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ABSTRACT

Carbon dioxide and water can form solid clathrate structures in which water cages encapsulate the gas molecules. Such hydrates have sparked
much interest due to their possible application in CO, sequestration. How the solid structure forms exactly from the liquid phase via a
homogenous nucleation process is still poorly understood. This nucleation event is rare on the molecular timescale even under moderate
undercooling or supersaturation conditions because of the large free energy barrier toward crystallization, rendering a brute force simulation
of hydrate nucleation unfeasible for moderate undercooling or supersaturation. Here, we perform transition interface sampling simulations
to quantify the homogenous nucleation rate for CO, hydrate formation using accurate atomistic force fields at 500 bars for three different
temperatures between 260 and 273 K. Collecting more than 100 000 pathways comprising roughly two milliseconds of simulation time, we
computed a nucleation rate in the amorphous phase of ~10*' nuclei s~ cm™ for a temperature of 260 K and a rate of ~10'? nuclei s™! cm™?
for a temperature of 265 K. For a temperature of 273 K, we find that the hydrate forms an sI crystalline phase with a rate of order of
~10" nuclei s™' cm™*. We compare these rates to classical nucleation theory estimates as well as experiments, and to nucleation rate esti-
mates for methane hydrates and discuss possible causes of the observed differences. Our findings shed light on the kinetics of this important
clathrate and should assist in future hydrate formation investigation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044883

I. INTRODUCTION

Mixtures of carbon dioxide and water can form solid hydrates
or clathrate structures in which water molecules encapsulate the
guest with hydrogen bonded ice-like cages." Potential applications
of these hydrates range from gas storage to sequestration of CO,,
which can have an impact on global warming.” Other applications
of CO; hydrates include usage as a fire extinguisher, as refrigerants,”
and in cold energy storage.” Furthermore, there have been reports
on abundant presence of CO;, hydrates on Mars.’

Hydrated CO; clathrates contain a much larger fraction of
guest molecules than can be dissolved in water under ambient con-
ditions.” The primary forces stabilizing the hydrates are the attrac-
tive van der Waals force between guest and host molecules and
the hydrogen bonding between the interconnected water molecules.
These forces allow the CO, hydrates to assemble into either crys-
talline (sI structure) or amorphous forms.” The thermodynamically
stable crystal structure I (sI) consists of a regular lattice of 5126% and

5'% cages, where the superscript indicates the number of waters in
either pentagonal or hexagonal geometry of the cage facet. These
cages are packed in the crystal lattice in a cubic arrangement with
a ratio of 3:1, where the hexagons of two 5!262 are shared to form
connected rows. Smaller guest molecules such as hydrogen prefer
structure II, a different thermodynamically stable polymorph, where
5'26 is the larger cage. At high driving force, the CO, hydrates are
known to nucleate into amorphous polymorphs in which the 4'5'°6>
cage type is most abundant.”” At higher pressures (6-18 kbar),
another stable crystalline hydrate structure can form, characterized
by helicoidal channels."’

Precise knowledge of the molecular kinetics of formation
of these (synthetic) hydrates allows a better control of this pro-
cess. Hydrates form from solution by nucleation, a process that is
described by classical nucleation theory (CNT)."" For homogenous
nucleation, CNT postulates a growing spherical nucleus inside the
metastable liquid phase, under conditions of moderate undercool-
ing or supersaturation, where the solid phase has a lower chemical
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potential than the liquid phase. This chemical potential difference
is also referred to as the driving force. At small nucleus sizes, the
positive solid-liquid surface energy exceeds the negative difference
in driving force, leading to a free energy barrier. Since the sur-
face grows as the square of the radius and the volume grows as its
cube, the nucleation free energy reaches a maximum, followed by
a decrease that corresponds to spontaneous further growth into the
solid. The height of this barrier is determined by the liquid-solid
surface tension and the driving force. The barrier height can eas-
ily be many times the thermal energy, rendering the nucleation an
unlikely, or rare, event”'”'* to observe computationally. Only due
to rare thermal fluctuations, a nucleus of a size corresponding to
the free energy maximum, the so-called critical nucleus, emerges.
At this point, there is an equal probability to grow further into a
solid phase or dissociate again into the liquid phase."” CNT can esti-
mate the rate of nucleation but makes several assumptions about
the nucleation process, such as the precise shape and composi-
tion of the growing nucleus, the surface tension, and the driving
force, as well as the nature of the diffusive dynamics. Therefore,
in recent decades, computer simulations have been used to quan-
tify rates and understand the mechanisms in complex molecular
transitions.'

While there have been previous simulation studies on the
nucleation mechanism of CO, hydrates,”'” up to now, none of
these studies employed atomistic molecular simulation to compute
the nucleation rate. Since atomistic force fields are used extensively
in CO; hydrate simulation studies, it is important to establish the
nucleation rate using the same force fields and subsequently per-
form a comparison with experiments. One of the main challenges in
performing such simulations is due to the rare event nature of nucle-
ation, which means brute force molecular dynamics simulations are
utterly unfeasible. An alternative approach is to use enhanced non-
Boltzmann sampling to bias the system over the barrier, e.g., by
metadynamics'® or umbrella sampling.'’ However, such approaches
disturb the underlying Hamiltonian, resulting in unphysical kinet-
ics. Trajectory based methods, such as transition path sampling
(TPS), do not suffer from this shortcoming and can lead to unbi-
ased exploration of the underlying free energy landscape. Indeed,
we recently investigated the homogenous nucleation process of both
methane and CO, hydrates employing transition path sampling

methodology with fully atomistic molecular force fields.”'>*" This
led to novel insight into the transition mechanism, structure, and
dynamics.

In this work, we focus on the quantitative prediction of the
hydrate nucleation rate. Predicting the nucleation rate with tra-
jectory based methods employing atomistic force fields is notori-
ously difficult, although several studies have successfully applied
such methods, notably forward flux sampling, to compute the nucle-
ation rate for molecular systems such as ice,”** hydrate,” and other
sys'[ems.l1

Here, we employ transition interface sampling (TIS),” an
extension of TPS, that can efficiently compute rate constants for
complex systems.”” *’ In previous work, we have estimated the
homogenous nucleation rate for methane hydrates using TIS."”
In this work, we apply TIS to the estimation of the nucleation
rate of CO, hydrate at high pressure and moderate undercool-
ing (or supersaturation). This allows us to estimate the nucleation
curve as a function of the degree of undercooling and compare to
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experiments. Similar to our previous work and other work,” we per-
form the computation at high pressure (500 bars) where we know
the clathrate structures to be stable. We investigate three temper-
ature settings, 260, 265, and 273 K. These temperatures were cho-
sen because they lead to nucleation into amorphous (260 K), mixed
(265 K), and crystalline(273 K) CO; hydrate phases based on our
previous work.” Therefore, these cases cover the reaction kinetics
for different nucleation mechanisms or channels. For these cases,
the barrier height is moderately high, roughly between a few tens
and a few hundreds of kpT. Such barriers are high enough to make
the nucleation a rare event on the molecular timescale while still low
enough to render homogenous nucleation feasible.

As discussed in our previous work,”'” the predicted nucleation
rate cannot be directly compared to experiment due to the artifi-
cially high driving force induced by the spherical reservoir, which is,
in turn, caused by the necessity of a small system size to make the
computation tractable. To still make a comparison with experiment
possible, we correct the rate prediction for the curved vapor-liquid
interface of the reservoir. We find that this correction lowers the rate
substantially. We discuss the consequences for this finite size effect
and compare to experiments as well as to our previous rate estimates
for homogenous methane hydrate nucleation.

The paper is organized as follows: In Sec. II, we introduce the
simulation methods and techniques used to estimate the rate. This
is followed by a presentation and discussion of the results. We end
with concluding remarks.

Il. METHODS
A. System description and MD simulation details

Molecular dynamics (MD) simulations require a force field
to generate trajectories. To obtain dynamics as close to reality as
possible, while remaining tractable, we use the accurate (but com-
putationally expensive) Transferable Potentials for Phase Equilibria
(TRAPPE)” and the TIP4P-Ice force fields™ to represent CO, and
water, respectively. We employed a modified version of TRAPPE,
which was previously successfully used to study the nucleation of
CO; hydrates.”” The computed melting temperature for this model
at a pressure of 500 bars is around 284 K.” The system size was
similar to that in previous studies of clathrate nucleation®”'**’
and comprised of a total of 2944 water and 512 CO, molecules.
While admittedly small, this system size is necessary to allow such
an extensive path sampling simulation consisting of thousands of
paths.

Trajectories were generated with the OpenMM 7.1.1°"" MD
engine using the CUDA platform on NVIDIA GeForce GTX TITAN
1080Ti Graphics Processor Units (GPUs). The Velocity Verlet with
Velocity Randomization (VVVR) integrator (from openmmtools”)
was used to integrate the equations of motion. The integration time
step was set to 2 fs. The van der Waals cutoff distance was 1 nm. Long
range interactions were treated by the particle mesh Ewald tech-
nique. The MD simulations were performed in the NPT ensemble
using the VVVR thermostat (frequency of 1 ps) and a Monte Carlo
barostat (frequency of 4 ps).

When simulating in the initial undercooled liquid state, the
(super)saturated solution is in equilibrium with a spherical bubble
of CO; gas. A similar spherical gas reservoir setup has been used

J. Chem. Phys. 154, 164507 (2021); doi: 10.1063/5.0044883
Published under license by AIP Publishing

154, 164507-2


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

previously to study methane,” ethane,” and propane’ clathrate
formation. The excess (Laplace) pressure due to this bubble will
increase the saturation level of the gas,” yielding a lower nucleation
barrier but still high enough to avoid spontaneous nucleation.

B. Order parameter definition

We employ the size of the largest solid cluster based on the
mutually coordinated guest (MCG) order parameter to place the
interfaces. This measure for the size of the nucleus has been used
previously in simulation studies’””"** to calculate rate of nucle-
ation. The mutually coordinated guest (MCG) order parameter’’
counts the number of CO, gas molecules involved in the largest solid
nucleus in the nucleating hydrate system. Each CO, gas molecule
(guest molecule) is checked whether its neighboring (methane and
water) molecules satisfy a set of geometric constraints.” If so, that
CO; is a MCG monomer. Neighboring MCG monomers are part of
the same cluster. The largest connected cluster in the system is then
identified using a cluster algorithm. The MCG order parameter is
defined as the size of this largest (solid) cluster. Here, we use MCG-1
(and refer it to as MCG) as it checks for any possible occurrence of
nucleus formation compared to MCG-3, which only identifies the

AG
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stable nucleus.”” We determined the MCG using a home written
analysis code.

C. Stable state definition

TIS requires a definition of the stable state in the acceptance
criteria of the shooting move. Here, we define the liquid stable state
by the absence of any cluster larger than a 10-mer, i.e., MCG < 10.
Different solid state definitions were chosen for each temperature to
allow efficient sampling of interfaces. We define the solid stable state
by the presence of a largest cluster size MCG > 150 for 260 K, MCG
> 180 for 265 K, and MCG > 200 for 273 K as the critical nucleus
increases with temperature (see Fig. 1 A). An important aspect is that
these stable state definitions do not impose the final solid state to be
amorphous, crystalline sI, or even sII. All structures are acceptable
as a final state in the path sampling and the system is free to choose,
which phase is more favorable.

D. Transition interface sampling

The ultimate aim of path sampling is to compute the kinet-
ics of rare transitions without relying (so much) on a predefined
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FIG. 1. Overview of TIS sampling performed for CO, hydrates under three different conditions. Green, orange, and blue color represent 260, 265, and 273 K in each subplot.
(a) Schematic of nucleation free energy barrier at three different temperatures. Both the size of the critical nucleus (x axis) and the free energy barrier height (y axis) increase
with temperature, as predicted by CNT. The vertical lines connecting the top of the barrier to the x axis show the location of the critical nucleus. (b) Normalized path length
histograms for the MCG = 60 interface for the three temperatures. Note that different bin sizes are used for plotting the histogram. (c) Average path length (in ns) for TIS
pathways for different temperatures as a function of the location of the interfaces (in terms of the MCG). The path length increases with interface as pathways traverse a

larger section of the underlying free energy landscape.
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reaction coordinate. Transition interface sampling (TIS) belongs to
a family of transition path sampling (TPS)"* methodology ' and
was developed as an efficient alternative to the original TPS rate
constant calculation.”” While the TPS rate computation required a
slow transformation of the unbiased to constrained path ensembles,
TIS defines a set of non-intersecting interfaces: high dimensional
surfaces that are parameterized by an order parameter capable of dis-
tinguishing between stable states, but not necessarily along the true
reaction coordinate; TIS then samples paths that are constrained
to cross these interfaces, in the same way as TPS does, by employ-
ing a Monte Carlo based path generation scheme called shooting.
The overall transition rate is expressed as kap = @y, the flux of
trajectories through the final interface n (equivalent to state B), pro-
vided that they came directly from state A. This flux can, in turn, be
written as the product @0 = ®10Pa(n|1), where @1 denotes the
flux through the first interface for trajectories coming from state A
(interface 0) directly and P4(n|1) denotes the crossing probability,
the probability that a trajectory coming from A, and crosses the first
interface, also reaches the last interface n. As P4(n|1) is very small,
TIS replaces this crossing probability by a product of #n crossing
probabilities,

n—1
kap = ®10Pa(n|1) = D1o [ ] Pa(i+1]i), (1)

i=1

where P (i + 1[i) is the probability that trajectories coming directly
from the initial state A and crossing interface i are able to reach
interface i + 1. A shooting algorithm similar to that of TPS is used
to create new trial dynamical pathways that either go forward or
backward in time, which are then accepted or rejected based on a
Metropolis criterion.””*" TIS employs flexible shooting in which the
MD trajectories can be stopped whenever a stable state is reached. In
our implementation of TIS for this work, all paths are leading either
from A to A or from A to B. To improve sampling efficiency, we
employed one-way shooting, and a Gaussian bias shooting scheme,
which selects the new frame for path generation close to the location
of the interface.”’ This helped in getting an acceptance ratio close
to 60%. Another aspect to improve efficiency is placing the inter-
faces judiciously such that sufficient overlap exists with a minimum
number of interfaces.

For the lower interfaces, the sampled pathways tend to become
very short in terms of the number of frames, which hampers
adequate decorrelation of pathways. Therefore, for this set of
lower interfaces, we employed the replica exchange TIS algorithm
(RETIS), which allows for exchange of paths between neighboring
interfaces.” "

E. TIS and RETIS simulation details

Al TIS and RETIS simulations were performed using the Open
Path Sampling (OPS) package.”** The MCG order parameter acts
as a progress variable to define the interfaces along the nucleation
process. Even though the use of path sampling speeds up the sam-
pling exponentially, the average duration (length) for a full transition
path from liquid to solid at 273 K and 500 bars pressure is in the
order of a few 100 ns. This makes the path sampling computationally
expensive, requiring the use of GPUs.

ARTICLE scitation.org/journalljcp

We used a saving frequency of 100 ps due to I/O and storage
space limitation, i.e., during the molecular dynamics simulation, the
snapshots of the system are stored only once every 100 ps. This rel-
atively low saving frequency should neither affect the mechanism
nor the rate constant as the average transition time is already 100s
of nanoseconds and the residence time is many orders of magnitude
longer. Indeed, the resulting rate from TIS is independent on saving
frequency as a lower flux due to missed interface crossings for lower
frequencies is compensated by an increase in the crossing probability
for the final interface.

The interfaces for regular TIS were set at 8-14 different loca-
tions along the MCG order parameter as given in Table I. Since paths
that are sampled in interface i should have a reasonable chance of

TABLE |. Sampling details for all interfaces performed at 260, 265, and 273 K. The
first 9 (or 10 in case of 270 K) interfaces are sampled using RETIS. The path length
for standard TIS was measured between MCG = 10 to MCG = 150 (180 and 200 for
265 and 273 K, respectively). The third column gives the number of accepted paths,
the number of trials, and the acceptance ratio (in percentage) in brackets. The last
column gives the number of decorrelated paths.

MCG L (ns) Acceptance (%) Nec
260 K
11 0.86 892/1696(52.9) 131
12 1.41 984/1727(56.9) 144
13 2.15 888/1605(55.3) 120
14 2.15 923/1705(54.4) 89
15 3.62 903/1718(52.4) 71
16 2.15 935/1704(54.8) 92
17 2.15 914/1700(53.7) 108
18 2.15 915/1737(52.6) 118
19 2.15 1577/3134(50.3) 68
20 0.9 6970/10000(69.7) 472
30 3.4 5491/8594(63.8) 644
40 12.2 1316/2162(60.8) 246
50 17 947/1651(57.36) 127
60 33 374/695(53.8) 73
70 70.8 247/421(58.67) 65
80 87.1 196/384(51.8) 40
85 147 47/71(66.20) 11
265 K
11 0.86 1711/3120 (54.8) 131
12 1.41 1539/3091 (49.7) 95
13 2.15 1577/3134 (50.3) 104
14 2.15 1577/3134 (50.3) 98
15 3.62 2767/5000 (55.3) 221
16 2.15 1577/3134 (50.3) 301
17 2.15 1577/3134 (50.3) 221
18 2.15 1577/3134 (50.3) 133
19 2.15 1577/3134 (50.3) 125
25 1.0 7658/10 000 (76.58) 386
30 1.5 3533/4883 (72.35) 213
40 2.9 3262/4424 (73.73) 175
50 8.5 1589/2495 (63.69) 163
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TABLE . (Continued.)

MCG L (ns) Acceptance (%) Nec
60 12 1046/1596 (65.5) 107
70 20.6 1073/1748 (61.38) 114
80 31.3 656/1110 (59.10) 70
90 43.5 500/759 (65.88) 79
100 511 406/637 (63.74) 44
110 77.3 476/630 (75.56) 28
120 90.5 164/370 (44.32) 13
130 139.1 143/301 (47.51) 16
270K
11 0.1 1711/3120 (54.8) 101
12 0.2 1539/3091 (49.7) 55
13 0.3 1577/3134 (50.3) 68
14 04 1577/3134 (50.3) 48
15 0.5 2767/5000 (55.3) 121
16 0.6 1577/3134 (50.3) 168
17 0.7 1577/3134 (50.3) 178
18 0.78 1577/3134 (50.3) 118
19 0.81 1577/3134 (50.3) 108
20 0.85 2684/5000 (53.6) 91
30 0.89 8403/10 000 (84.03) 73
40 1.5 8545/10 000 (85.45) 102
50 3.0 4184/4605 (90.8) 40
60 49 4982/6197 (80.39) 105
70 53 8250/8972 (91.95) 44
80 9.1 7542/9704 (77.72) 183
90 11.1 5865/7709 (76.08) 48
100 11.1 6438/7330 (87.83) 63
110 16.2 4305/4817 (89.37) 47
120 21.6 2731/4058 (67.3) 191
130 26.9 1974/2872 (68.73) 115
140 28.4 2316/3330 (69.55) 158
150 42 357/576 (61.98) 47
160 61 54/98 (55.10) 9

reaching interface i + 1, the choice for these interface values was
based on sufficient overlap of the crossing histograms from one
interface to the next. In general, the rule of thumb for TIS is that
this probability should be roughly 0.20. However, due to the steep-
ness of the barrier (especially in the beginning of the barrier), this
is not always the case as we have also seen in the case of methane
hydrate nucleation.'”

The initial path to start the TIS was taken from our previ-
ous TPS work (for each temperature). These paths look similar
to the representative paths shown in Fig. S7 of the supplementary
material in our TPS work on CO; hydrate nucleation.” TIS sampling
requires a shooting algorithm, and we used one-way shooting move
where the shooting points were selected from a Gaussian distribu-
tion in the MCG variable, centered around the interface value, with
a width parameter of & = 0.03. This biased shooting setup is identical
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to the one we used in our previous work on methane hydrate nucle-
ation.'” Table I gives the TIS details in terms of the number of trial
shots, the acceptance ratios, the average path length, and the number
of decorrelated paths. Figure 1B and C show a graphical representa-
tion of path length distributions and averages, respectively. The total
aggregate simulation time was around 2 ms, which took a total of
7 months of wall clock time on our GPU setup.

The initial interfaces for each temperature typically have very
short pathways, hampering decorrelation. Therefore, we employed
Replica Exchange TIS (RETIS) to enhance this decorrelation
through exchange of pathways between interfaces. For each tem-
perature, independent RETIS simulations were performed between
interfaces MCG = 11-20 (see Table I). In total 22422, 22937 and
10231 MC moves were done for 260, 265, and 273 K, respectively,
with an average acceptance ratio of 60%. The path exchange move
was attempted 4871, 6962, and 1640 times and the minus move
was performed 347, 357, and 147 times for 260, 265, and 273 K,
respectively (with 100% acceptance for the minus move'”).

Illl. RESULTS AND DISCUSSION
A. Crossing probability for each interface

We performed TIS on a CO,-water mixture at 260, 265, and
273 K (at 500 bars) to measure the rate of homogenous nucle-
ation. Several details of each interface simulation such as the aver-
age path length, decorrelation, and acceptance ratio are given in
Table I. The supplementary material also contains path trees, shoot-
ing point locations, and path length distributions, which enables
visualization of the sampling quality for each interface. The cross-
ing probabilities for each of the interfaces in TIS and RETIS are
plotted in Fig. 2 as a function of the MCG order parameter. After
a steep decline in the probability curves for the initial part of the
barrier (lower interfaces), the curves slowly flatten when reaching
higher MCG values. To accommodate this behavior, we placed the
interfaces close to each other in the initial part of the barrier so
that the trajectories sampling a particular interface can reach the
next interface. While ideally each interface should have 20% overlap
with next interface’s crossing probability, there is sufficient over-
lap to apply the weighted histogram analysis method (WHAM)"’
to join each individual histograms. The resulting total crossing
probability histograms are shown in the right panels of Fig. 2. The
statistical error in the crossing probabilities was measured using
bootstrapping.'” Details about the bootstrapping method are given
in the supplementary material. The overall error in the rate constant
is roughly 1-2 orders of magnitude.

B. Evaluating the flux

The effective positive flux out of the liquid state through the
first interface is measured using the minus ensemble of the RETIS
protocol. The flux through MCG = 10 is ®11,39 = 0.642 + 0.109 ns™",
D110 = 0.091 + 0.08 ns™', and ®y10 = 0.081 + 0.011 ns™! at
260, 265, and 273 K, respectively. Note that these flux values will
be dependent on the saving frequency, and should be matched
with a crossing probability obtained with same saving frequency.
However, we stress that the final answer is independent on saving
frequency.
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FIG. 2. Crossing probability as a function of the MCG for temperatures 260, 265, and 273 K. Left column: The individual crossing probabilities for each sampled interface
plotted along the progress order parameter MCG. Vertical lines indicate interface locations. The horizontal line (in gray) demarcates the 0.20 threshold for the next interface.
Right column: The total crossing probability (TCP) along the progress parameter MCG, joined using WHAM. The TCP curve plateaus at post critical MCG values.

C. Nucleation rate calculation

The nucleation rate is estimated as the product of the effective
positive flux through the first interface and the total crossing
probability to reach the final state, measured at MCG = 110,
150, and 180 for 260, 265, and 273 K, respectively. This yields
kAB = @11,10PA(110|11) =0.642 x 3.0 x 10_7, kAB = @11,10PA(150|11)
= 0091 x 6.1 x 107", and kap = ®11,0P4(180]11) = 0.0814
x 3.0 x 1072 nuclei per nanosecond per simulation volume for
260, 265, and 273 K, respectively. As this rate (constant) is the
expected homogenous nucleation events per unit time in the simu-
lation volume, we can easily estimate the rate in terms of the number
of nuclei per second per cubic cm. Assuming nucleation events are
independent from each other, this is simply determined by the size
of the used simulation box. For our simulation, the box volume
V = 110.5 nm’, yielding an overall nucleation rate of Jrys = kag/V
=1.32 x 10°', 4.85 x 10'%, and 2.50 x 10 ' nuclei cm™> ™" for the
260, 265, and 273 K cases, respectively. Again, the error is around
1-2 orders of magnitude.

This shows that in just a difference of 13 K in temperature, the
rate differs by more than 20 orders of magnitude for CO, hydrate
nucleation. Of course, in terms of undercooling, the difference is
larger: 273 K corresponds to 11 K undercooling, while 260 K is
around 24 K below the melting point, thus doubling the degree of

undercooling. Still, the nucleation rate is extremely sensitive to the
temperature.

We note that the total crossing probabilities for 265 and 273 K
are not completely smooth due to the incomplete sampling of the
path ensembles. While full convergence will require more sampling,
based on our experience, the overall order of magnitude of the nucle-
ation rate will not change significantly (and stay within the error
bars).

D. Comparison with experiments

At 260 K, the nucleation process yields mostly an amorphous
solid, while at 273 K, a crystalline solid forms. At 265 K, both amor-
phous and crystalline pathways were sampled, as reported in our
previous study.‘) Recent experiments‘;” on homogenous nucleation
of CO; hydrate measured the nucleation rate from 273 to 286 K,
which can be used to compare our results (see Fig. 3). At 273 K, our
prediction is almost 20 orders of magnitude lower than the exper-
imental rate. This discrepancy is likely due to systematic errors,
e.g., in the force fields, and/or due to the simulation setup and the
resulting finite size effects.

Part of the discrepancies can be explained by the difference
in melting temperature for the CO, hydrate between experiments
vs simulations. As shown in Fig. 4 of Ref. 29, at 500 bars, the
experimental melting point is roughly 5 K higher than the predicted
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FIG. 3. Temperature dependence of the logarithmic nucleation rates. Our rate pre-
diction (black circles) at 273 K is below the experimental measurements from
Ref. 50 (light gray curve and red squares). The statistical error estimated from
bootstrapping is of the order of the size of the circles. The red curve is the CNT
rate prediction for the spherical gas reservoir with a curved vapor-liquid interface,
fitted to the simulated rates (circles). Note that this curve does not match the exper-
imental one and even has a different trend as a function of temperature due to the
presence of the spherical gas reservoir. The green curve is the CNT corrected rate
for a flat vapor-liquid interface (see the text), which shows a trend much more
similar to the experiments, albeit shifted to lower temperature.

melting temperature for the model. This implies that a simulation
will tend to underestimate the amount of undercooling and hence
the nucleation rate.

Another explanation for the large discrepancy involves the pos-
sibility that the experiments are influenced by heterogenous nucle-
ation. While ruled out in Ref. 50, heterogenous nucleation might
still play a role, leading to higher experimental rates, compared
to homogenous nucleation. Yet another explanation involves the
chemistry of CO; in water. Solvation of CO; in water induces a
chemical reaction leading to formation of carbonic acid, which will
influence the kinetics, and may alter the rate of nucleation.

Finally and importantly, our simulations experience finite size
effects that can be substantial. For instance, due to the necessity of
a small simulation box, the critical nuclei might be affected by the
periodic boundaries. In the supplementary material, we show that
while this is not the case for the lower temperatures, it is true for the
273 K system where the critical nucleus size is sufficiently large to
be probably affected through the periodic boundaries. However, this
effect would rather lead to an increase in the predicted rate, so our
estimate would have been very high rather than very low.

Another finite size effect is the variation in the solute con-
centration during the crystallization process, as the CO, molecules
are depleted from the solution while being incorporated into the
solid hydrate nucleus. In the supplementary material, we show
that this effect is also relatively small since the mole fraction of
CO; during the nucleation trajectory remains roughly constant at
Xco, = 0.08.

Probably, the largest finite size effect is that, due to the small
system size, the CO, gas reservoir in the liquid phase is spherical
with a curved gas-liquid interface that induces a Laplace pressure,
which, in turn, increases the driving force. However, correcting for
this curvature would again lower the nucleation rate prediction,
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moving it even further away from the experimental measurements.
To get some more insight into the effect of the spherical reservoir,
we therefore inspect the nucleation process with CNT.

As a side note, we point out that small gas bubbles have
been reported to exist experimentally during the nucleation process
and impggt the kinetics by increasing the dissolution of the gas in
water.”

E. Comparison to CNT

We estimate how the predicted rate will change due to the
curved vapor-liquid interface’™ of the spherical CO, reservoir by
first looking at a simple CNT approximation, which states that the
logarithm of the nucleation rate is given by InJ ~ —Au™2 + const,
where the proportionality factor and constant involve the kinetic
prefactors and properties such as surface tension. We assume that
these latter properties are constant and do not change over the tem-
perature range of interest. The driving force is approximated by
Au = AS(Tm — T) + AAy, where AS is the difference in the entropy
of the liquid and the solid phases and AAy is the additional driv-
ing force due to the curved vapor-liquid interface of the spherical
reservoir (see Sec. 2.8 of the supplementary material of Ref. 9 for
further details). Here, we set AS = 141 JK™! mol™!." We can fit this
relation to match the TIS rates for the three temperatures, where we
assumed independence on the solid phase for simplicity. Figure 3
plots the resulting fit as a function of temperature, together with the
TIS rates as well as the experimental estimate from Ref. 50. Naturally,
the fitted (red) curve agrees well with the TIS results. However, the
slope of this curve is lower than the experimental data as due to the
additional driving force of the curved vapor-liquid interface, the rate
remains finite even at the melting temperature. Therefore, we also
include the CNT-based (green) curve for a flat vapor-liquid inter-
face, which is estimated by subtracting the additional term AAy due
to the spherical gas bubble from the driving force. The rate of nucle-
ation for a flat vapor-liquid interface is thus substantially smaller
and behaves more similar to the results from Ref. 50, albeit shifted
to alower temperature (around 15-20 K lower). However, due to the
various assumptions in these CNT estimates, and the strong sensi-
tivity of the rate, it is not clear whether or not this is incompatible
with the conclusion that homogenous nucleation is unfeasible.”® We
stress once more that all these CNT predictions should be taken as
qualitative, for instance, due to the assumptions made in the the-
ory and in the simplifying assumptions of independence on the solid
phase.

F. Comparison to CH, nucleation

Since we previously computed the nucleation rate for methane
hydrates using TIS,"” it is only natural to compare the prediction
for the CO, hydrate with that of the previous work and discuss
similarities and differences. At 500 bars, both methane and CO,
hydrates form a thermodynamically stable sI crystal below the melt-
ing temperature, respectively, at 303 and 284 K. For temperatures
below this melting temperature but above a temperature of 280 K
for methane and 263 K for CO>, nucleation occurs directly into the
crystal. Below that switching temperature, a metastable amorphous
phase is formed. In Ref. 12, we computed the nucleation rate for
methane hydrates at 280 K to be roughly 500 nuclei/s cm™>. In this
work, as discussed in the previous sections, for CO,, we computed
1.32 x 10%, 4.85 x 10", and 2.50 x 10 ' nuclei cm™ s™" for the
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260, 265, and 273 K cases, respectively. Due to the 19 K difference in
(expected) melting temperature, it is reasonable to compare the tem-
perature 280 K for CHy4 with that of 260 K for the CO, hydrate. For
these two temperatures, the nucleation behavior for the two hydrates
is roughly comparable as the observed critical nuclei are of similar
size, roughly MCG ~ 90. Note that for CO,, the transition from the
amorphous to crystal hydrate formation mechanism occurs between
263 and 265 K at slightly lower degree of undercooling.

Notwithstanding these similarities, the predicted rates differ
more than ten orders of magnitude, i.e., the CO, hydrates form
much faster at 260-265 K, compared to the CH, hydrate formation
at 280 K. This means that the barrier for CO; nucleation is a few tens
of kT lower than that of CH4. We can use again CNT to interpret
this result. First, we note that the hydrate-water interfacial tension
for CO, (~26 mJ m~2)”’ is lower than for CH4 (~32 mJ m~2). The
CNT barrier can be written as AG = (16/3)my’ (pAu)~* so that the
barrier height is reduced substantially, lowered by the lower tension.
On the other hand, the imposed driving force for CO; is actually
lower than for CHy, mostly due to the slightly lower entropy differ-
ence for CO, and CHy hydrates.”” The overall result is that the CO,
barrier is lower than the one for CHy at the same amount of rel-
ative undercooling, in line with the observed faster nucleation rate
for CO; hydrates.

An additional factor is the higher concentration of CO,
observed in the solution surrounding the nucleus (xco, = 0.08) at
the same degree of undercooling, compared to the methane case
(xcma = 0.02)" (see also the supplementary material). This differ-
ence is first of all related to the higher solubility of CO, with respect
to CH,, which is explained by a stronger dipole interaction of CO,
with water compared to methane-water. A second contribution to
the higher observed concentration of CO; is the increased Laplace
pressure due to the slightly smaller CO, gas reservoir. The result-
ing higher concentration of CO, in turn, leads to a faster flux of
CO; molecules and thus gives a higher chance to add to the growing
nucleus."” This also explains why we were able to perform the CO,
nucleation rate estimation at three different degrees of undercooling.
This was not possible for our previous work with methane hydrates,
owing to significantly computational challenges posed by the longer
average path length [see Fig. 1(c) in Ref. 12].

In this work, Fig. 1(c) shows an increasing average path
length with increasing TIS interface location and lower temperature.
Indeed, that the path length increases with the interface is logical, but
that it also increases for lower temperatures is less obvious as then
the nucleation barrier becomes lower. This effect might be explained
by the slower molecular kinetics of water at lower temperature,
leading automatically to longer pathways.

IV. CONCLUSION

In this work, we performed extensive path sampling simu-
lations with more than 100000 sampled pathways exceeding 2
ms aggregate simulation time in order to estimate the rate of
homogenous nucleation for solid hydrate in a CO,-water mixture
at high pressure (500 bars) and moderate supersaturation.

Our results confirm that with increasing temperature (or lower
driving force), the nucleation rate reduces in line with classical
nucleation theory. However, the predicted TIS rates are orders of
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magnitude lower than experimental measurements at the same pres-
sure. The necessity of a relatively small simulation box causes the
formation of a spherical CO, gas reservoir that, in turn, leads to an
increased driving force. This higher driving force leads to a higher
predicted rate constant than expected at the same pressure and
temperature. We can correct the TIS prediction for the spherical
reservoir such that it mimics the rate for a flat liquid-vapor interface.
The resulting rate curve as a function of temperature has a gen-
eral trend much more similar to the experiments but is shifted to a
lower temperature by roughly 15 K with respect to the experimental
curve. This difference might be (partly) caused by force field errors.
In future work, these finite size effects can be further examined.

The path ensembles also allow detailed atomistic insight into
the mechanism of the nucleation process, as extensively discussed in
our previous work.” In line with that work, we also find here that
with increasing temperature, the mechanism switches from forming
a metastable amorphous phase to nucleating directly into the stable
crystalline sI polymorph.

Similar to previous studies that have made rate predictions for
nucleation of ice and hydrate,”” our findings show that it is now
possible to directly compute nucleation rates with path sampling
and TIS at moderate undercooling or supersaturation using atom-
istic force fields. In particular, by sampling the entire molecular
dynamics pathways of the nucleation process, the TIS approach
bypasses any assumption made in the classical nucleation theory
(with the exception of the correction for the spherical reservoir of
course) and does not rely on the (precisely correct) definition of a
reaction coordinate.

The gained knowledge leads to an improved understanding of
the nucleation kinetics of CO, and other clathrates and can assist in
interpreting future hydrate formation studies.

SUPPLEMENTARY MATERIAL

The supplementary material contains path tree, shooting
points, and path length distribution for all the interfaces from 260,
265, and 273 K and additional information about computation of the
rate and flux error and effects of the small system size and driving
force on the simulation.
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