range; up to 30000K. The results obtained by ReaxFF potential agree well with previous results obtained 

with a three body potential (TBP). This indicates that the popular reactive force field method can be well 

combined with the newly developed SSM for large-scale simulations of chemical reactions. The approach 

may be useful in the study of heat and mass transport in combination with chemical reactions.   
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INTRODUCTION 

Thermodynamic properties of reactions play a central role in chemistry and chemical engineering. 

These properties are used to describe macroscopic systems, such as in a laboratory and in chemical 

reactors. These classical descriptions fail at the nanoscale because thermodynamic variables are no longer 

extensive for a few particles. Schnell et al. [1] have used a new scaling law in the development of the Small 

System Method (SSM), which connects properties of the system in the nanoscale with macroscopic limit. 

SSM has been successfully used to calculate thermodynamic correction factors (or simply thermodynamic 

factors), derivatives of activity coefficients with respect to the composition, partial molar enthalpies, partial 

molar volumes, and reaction enthalpies of macroscopic systems. The results have been in excellent 

agreement with data obtained from other methods [2]. The calculation of thermodynamic factors 

(derivative of activity coefficient with respect to composition) or so-called Kirkwood-Buff integrals [3] are 

of great importance to quantify diffusion. SSM was also applied to find thermodynamic factors for Li
+
 ions 

in solid state conductors [4], alkane in carbon nanotubes [5] and particles in nanopores [6]. The 

thermodynamic factor allows the calculation of Maxwell-Stefan diffusion coefficients from Fick diffusion 

coefficients, and vice versa, for binary, even ternary systems [7,8]. Most of these computation studies were 
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for non-reactive systems. To obtain thermodynamic data in reacting system is of great practical and 

theoretical importance. Skorpa et al. [9,10] studied the H2 dissociation in equilibrium and under non-

equilibrium conditions using a three body potential (TBP) derived from quantum mechanics[11]. They 

showed the importance of the heat of reaction for the energy transport in a reacting mixture. The presence 

of the chemical reaction was changing the thermal conductivity as well as the diffusion coefficients. These 

findings will be of importance for the hydrogen reaction, also at catalyst surfaces such as Pt and Pd. 

However, the availability of TBP for systems is very limited.  The popular reactive force field such as 

AIREBO[12], ReaxFF [13,14] may then serve as alternatives. The quality and transportability of ReaxFF 

were dependent on the system and force field optimization[15,16]. An overview of limitation and 

advantage of this force fields was discussed elsewhere [17]. ReaxFF force field have been successfully 

applied to many different systems[17], but have not been used together with SSM to calculate 

thermodynamic properties. In this work, we aim to combine SSM and ReaxFF in order to obtain 

thermodynamic data for the hydrogen dissociation reaction, to provide a benchmark for further work. We 

will provide several important properties of this reaction such as the heat capacity, heat of reaction, 

activation energy and thermodynamic correction factors and compare to values obtained already from the 

three body interaction potential. With this, we hope to establish how well we will be able to predict the 

properties of interest.     

 

MODELS AND METHODS 

We considered the hydrogen dissociation reaction H2 = 2H. This reaction occurs at a very high temperature. 

Using computer simulations is a conventional tool to study the reaction. Molecular dynamics (MD) 

simulations were performed within the LAMMPS package[18]. The parameters used when performing 

simulations with ReaxFF, were taken from Chenoweth et al. [14]. The details of these force fields were 

given in the literature[14]. We select H2 system as the first and important step to describe further more 

complex system. ReaxFF does not have hybridization concept for orbital but based on the bond order to 

describe the chemical bonding in the system. This approach was proven to be accurately describing a lot of 

reacting system based on the force field training process [13,14,17]. The simulated system was a cubic box 

with periodic boundary conditions (PBC) in three dimensions. The box size was in range 28.47 Å to 100 Å, 

the number of H2 molecules in the system varied from 37 to 1500. We performed NVT simulation with a 

step size of 0.1 fs. The system was equilibrated with 1 ns runs at 300K. After that, production runs of 

another 1 ns were done at higher temperatures in the range of 3639 K - 20796 K to collect and analyze data. 

The pressure of system was in range of 80-800 bar, which was similar to the conditions of simulation done 

by Skorpa et al. [9] 
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As mentioned, when using SSM the thermodynamic properties are calculated from fluctuations in small 

boxes. The small system can exchange mass and energy with the reservoir. Consequently, the 

thermodynamic correction factors (TCF) and the partial molar enthalpies as a function of the chemical 

potentials and the temperature can be calculated from fluctuations of Ni and U. The TCF for a binary 

mixture with in the grand-canonical ensemble is given by 
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Here, Bβ=k T , where Bk  is the Boltzmann constant.  The dependence of TCF on the size of the small box is 

found to be approximately linear: 
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We checked the dependence on the size of the reservoir box [2,19]. The partial molar enthalpies in the 

grand-canonical ensemble can be calculated with SSM using[20] 
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The heat capacity at constant pressure p can be defined as: 
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The dissociation constant KX  of the reaction (assuming that the gasses are ideal) is 
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Where ix  is the mole fraction of molecule i. The standard reaction enthalpy can be found with the van’t 

Hoff equation 
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The derivative is taken with a constant pressure. The reaction enthalpy is in principle a function of 

temperature. The dissociation reaction can be assumed to be of first order: 

H2lnd c
-k = 

dt   (7) 
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Where H2 H2 /c N V  and k (s
-1

) is the reaction coefficient of the first order reaction. The activation energy 

can be found using an Arrhenius plot. 
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RESULTS AND DISCUSSION 

Thermodynamic correction factor 

We applied the SSM to compute the thermodynamic correction factor in the system with reacting H2 and 

H-particles. As shown in Fig. 1, at a temperature of 15598K, the value of 1  for H2 and H in the system is 

close to unity. We observed that the value of 1  decreases below 0.08Å
-1

 because of the effect of the big 

box (L). This is in consistent with previous studies[2,21] showing that the 1  start dripping when 

approaching the box limit. The value of -1

H-H2 is almost zero, indicating no coupling effect between H and 

H2. This observation agrees well with the previous study using a three-body interaction potential for this 

system[9].  

 

 

Figure 1. The inverse correction factors (Γij
-1

) as a function of the inverse system length (L
-1

) at 15597K and at density, ρ=5.22kg/m
3
.  

We calculate the thermodynamic correction factor (TCF) in the thermodynamic limit, 1

 , from a linear fit 

with data taken in the range (L
-1

: 0.1 and 0.4) similar to previous studies [20,22]. Table 1 presents the TCF 

at different temperatures obtained by ReaxFF and the TBP potential of Skorpa et al. [9]. We found that 

they are in reasonable agreement with each other. For the case of lower temperature (T=3639K, 7799K), 

the number of H atom is very low (below 50 atom) because of dissociation reaction is very limited at that 
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temperature. Hence, the TCF for H-H are higher than 1. But the TCF for H2-H2 are below and close to 1. 

For other temperatures, the TCF obtained by ReaxFF and TBP are very comparable (Table 1). Even though 

the uncertainty was not reported for the TBP results from ref [9]. 

 
Table 1: The thermodynamic correction factor at the thermodynamic limit (Γij,∞-1) . Calculated using different force fields at 
constant (µj,V,T), at density, ρ=5.22kg/m3. 

 ReaxFF TBP(ref[9]) 

T ΓHH,∞
-1

 ΓHH
2
, ∞

-1
 ΓH

2
H

2
,∞

-1
 ΓHH,∞

-1
 ΓHH

2
, ∞

-1
 ΓH

2
H

2
,∞

-1
 

3639 2.12±0.03 -0.07±0.03 0.945±0.004 1.00 -0.00 0.87 

7799 1.14±0.01 0.018±0.005 0.907±0.007 1.00 -0.04 0.91 

10398 1.002±0.004 0.025±0.004 1.022±0.006 0.98 -0.08 0.94 

12998 0.966±0.003 0.007±0.002 1.023±0.003 0.96 -0.09 0.97 

15597 0.965±0.008 -0.007±0.002 1.115±0.007 0.96 -0.12 0.97 

20796 0.960±0.005 0.008±0.002 1.14±0.01 0.94 -0.11 0.99 

  

ReaxFF gives values of 1,

HH2

   equal to zero within the error bar. We see that the mixture is close to being 

ideal when the temperature becomes larger than 10 000 K. The van’t Hoff equation with constant enthalpy 

of reaction can be used with greater accuracy for these conditions.  

 

Partial enthalpy and heat capacity 

The partial molar enthalpy of each component H2 and H in the reacting mixture was calculated at different 

temperatures (Fig. 2).  We discovered that the ReaxFF and TBP potentials yield consistently a linear trend 

in that temperature range. There is a deviation for H2 molecule at high temperature because of the low 

number of H2 molecules at this condition.  

 

 
Figure 2. The partial molar enthalpy (hi) for H and H2 calculated at different temperatures at constant (µj,V,T) and is compared with 

hi,∞ calculated at the thermodynamic limit with SSM in at constant (µj,V,T)  with the TBP.  

The calculated heat capacity of H and H2 are tabulated in Table 2. Again, we found results in agreement 

with results using TBP. The Cp of H2 molecule is around two times bigger than Cp of H atom in both 
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scenarios. The results from the ReaxFF and TBP agree within the accuracy of the calculation. The value 

predicted by ideal gas model underestimates grossly the values obtained with ReaxFF and TBP.  

Table 2:  The heat capacity of H and H2 with the ReaxFF compared with that of an ideal gas and with the TBP calculations.  

 Cp,H
2
 [J/mol K] Cp,H[J/mol K] 

ReaxFF (this work) 63±13 28±3 

TBP (ref[9,20]) 62.8±0.7 31.7±0.7 

Ideal gas 37.41 20.75 

 
 

Reaction enthalpy and activation barrier 

 

Fig. 3 depicts the equilibrium mole fraction of H2 molecule (XH2), and how it varies with temperatures. The 

profile decreases as expected when the temperature increases. This trend is as expected since the H2 

molecule is more dissociated at high temperature.  It is very interesting to see that the profile obtained by 

ReaxFF is in good agreement with that simulated by TBP, see Skorpa et al. [9] This indicates that ReaxFF 

and TBP have comparable quality in the description of the hydrogen dissociation reaction.  We applied eq 

(6) to find the reaction enthalpy (∆rH) in the temperature interval from 8000-20796 K, assuming that the 

activity coefficient ratio is unity. The results are presented in Table 3. The results found by ReaxFF and 

TBP are in very good agreement. ReaxFF underestimated the ideal value from TBP by 5%. With TBP, also 

the more accurate equilibrium constant was computed, including the activity coefficient ratio.   We expect 

that an effort to include this in the ReaxFF calculations, will not change the agreement between the two 

ways of computation. We also see that the heat capacity of the reaction will be small, as the molecule has 

almost twice the value of heat capacity of the atom. This explains that the standard reaction enthalpy varies 

only weakly with the temperature. It was already found [9,20] that its pressure dependence was negligible.    

 

 
Figure 3 The mole fraction of H2,(XH2) as a function of temperatures(T) calculated with ReaxFF and compared with results 

from TBP simulations.  
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Table 3: The standard reaction enthalpy of the hydrogen dissociation reaction (∆rH), as computed using  ReaxFF, assuming 
that the mixture is ideal.  

Parameter [kJ/mol] 

Ea (this work) 438±2 

∆rH
0

ReaxFF (this work) 302±1 

∆rH
0

TBP (ref[9] 316±3 

 
 
We also monitored the conversion of H2 into H during the simulation time. Fig. 4 shows the time evolution 

of the number of H2 molecules, as the reaction proceeds. The profile indicates that the hydrogen 

dissociation reaction is of first order in the setting with ReaxFF. From the graph, we calculate the reaction 

kinetic constant as a function of temperature via eq (7) and the activation energy of reaction via eq (8).  The 

activation barrier obtained by ReaxFF via kinetic calculation was not reported earlier by TBP calculation. 

An activation energy of 438 kJ/mol was found, which is higher than the reaction enthalpy (302 kJ/mol). 

This indicates that the state of two separate Hydrogen atoms has lower energy than the transition state. In 

molecular dynamics simulation at high temperature, we are unfortunately not able to monitor the distance 

between two hydrogen atoms at the transition state. More details of the activated compound on a similar 

reaction between H and H2 were described by accurate quantum mechanics calculations[23,24]. The results 

of reaction enthalpy are comparable for ReaxFF and TBP. However, the activation barrier was not 

determined in TBP studies [9,20].  

  

 
Figure 4. The natural logarithm of the number of H2 (NH

2
) divided by the initial amount (NH

2

0
) as a function of time (t) at 12998K.  

 

CONCLUSION 

We applied the Small System Method to the hydrogen dissociation reaction, using the Reactive force field 

ReaxFF to provide thermodynamic data, with the purpose of comparing the results from ReaxFF with 

earlier results with a more accurate interaction potential.  The thermodynamic correction factors, heat 
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capacities, reaction enthalpy and activation energy were reported. The results show that the two ways of 

computation of thermodynamic data agreed well. The simplifying conditions used in the comparison (ideal 

mixture approximation) should be kept in mind, however. TBP results seem to be more accurate, but 

ReaxFF gives the trends and magnitudes we want to see. This opens a possibility to combine SSM and 

ReaxFF for more complex chemical reactions. This will bring useful information about reactions away 

from equilibrium, and the mode of heat transport under such conditions.   

Acknowledgements 

We acknowledge financial support from The Department of Chemistry, Faculty of Science and 

Technology, Norwegian University of Science and Technology. This research was supported with 

computational resources at NTNU provided by NOTUR (project nn4504k). 

 

Competing Interests 

The authors declare they have no competing interests. 

References 

[1] S.K. Schnell, X. Liu, J.-M. Simon, A. Bardow, D. Bedeaux, T.J.H. Vlugt, S. Kjelstrup, Journal of Physical Chemistry B 

115 (2011) 10911. 

[2] S.K. Schnell, T.J.H. Vlugt, J.-M. Simon, D. Bedeaux, S. Kjelstrup, Molecular Physics 110 (2012) 1069. 

[3] P. Kruger, S.K. Schnell, D. Bedeaux, S. Kjelstrup, T.J. Vlugt, J.M. Simon, J Phys Chem Lett 4 (2013) 235. 

[4] M. Klenk, W. Lai, Physical Chemistry Chemical Physics 17 (2015) 8758. 

[5] H. Liu, Physical chemistry chemical physics : PCCP 16 (2014) 24697. 

[6] J. Collell, G. Galliero, J Chem Phys 140 (2014) 194702. 

[7] Y. Liu, J. Wilcox, Environmental Science & Technology 47 (2012) 95. 

[8] S. Par, G. Guevara-Carrion, H. Hasse, J. Vrabec, Physical Chemistry Chemical Physics 15 (2013) 3985. 

[9] R. Skorpa, J.M. Simon, D. Bedeaux, S. Kjelstrup, Physical chemistry chemical physics : PCCP 16 (2014) 19681. 

[10] R. Skorpa, T.J. Vlugt, D. Bedeaux, S. Kjelstrup, The Journal of Physical Chemistry C 119 (2015) 12838. 

[11] D. Kohen, J.C. Tully, F.H. Stillinger, Surface science 397 (1998) 225. 

[12] S.J. Stuart, A.B. Tutein, J.A. Harrison, The Journal of chemical physics 112 (2000) 6472. 

[13] A.C. Van Duin, S. Dasgupta, F. Lorant, W.A. Goddard, The Journal of Physical Chemistry A 105 (2001) 9396. 

[14] K. Chenoweth, A.C. van Duin, W.A. Goddard, The Journal of Physical Chemistry A 112 (2008) 1040. 

[15] M. Moqadam, E. Riccardi, T.T. Trinh, P.-O. Åstrand, T.S. van Erp, The Journal of Chemical Physics 143 (2015) 

184113. 

[16] X.-Q. Zhang, E. Iype, S.V. Nedea, A.P. Jansen, B.M. Szyja, E.J. Hensen, R.A. van Santen, The Journal of Physical 

Chemistry C 118 (2014) 6882. 

[17] T.P. Senftle, S. Hong, M.M. Islam, S.B. Kylasa, Y. Zheng, Y.K. Shin, C. Junkermeier, R. Engel-Herbert, M.J. Janik, 

H.M. Aktulga, npj Computational Materials 2 (2016) 15011. 

[18] S. Plimpton, P. Crozier, A. Thompson, LAMMPS-large-scale atomic/molecular massively parallel simulator, Sandia 

National Laboratories, 2007. 

[19] T.T. Trinh, D. Bedeaux, J.M. Simon, S. Kjelstrup, Physical chemistry chemical physics : PCCP 17 (2015) 1226. 

[20] S.K. Schnell, R. Skorpa, D. Bedeaux, S. Kjelstrup, T.J. Vlugt, J.M. Simon, J Chem Phys 141 (2014) 144501. 

[21] T.T. Trinh, D. Bedeaux, J.-M. Simon, S. Kjelstrup, Chem. Phys. Lett. 612 (2014) 214. 

[22] T. Trinh, D. Bedeaux, J.-M. Simon, S. Kjelstrup, Chem. Phys. Lett. 612 (2014) 214. 

[23] K.A. Peterson, D.E. Woon, T.H. Dunning Jr, The Journal of chemical physics 100 (1994) 7410. 

[24] D.L. Diedrich, J.B. Anderson, Science 258 (1992) 786. 

 


