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Abstract

Supercritical fluids have attracted significant attention as solvents for chemical reactions due to
their unique properties, such as high diffusivity, low viscosity, and tunable solvation properties,
which profoundly influence reaction kinetics. To study the effect of supercritical solvent on
chemical reactivity and dynamics of reactions, one needs to understand the dynamics of clusters
in supercritical fluid. Extensive experiments on the photodissociation and recombination of lodine
in supercritical fluids served as a model system for understanding these effects. Experimental
studies followed by theoretical and computational investigations which mostly employed Monte
Carlo or empirical molecular dynamics simulations. However, computational studies using non-
reactive force fields and ab initio approaches present challenges in capturing reactive processes at
larger scales within supercritical fluids. In this work, we developed the ReaxFF parameters by
training against quantum mechanics data. ReaxFF reactive force field based molecular dynamics
simulations were performed, studying the dynamics of a Xenon solvent and cage effect in different
state conditions for lodine recombination reaction. We show that the conditions near the critical
point are the optimal conditions to study the cage effect. Our results indicate that increasing the
size of the Xenon system beyond 1000 atoms does not change cluster size distribution significantly.
We show that the average lifetime of Xenon clusters is in ranges between 5-11 picoseconds which
allows lodine atoms to undergo a geminate recombination within them. Our simulation results of
Iodine recombination in Xenon solvent demonstrate the higher probability of Iodine molecule
formation in the presence of Xenon clusters. Finally, we show that the supercritical condition
exhibits the highest recombination rate for lodine atoms, and increasing simulation timescales to

up to 4 nanoseconds brings simulation results closer to experimental observations.

1. Introduction

Materials can be subjected to higher pressures and temperatures exceeding liquid-gas critical

points. In this state, which is called the supercritical state, matter has both liquid-like solvent



properties as well as gas-like flow characteristics [1]. By varying the pressure, one can alter the
density, as well as all equilibrium and transport properties that scale with the density, such as
solvation power and viscosity [2], of a supercritical fluid across a wide range, ultimately resulting
in the optimization of its solubility for a particular application. The solvation properties of
supercritical fluids near its liquid-gas critical point are caused by the deformation of structure
heterogeneities around the solute molecules which this structural heterogeneities are interpreted as
clustering [3]. Supercritical fluids find applications as solvents in the processing of food and

pharmaceuticals [4], as well as in propellants [5], [6].

Revealing the dynamics of elementary chemical reactions in solutions is essential since their rates
are affected by both the solvent in which they take place and their kinetics. The transition between
different solvent states, such as the transformation from a gas-like to a liquid-like state, has major
impacts on chemical reactivity and kinetics due to the cage effects [7], [8] imposed by the solvent
matrix. The cage effect, first proposed by Franck and Rabinowitch in 1934, states that solvents can
constrain diffusion of initial atom pairs by geometric confinement, leading to recombination [9].
This phenomenon was first demonstrated by the photodissociation and recombination of lodine in
liquids. Noyes and coworkers [10], [11] found Iodine recombination as a function of solvent
viscosity through their experiments. Subsequently, extensive research was conducted on the
recombination of iodine atoms in fluids ranging in density from gases to liquids, as well as the
solvent cage effect [12], [13], [14], [15], [16]. Elucidating the lodine recombination dynamics was
not feasible in a short time scale until Chuang at. al. [17] studied the process of predissociation
and the recombination of Iodine atoms by picosecond laser excitation.

Iodine has been chosen as a prototype for various reasons. First is the availability of a considerable
amount of information on many aspects of recombination of iodine atoms. Also, the simplicity of
this diatomic molecule, besides the accessibility of 1> photodissociation and recombination
reactions experiments [13], [18] and sensitivity to solvent conditions, makes it an ideal option to
provide a foundational understanding of chemical processes and reaction kinetics. Moreover,
numerous experimental studies revealed the significant solubility of Xenon in liquid, near
supercritical, and gaseous states for a wide variety of biological and organic molecules [19], [20].
Also, the complete optical transparency of Xenon in all of the UV and IR spectra region [21], [22]
makes it a good candidate to study solute reactions [21], [22].



Experimental studies helped significantly in gaining detailed insight into these reactions and their
kinetics; however, when dealing with complex systems with a large number of atoms and varying
thermodynamic conditions, employing computational methods proves to be a more
computationally efficient approach. Several studies have attempted to study the photodissociation
and recombination of lodine in different fluids using simulations and trajectory analysis [23], [24],
[25], but no studies have been carried out to model lodine recombination using reactive Molecular
Dynamics (MD) simulation. Reactive force field simulations have been employed extensively to
provide insight into chemical reactions [26], [27], [28], [29] with lower computational expenses

and larger simulation scales while having the same order of accuracy as QM.

The unique properties and tunability of supercritical fluids, the importance of understanding
reaction dynamics in solvents, and the advantages of reactive force fields all motivate the
investigation of the physical chemistry of supercritical fluids as solvents and the cage effect on the
dynamics of chemical reactions using reactive molecular dynamics simulations. In this study we
develop and apply ReaxFF reactive force fields [30] to MD simulations to investigate the dynamics
of the Xenon/lodine system, the dynamics of solvent cage effect on the reaction kinetics of Iodine
atoms and find a thermodynamic state condition for the Xenon system in which the highest Iodine

recombination rate occurs.

2. Method
2.1.ReaxFF Method

Reactive force field based MD methods help to bridge the gap in simulation scale that separates
quantum mechanics (QM) from empirical interatomic potentials that are based on classical
approaches [30]. In this study, the ReaxFF MD method has been employed to understand the
dynamic cluster behavior of the Xenon system for a wide range of thermodynamic conditions
and its effect on the reaction kinetics of lodine atoms.

ReaxFF is a general bond order-dependent force field that provides accurate descriptions of bond
formation and bond breaking in a wide range of materials and chemical systems. Unlike traditional

nonreactive force fields [31], [32], [33], ReaxFF distinguishes itself by dynamically determining



the connectivity via bond orders calculated from updated interatomic distances at each MD time
step. The following energy expression is used in ReaxFF to determine the forces acting on each
atom:

Esys = Ebond + Eover + Eunder + Elp + Eval + Etor + EudWaals + Ecoulomb Equation 1

Accounting for energy contributions related to the bond formation and dissociation, three-body
valence angle strain, four-body torsional angle strain, overcoordination energy penalty,
undercoordination stability, lone-pair energy, non-bonded van der Waals interactions, and
Coulomb energies, respectively. ReaxFF is typically trained against quantum mechanics data,
enabling ReaxFF to approach the accuracy of QM, covering significantly faster time scales than
the QM method. Thus, this method can be used to simulate relatively large systems over long-time
scales. ReaxFF can be used to study any novel system because its parameters are derived solely

from QM, and it does not need any pre-defined reactive sites or reaction pathways.

2.2.Force Field Development

Similar to other empirical potentials [34], [35], [36], ReaxFF force fields are designed with system-
specific considerations, and their parameters need to be tuned. These parameters are typically
trained against experimental or QM-based data- most commonly Density Functional Theory (DFT)
data. Before initiating MD simulations for large-scale systems to study lodine recombination in
supercritical Xenon solvent, we have developed a Xe/I reactive force field parameter set.

The DFT calculations were performed to obtain the potential energy surfaces for Xe/Xe, Xe/I,
colinear Xe/I2, and perpendicular Xe/I2 atom pair interactions. For these simulations, we used the
PBE exchange correlation functional [37] along with def2-TZVP basis set [38] and Grimme’s D2
dispersion correction [39]. We also performed coupled cluster singles and doubles (CCSD)
calculations to have a more accurate Xe/Xe potential energy surface using DGDZVP basis set
[40,41]. To obtain the I/I potential energy surface we performed complete active space self-
consistent field (CASSCF(6,8)) [42] simulations with the same basis set [43], since DFT
underpredicted the potential energy well depth. All these quantum simulations were carried out

using Gaussian 16 [44]. Moreover, DFT simulations were performed to train force field parameters



of the I-I-I angle. The GGA:PBE DFT functional [45] and TZP basis set were applied in DFT
simulations using ADF/AMS software [46].
A successive single-parameter search optimization was performed to optimize the parameters and

minimize the error following [47]:

Equation
n 5 Error! No text
Error = Z [xi,QM - xi,ReaxFF] of speci.fied
i=1 o style in
document.

where o represents the weight assigned to every data point based on its relative significance in the

optimization process, and x is the data point in the training set, specifically energy in this study.

2.3.ReaxFF MD simulations Methodology

We employed our Xe/I force field to study the solvent clustering at different thermodynamic states
and its effect on Iodine recombination. To validate the behavior of a Xenon system, initially, a
system consisting of 11000 atoms was prepared in their energy-minimized structure in a periodic
simulation box. Since different parameters affect the dynamics of solvent atoms and cluster size,
the Xenon system was simulated with different sizes (500, 1000, 4000, and 10000 atoms) and
thermodynamic states (liquid, supercritical, and gas state with temperature range of 202.6- 636.6K
and pressure range of 58.98 -102 bar). NVT simulations were performed to study the behavior of
solvent, where NVT indicates that the number of atoms (N), volume (V), and temperature (T) are
kept constant during the simulations. The Berendsen thermostat with a temperature damping
constant of 1000 fs is used to control the temperature. The timestep size in these simulations is 1

fs. Each simulation was performed for a total duration of 1 nanosecond (ns).

After studying the dynamics of solvent and examining the probability of cluster formations as well
as their size and lifetime, lodine atoms are added randomly to the system, and their recombination
within Xenon clusters is investigated. The lodine/Xenon atoms ratio in a system was chosen to be

1:40, taking into account both the efficacy of the cage effect and the potential for lodine diffusion.



Initially, three types of ReaxFF MD simulations were performed: 1)Single thermostat NVT,
2)Multiple thermostat NVT, and 3)NVE where NVE indicates that the number of atoms (N),
volume (V), and Energy (E) are kept constant during the simulations. Unlike experiments where
the temperature of the system remains constant without having active temperature control, the
NVE ensemble in MD simulations with no control over temperature condition allows the
temperature to fluctuate, potentially increase over time and failing to accurately mimic the
supercritical conditions of a Xenon solvent. To achieve temperature control, we employed NVT
ensemble in MD simulation. Furthermore, to ensure that the temperature control mechanism does
not hinder the recombination of lodine atoms, we performed multiple thermostat NVT simulations
using a weaker thermostat specifically applied to the Iodine atoms. For single thermostat NV T
simulation, the Berendsen thermostat with a temperature damping constant of 1000 fs is used to
control the temperature, while in multiple thermostat NVT the temperature damping constant of
Xenon atoms is 1000fs and the temperature damping constant of lodine atoms is 1e6 fs. The
timestep size in all these simulations is 0.25 fs. Each simulation was performed for a total duration
of 1 nanosecond (ns).

To gain statistically meaningful results, an ensemble of ten simulation was performed that were

initialized with random starting configurations, and the results were ensemble-averaged.

3. Results and discussion

3.1. Force field development

We have developed a Xe/l reactive force field parameter sets, encompassing the descriptions of
Xe/Xe, I/I, Xe/l, as well as colinear and perpendicular Xe/I2 pairs interactions during clustering
and recombination. Using a single-parameter search optimization, these force field parameters
were trained against the quantum chemical calculations data for reaction energies of atomic pair
dissociations for smaller systems.

We carried out CASSCF calculations for I/I pair and DFT calculations for other pair interactions
and parameterized the ReaxFF force field against this data. To accurately describe the non-covalent
interactions (van der Waals) between Xenon pairs, we also add CCSD and Lennard Jones data to
train our force field against it for an attractive part of the interaction. Figure 1 compares ReaxFF

and QM results for each pair interaction.
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Fig.1. Energy calculated from DFT (Blue), ReaxFF (grey), CASSCF (yellow), CCSD (green) and Lennard-
Jones (Purple) for (a) Xe/Xe, (b) I/1, (c) Xe/l, (d) colinear Xe/I2, and (e) perpendicular Xe/I2 pairs
interactions.



Initial ReaxFF-MD simulations revealed the formation of I3 molecules with a cyclic structure,
particularly under high-pressure conditions or when simulations extended beyond a time scale of
1 nanosecond. The appearance of I3 molecules in these simulations is non-physical, since this
molecule, typically with a linear configuration in its natural state, is energetically unfavorable
compared to I2. Thus, DFT bond scan simulations were performed to study the energy level and to
be added to the training set for force field training. DFT simulations were performed using the
GGA:PBE DFT functional [45] and TZP basis set, which were implemented in ADF/AMS
software [46]. Using the energy values of the DFT diagram and performing a single-parameter
search optimization, the force field parameters of the I-I-I angle are trained. The result of the
ReaxFF-MD bond scan simulation compared with DFT are shown in figure 2a and figure 2b before
and after training the force field. The I3 cyclic molecule was initially too stable, with exhibiting
lower energy compared to [2 molecule, in the ReaxFF-MD simulation before training the force
field (figure 2a), while the result of the Trained force field shows a significantly improved

description of the I3 molecule and its cyclization (figure 2b).
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Fig.2. Energy calculated from ReaxFF-MD and DFT bond scan simulations.

The ReaxFF energy descriptions are in good agreement with the QM data, demonstrating the force
field's ability to accurately describe the dynamics of xenon atoms and the recombination of iodine

atoms. Force field parameters are given in the supporting information.



3.2.Liquid-like to gas-like state transition (cluster size distribution and size effect)

The embedded molecular clusters among unbound molecules would cause local density
inhomogeneities. Thus, we can define a cluster as a group of fluid molecules or atoms that
increases the local density of the fluid [3]. There are different ways to define clusters using
energetic or geometric criteria [48], [49]. In the present study DBSCAN is used, which assigns all
atoms or molecules within a specific distance to the same cluster. We considered the distance to
be 5.084A which represents the location of the first peak in the radial distribution function (RDF).
The minimum points (MinPts) parameter for the DBSCAN method were set 4 in this study.
Moreover, the Hill method [48] (energetic criteria) cluster definition and its comparison with
DBSCAN method (geometric criteria) is presented in supplementary information for gas-like,
supercritical and liquid-like state which shows that these methods are comparable (see

Supplementary Figure 1).

To ensure of the accuracy of our force field, before studying the dynamics of Xenon solvent and
its effect on lodine recombination, we performed ReaxFF-MD simulations for a system consisting
of 11000 Xenon atoms at a temperature of 320K and compared the clustering behavior predicted
by the ReaxFF method with Lennard-Jones potential which reported by Yoshii and Okazaki [49].
The results of these simulations are reported in Table 1 for different densities. The results
demonstrate that increasing the density, and consequently the pressure, leads to the formation of
larger clusters. In the first case, the majority of the atoms contribute to a single large cluster
consisting of 6733 atoms. In contrast, the second and third cases exhibit a higher number of smaller
clusters, predominantly with sizes of 10 and 4 atoms, respectively. The literature has also
illustrated the structure of clusters with three and four atoms which we were able to confirm. The
average number of each cluster size during the simulation using DBSCAN method and their
structures obtained from OVITO for the system with density of 0.055 g/cm? are presented in figure
3.

Table 1. Simulation Conditions and Largest Xenon Cluster Sizes: Current Study vs. Literature

Current Study .
First case Second case Third case Literature [49]
# of Atoms 11000 11000 11000 10976
Temperature (K) 320 320 320 290-320




Density (gram/cm®) 8.2122 0.51407 0.05516 0.055-2.7

Largest Cluster Size 6733 10 4 Up to 500
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Fig.3. ReaxFF accuracy compared to Lennard-Jones potential for the system with a density of 0.05516
g/cm’. (a) Average number of clusters with specific size diagram, (b) Structures of clusters with size
three and four from Lennard-Jones force field (Blue clusters) and ReaxFF forcefield (Green clusters)

MD simulations.

To study the system size effect on the cluster size distribution and reducing the effect of the finite

size of the simulations on the clusters, various systems were modeled with 500, 1000, 4000, and



10000 Xenon atoms, all maintained at a temperature of 290 K and a pressure of 58.98 bar. An
examination of the cluster size distribution for these systems, as illustrated in figure 4, reveals a
subtle increased occurrence of clusters at a consistent size and the formation of somewhat larger
clusters by increasing the size of the system. This suggests that systems with size range of 1000
atoms to 10000 atoms are behaving quite similar in the formation of clusters and we can use

smaller system with size of 1000 atoms to reduce the computational cost.
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Fig.4. Cluster size distribution for different systems at a temperature of 290 K and a pressure of 58.98 bar

To understand the behavior of the Xenon system at different thermodynamic state conditions,
simulations with different temperatures in the range of 202.6- 636.6K and the same pressure of
58.98 bar were performed. The properties of the supercritical Xenon system change when crossing
the Widom line. The Widom line is determined as the locus of the maxima of different
thermodynamic response functions, originating from the critical point. The slope of this line used
for the Xenon system in our study was obtained from NIST [50].

Figure 5 presents the cluster size distribution as well as the largest cluster for different temperatures
of an isobaric condition which is the transition from liquid-like state to gas-like state. Figure Sa
clearly shows the formation of larger clusters in the liquid-like state, and as we move toward the

gas-like state, the largest cluster size decreases [3]. It is worth mentioning that while the largest



cluster belongs to the liquid-like state, due to its high density, most atoms belong to the largest
cluster (explaining the liquid-like state).
Figure 5b, where 's' represents the number of atoms in a cluster, and 'n(s)' represents the probability
density of cluster of size 's', shows that at subcritical temperature conditions (liquid-like state),
atoms contribute more toward the formation of clusters and most atoms belong to a single large
cluster. As the temperature increases and the system reaches a supercritical state, the large cluster
fragments into several clusters of different sizes. If the temperature is increased beyond the critical
point, causing the system to transition to a gas-like state, only a few clusters will remain.

To obtain a large number of clusters in a system with a reasonably large size, the Widom line would

be the optimal condition.
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Fig.5. Liquid-like gas-like state transition for a system containing 1000 Xenon atoms
a) Largest cluster size, b) number of clusters with specific size, at different Temperature conditions at pressure
of 58.98 bar crossing the Widom line. The snapshots show the clustering in MD simulation at different
temperature conditions. Xenon atoms are represented in dark green, and clusters are shaded in light green.

To investigate changes in the fluid behavior for different thermodynamic conditions along the
Widom line, we performed ReaxFF-MD simulations for different supercritical conditions. In figure
6, the cluster size distribution diagram for a system comprising 1000 Xenon atoms is displayed for
each condition depicted inset. This diagram shows that the system behaves more like a liquid as it

moves away from the critical condition.
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respectively.

3.3. Clusters lifetime

Examining the lifetime of Xenon clusters is crucial, prior to delving into analysis of Iodine
recombination within the Xenon system at supercritical conditions. Clusters with lifetime
comparable to lodine recombination timescales can influence the reaction kinetics through caging
effect. The cluster's lifetime has been defined as the duration between its formation and the point
at which it loses half of its initial atoms. The average lifetime of each cluster is illustrated in figure
7 for a system consisting of 1000 atoms at a temperature of 290 K and different pressures. The
initial observation indicates that the size of a cluster and its lifetime are positively correlated, which

is consistent with findings reported by Yoshii et al. [49]. Furthermore, given the expected rapid



formation of lodine molecules (0.6-10 ps [51], [52]), it appears that the average lifetime of Xenon
clusters in ranges between 5-11 ps is sufficient to accommodate Iodine atoms within them prior to

recombination.

Average Lifetime (ps)

102

Cluster Size
Fig.7. Average lifetime of clusters for a system consists of 1000 Xenon atoms at a temperature of 290 K

3.4.Iodine recombination

To study the lodine recombination in Xenon solvent using ReaxFF-MD simulations, a system
consisting of 10000 Xenon and 250 Iodine atoms was modeled at a temperature of 290 K and a
pressure of 58.98 bar employing different ensembles (single thermostat NVT with temperature
damping of 1000 fs, Multiple thermostat NVT with temperature damping of 1000 fs for Xenon
atoms and temperature damping of 1000000 fs for lodine atoms, and NVE), with a timestep of
0.25 fs for 1 nanosecond (ns).

The number of Iodine molecules has been tracked, as well as the potential energy and the
temperature of the system in figure 8. The solid lines in this diagram are the average value for ten
runs with random starting configurations and translucent area in temperature and potential energy
curves indicates the error band. In experimental conditions, the system is maintained at a given

temperature due to the small number of Iodine atoms added to the Xenon system and this can be



achieved via thermostats in the MD simulations. Therefore, NVE simulations which cannot
accurately mimic the supercritical condition of solvent with a linear temperature increase, is not a
good choice in Iodine recombination simulations. Within 1 nanosecond, 98 Iodine molecules were
formed within a nanosecond using multiple thermostats, and with the formation of each lodine
molecule, there was a rise in temperature and a decrease in potential energy. However, employing
a single thermostat NVT, there are 92 Iodine molecules at the end of the simulation, owing to the
stronger damping parameter on lodine atoms which prevent their recombination. Thus, the
Temperature fluctuations caused by lodine molecule formation for a simulation with multiple
thermostats are more evident than in a single thermostat case (Figure 8b).

The multiple thermostat NVT ensemble was implemented in the following simulations to study
Iodine recombination.

These simulations indicate that the Xenon clusters effectively increase the probability of the
formation of Iodine molecules since lodine atoms without a solvent to transfer excess energy can

hardly make a permanent I-I bond.
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Fig. 8. a) Formation of Iodine molecules and b) temperature and c) Potential energy change for a system of
10000Xenon and 250 Iodine atoms at a temperature of 290 K and a pressure of 58.98 bar

To gain further insight into the effect of thermodynamic condition on Iodine recombination, the
impact of the system's density on the recombination rate constant was investigated. To increase the
recombination probabilities, the system with 10000 Xenon atoms and 250 Iodine atoms modeled
at a temperature of 290 K and different densities of 10, 5x10%, 1073, 5x10-3, 102, 2x107?
mol/cm3.
The second-order rate constant can be obtained by calculating the concentration of free Iodine
atoms and Iodine molecules at each timestep [18].

_ 1 M Equation 3

[1]?2° dt

The diagram in figure 9 illustrates the recombination rate constant at different densities. An
increase in density increases the effective collision of lodine atoms by increasing the pressure,
resulting in higher Iodine recombination per timestep. The departure from linearity in this diagram
is due to an increase in density where the rate limiting process is diffusion. The highlighted part of
the curve is where the system is at supercritical condition and provides the highest recombination
rate constant.
We have examined the recombination rate constant for this system with a density of 10 mol/cm?
over longer timescales, specifically 1.5,2,3,4,5,6 nanoseconds. The recombination rate of lodine
is initially higher according to geminate recombination of lodine atoms within Xenon clusters, but

this would later converge since after that there would be only diffusive recombination (Figure 9b).



Thus, Extending the simulation time to these longer timescales aims to bring our results closer to

experimental findings.
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over simulation time ranging from 500 ps to 6 ns



Conclusion

In this study, we performed ReaxFF reactive force field MD simulations to investigate the
dynamics of Xenon solvent under different state conditions, as well as to determine the highest
rate of lodine recombination reaction in this solvent.

We developed Xe/l force field parameters against a set of data obtained from DFT calculations so
that the developed force field can reproduce the dissociation energies of each atomic pair well.
Further validation is accomplished via cluster size and structure analysis, showing good agreement
with a Lennard-Jones MD simulation study.

Cluster size distribution analysis for Xenon solvent shows that the supercritical condition,
significantly closer to the critical condition, with large number of reasonably large size clusters, is
the best thermodynamic condition to study the cage effect. Our findings reveal Xenon clusters as
a favorable environment for accommodating lodine atoms prior to recombination due to clusters'
lifetime in ranges of 5-11 ps. Importantly, our findings highlight the significant impact of Xenon
solvent on the recombination kinetics of lodine, showing higher recombination rates in systems
with higher density, with the effect being pronounced in the supercritical condition. Beyond
supercritical condition, with the high pressure condition where the diffusion is the rate limiter, the
recombination rate decreases.

This comprehensive investigation not only enhances our understanding on how solvents influence
recombination processes but also provides valuable insights into the design of effective reaction

environments for more complex chemical reactions.
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