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1 Materials and Methods

1.1 System setup

The force field and simulation details are given in the Main Text. To obtain an initial

configuration, we performed a high temperature brute force simulation in a box containing

CO2 and water in the same stoichiometry as a 4x4x4 sI hydrate, i.e. 512 CO2 and 2944

water molecules. Note that the equilibrated configuration has a spherical gas bubble as a

reservoir for the CO2 molecules. This reservoir remains always spherical.

1.2 Order Parameters

For analysis purposes, we track various order parameters (OP) or collective variables (CV)

1. These order parameters can be divided into two categories, one measuring the size and

other measuring the structure of the growing nucleus.

1.2.1 Size of the nucleus

The first category concerns the size of the nucleus, and is measured in terms of the number

of CO2 molecules, or the number of water molecules inside the solid nucleus.

MCG: The mutually coordinated guest (MCG) order parameter1 counts the number of

CO2 molecules involved in the largest solid nucleus in the system. It is a two component

OP which uses both CO2 and water in its calculation. Each CO2 molecule (guest molecule)

is checked whether its neighbouring molecules satisfy a set of geometric constraints.1 If so,

that CO2 is a MCG monomer. Neighbouring 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 the MCG-1 (and refer it as MCG) as it checks for any possible occurrence

1Note that we use the terms order parameter and collective variable interchangeably.
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of nucleus formation compared to MCG-3, which only identifies the stable nucleus.1 We

determined the MCG using a home written code.

Core and surface CO2 : The CO2 molecules in the solid nucleus can be divided

into surface and core CO2 . The CO2 molecules in the MCG-based cluster with only one

CO2 neighbour represents the outermost shell of the cluster. The number Ns,1 of such CO2

represents the surface CO2s. Analogous, Ns,2 is defined for MCG CO2 with at most 2 CO2

neighbours, and corresponds to a slightly larger surface shell. Subtracting these variables

from the MCG yields the number of core CO2s inside the cluster, Nc,1 and Nc,2, respectively.

Waters in nucleus: The total number of waters in the MCG cluster, Nw,3 is defined

as the waters that have 3 MCG CO2 within a radius of 6 Å. In addition, we define Nw,2

and Nw,4 as the number of water molecules that have two (respectively four) or more carbon

neighbours within a radius of 6 Å. The number of surface waters is calculated from the

difference between these CVs: Nsw,2−3 = (Nw,2 - Nw,3) and Nsw,3−4 = (Nw,3 - Nw,4).

1.2.2 Structure of the nucleus

Cage type analysis: The structure of the growing nucleus can be identified by cage types

that form it. We analyse the cage type for each CO2 in the MCG-based cluster using an

algorithm similar to the one employed in Ref.,2 using a home-written code. We identified

seven main types of cage structure, namely 512, 51262, 51263, 51264, 4151062, 4151063, and

4151064, where the superscript indicates the number of the polygons made by the hydrogen

bonded water in the cage facet. The base number gives the type of polygon (4, square; 5,

pentagon; 6, hexagon). The ratio of the number of 51262 and 4151062 cages, denoted the

cage ratio (CR) is used as an indicator of sI crystallinity. It should be noted that these are

the seven fully formed cages that we track, but this is not an exhaustive list of all the fully

formed cages. There are many non standard cages that nucleate (especially in the amorphous

solid) that we do not track. We also do not count the fully formed empty cages which are

without CO2 molecules inside the cavity. However, these empty cages barely form and were
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not seen during the visual inspection of the trajectories. Also previous works have reported

the rarity of empty cages in their fully atomistic simulations on hydrate nucleation3,4).

Note that previous studies on nucleation5 and growth6 of CO2 hydrate have mostly

simulated trajectories with 4151062 cage being the most populous (indicating an amorphous

solid with CR < 1)

F4 : The F4 parameter7 is a global order parameter defined as the average of the cosine

of the dihedral angle between two neighbouring water molecules which are closer than 3.5

Å. F4 ≈ 0.7 for a hydrate structure and is close to -0.04 for the liquid phase.

1.3 Transition Path Sampling setup and details

Transition path sampling performs a random walk through trajectory space and generates

an ensemble of new trajectories from an existing trajectory. TPS requires three main in-

gredients: a shooting scheme to generate and accept new trial pathways, a definition of

the (meta)stable reactant and product states, and an initial trajectory connecting the two

(meta)stable states. Each of these three ingredients are discussed below.

1.3.1 Spring shooting

We employ the spring shooting algorithm.8 This one-way shooting algorithm selects a shoot-

ing point and creates a partial backward or forward path that, if successful, replaces part of

the existing trajectory. The spring algorithm keeps shooting points close to the transition

barrier automatically, avoiding partial paths that do not contribute much to the sampling.

The variables that determine the spread of the shooting range, the spring constant, κ, and

the maximum frame shift, ∆τ , are given in Table S1. The choice of κ and ∆τ does not affect

the sampled path ensemble, but is crucial for sampling efficiency. The values listed in table

S1 were chosen based on trial and error. The partial path nature of the spring shooting

algorithm requires checking for decorrelation of sampled pathways using path trees.9
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Table S1: Parameters and initial path’s source of spring shooting used to run TPS simulation

Temperature Spring Frame Initial path

constant(κ) shift (∆τ) details
260K 0.1 100 Brute force (250K)
263K 0.1 100 TPS from 260K
265K 0.1 50 & 100 TPS from 268 & 260K
268K 0.1 200 TPS from 270K
270K 0.1 200 Brute force (250K)
273K 0.1 200 TPS from 270K

1.3.2 Stable state definition and classification of pathways

The acceptance criterion for TPS requires an order parameter to identify whether the trial

trajectory has reached one of the stable states. We use the MCG as an order parameter

to determine whether we have reached the liquid or the solid stable state. This choice was

made because MCG is more robust than global order parameters, such as F4, and faster

in computing compared to full cage analysis. Here, we define the liquid stable state by the

absence of any cluster larger than a dimer, MCG ≤ 10. We define the solid stable state by the

presence of a largest cluster size MCG ≥ 300 CO2 molecules. Henceforth, all the transition

paths for each ensemble grows from MCG=10 to MCG=300. An important aspect is that

these stable state definitions do not fix the final solid state to be amorphous, crystalline sI,

or sII. All structures are acceptable as final state in the path sampling and the system is free

to choose which is more favorable. For the analysis, we would like to know the final fate of

these trajectories for MCG > 300.

A trajectory is classified as amorphous, if the transition path in the 200 < MCG < 300

range has more frames with CR ≤1 than CR >1, and crystalline otherwise. While slightly

ad hoc, this classification is more reliable than basing the fate of the trajectory on the end

point alone.
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Figure S1: Snapshots of the (meta)stable states. Left: a liquid phase configuration in
which a carbon dioxide gas reservoir is in equilibrium with a saturated solution. Middle:
an amorphous solid phase. Right: sI crystal structure. Liner molecules with green center
represents carbon dioxide molecule. Black lines represents the hydrogen bond connecting
the waters.

1.3.3 The initial path

The initial trajectory was generated using the openMM package with the above settings

using a box with randomly placed CO2 and water molecules as shown in the left figure in

Fig. S1. This system was simulated at 250 K and 500 bar for until it solidified. The type of

cages formed in this initial trajectory is shown in Fig. S2A. Note that the TPS simulation

performed at 250K was between 10 < MCG < 200 and not unitl MCG=300. But a few paths

were extended and as expected they solidified into amorphous solid as shown in Fig. S2A.

The initial paths for different temperature are listed in Table S2

Table S2: Initial path details

Temperature Initial path

260K Brute force (250K)
263K TPS from 260K
265K TPS from 268K & 260K
268K TPS from 270K
270K Brute force (250K)
273K TPS from 270K
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Figure S2: A: The initial path (simulated at 250K, 500 Bar) used to run path sampling
simulation at 260K. The cage distribution looks similar to the plots in Ref5’s Fig 3 with
4151062 cage being the highest throughout the nucleation and growth. The final solid looks
similar to the middle image shown in Fig 3 . B-D) Path densities from TPS performed on
this initial path at 250K, and 500bar. The population of 4151062 (x axis) and 51262 (y axis)
cage in figure B shows that all the successive paths in TPS were amorphous like 260K. The
other path density plots are for reference.

1.3.4 TPS production run

The TPS production runs were executed using the OpenPathSampling10 package and the

path extension was carried out with OpenMM 7.1.111 MD engine. All trial paths were stored

for later analysis.

1.4 Reaction coordinate analysis by Likelihood Maximization (LM)

One of the major advantages of TPS is that it allows an unbiased evaluation of the reaction

coordinates. The reaction coordinate (RC) can be viewed as the variable that describes the

progress of the reaction at each stage in the process. In principle the committor function

is the ideal reaction coordinate, as it gives exactly the probability to reach the product

state.12 However, since the committor is a function of the high dimensional configurational
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Table S3: Overview of candidate order parameters for reaction coordinate analysis

Category Name Definition

CO2 in
nucleus

MCG Total number of CO2s in the largest cluster1

Ns,1 CO2 (in MCG) with only 1 CO2 neighbour within 0.9
nm

Ns,2 CO2 (in MCG) with 1 or 2 CO2 neighbour within 0.9
nm

Nc,1 Core CO2 : MCG minus Ns,1

Nc,2 Core CO2 : MCG minus Ns,2

Waters in
nucleus

Nw,2 Waters with 2 MCG carbons within 6
Nw,3 Waters with 3 MCG carbons within 6
Nw,4 Waters with 4 MCG carbons within 6
Nsw,2−3 Surface waters: Nw,2 subtracted with Nw,3

Nsw,3−4 Surface waters: Nw,4 subtracted with Nw,3

Structure of
the nucleus

51262 cages Cages with 12 planar five-rings and 2 planar six-rings
512 cages Cages with 12 planar five-rings
4151062 cages Cages with 1 square geometry ring,12 planar five-rings

and 2 planar six-rings
Cage Ratio 51262 cages divided by 512 cages
Rg Radius of gyration of the nucleus

Global Crys-
tallinity

F4 Average of 3 times the cosine of the dihedral angle
between two neighbouring waters.7

space, which is difficult to interpret, we approximate this function by the best possible low

dimensional description. Such a description would give true insight in the process of interest.

The committor function itself is a very expensive object. However, Peters and Trout devised

a method that accomplishes this analysis based on TPS shooting point data only, using a

Likelihood Maximization (LM) approach.13 We employed this method to identify pertinent

ingredients in the reaction coordinate. Interpreting the TPS shooting point data as instances

of a committor calculation, the LM method predicts the best model to represent that data.

Starting from a predefined set of candidate order parameters, the LM method finds linear

combinations of these OPs with the highest likelihood to reproduce the shooting point data.

Each trial shooting point from the TPS run can be regarded as drawn from the committor

distribution.14,15 In particular, the method uses the N forward (or backward) shooting point

configurations xsp of the accepted trajectories ending in the final state B (xsp → B) and
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the shooting points of the rejected trajectories ending in state A (xsp → A), as input. The

likelihood that a model reaction coordinate r can reproduce the observed data is then

L =
∏

xsp→B

pB(r(xsp))
∏

xsp→A

(1− pB(r(xsp))), (1)

where the committor pB(r) is a function of the prospect reaction coordinate r. The committor

is parametrized as

pB(r(xsp)) =
1

2
+

1

2
tanh(r[q(x)]), (2)

where the reaction coordinate r(q(x)) can be approximated by a linear combination of m

collective variables q(x)

r(q(x)) = a0 +
m∑
i

aiqi(x). (3)

Screening among (combinations of) candidate CVs this analysis returns the one that best

parametrizes the committor probability. In this work we consider the candidate CVs listed

in Table S3.

Increasing the number of candidate CVs in the linear combination, m, in principle, always

yields a higher likelihood. Therefore, when incrementing the number of allowed variables

in the linear combination m by one, the maximum likelihood has to increase by at least an

amount given by the Bayesian Information Criterion (BIC) δL = 1
2

lnNsp, in order for the RC

to be deemed a significant improvement.14,15 Here Nsp is the number shooting points.13 The

iteration over various combinations is halted when the improvement is no longer significant

according to the BIC. The spring shooting algorithm is naturally suited for use with the LM

approach, since it gives access to shooting points close to the transition state ensemble.
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Figure S3: Average radii (on the Y axis) as function of the CO2’s MCG (in the X axis) in
the simulation box.

1.5 Effects of the small system size

Since the simulation box is small and contains three phases: a gas reservoir, a liquid phase

and a growing solid nucleus, it is important to show the effect of system size. This small

system size was required to perform expensive TPS simulations of the mechanistic change in

the nucleation process. As a check we have analyzed the geometry of the growing cluster in

the liquid phase, and of the simultaneously shrinking gas reservoir, in order to see whether

there are significant size effects to be expected.

In particular, we estimated the average radius of the spherical gas reservoir and the

radius of the crystal nucleus, in the simulation box for the lowest temperature system. We

present this data as a function of the nucleus size MCG, as that is a progress variable for

the nucleation. The average nucleus radius is computed from the following relation

r =

(
MCG
4
3
πρs

)1/3

, (4)

where we assumed a spherical nucleus, and took the density ρs = 4.9 cages per nm3. Note
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that this is an approximation that is giving the average of the radius.

We estimate the radius rbub of the gas bubble from the number of CO2s in the gas reservoir

and the CO2 density (based on the equation of state). This gives an approximate expression

for the radius (in nm) as function of the MCG in the nucleus

rbub = 1.54− 0.00061MCG. (5)

In Fig. S3 we plot these properties as function of MCG. Several important observations

can be made. First, the radius of the bubble hardly changes up to far beyond the critical

nucleus size. This implies that also the Laplace pressure stays roughly constant, as we

assumed during the analysis in the Results section.

We further note that the growing nucleus is not in contact with the gas reservoir, and

there is always a layer of water wetting the solid surface up to post-critical nucleus sizes. Of

course, the layer is not very thick, and we can expect fluctuations.

For the highest temperatures (T > 270 K ) we expect the critical nucleus to be so large

that there will be an influence from its periodic image.

1.6 Driving force during nucleation

In the previous section, we showed that the radius of the spherical gas reservoir hardly

changes along the nucleation process (up to the critical nucleus), implying that the driving

force remains more or less constant. Another way of determining the driving force along the

nucleation process, is to measure the mole fraction or density of the solvated CO2 in the

simulation box. We calculate this by dividing the solvated CO2 in water (not part of MCG

cluster) with the number of liquid waters molecules (not engaged in the solid hydrate). This

mole fraction is plotted as a function of growing cluster size (MCG) and time in Fig. S4.

Although there is a slight downward trend, the mole fraction remains largely constant up to

the barrier region for the lower temperatures while decreasing with increasing temperature.
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Figure S4: Mole fraction of the solvated CO2 during the nucleation process for different
trajectories belonging to TPS ensembles from all 6 temperatures. The line shows the linear
fit to the data. The running average (over 50 time frames) of the mole fraction for these
trajectories is shown in right column.
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2 Results

2.1 Transition path sampling

We performed four separate TPS runs for the six temperatures 260, 263, 265, 268, 270 and

273K using a different initial path for each ensemble. The resulting path statistics is given

in Table S4. The successful trials in TPS are the reactive trajectories that connects the two

stable states across the barrier. Partial path trees for different temperatures are shown in

Figure S5. A decorrelated path is the one in which all the frames are unique compared to

previously accepted path in the same tree. The number of decorrelated paths in the sampling

is also given in Table S4.

As the path length is flexible, we can analyse the path length distribution for each TPS

simulation. Fig. S6 gives the histograms for all the temperatures. As expected, the his-

tograms follow roughly a Poisson distribution. The average path length decreases with

temperature. For intermediate temperature 260, 263 and 265K both amorphous and crys-

talline paths can occur, and we split out the path length histograms. The amorphous paths

tend to be longer than the crystalline ones (although within error bars).

2.2 Barrier region analysis

The spring shooting algorithm keeps the successive shooting points in the TPS run auto-

matically close to the top of the barrier, the region of highest relative free energy where the

Table S4: Spring Shooting statistics

Temperature Trials Acceptance (%) Decorrelated Paths

260K 564 38 52
263K 470 35 49
265K 720 32 61
268K 214 37 24
270K 443 31 45
273K 310 32 31

S13



263K260K

273K 270K268K

265K

Figure S5: Path trees for TPS simulation at different temperature. The grey line at the top
of each tree is a one dimensional representation of the initial path. Going down, thin vertical
lines indicate the location of the shooting point. Horizontal green lines represent accepted
backward partial paths going to the liquid, while red lines represent accepted forward partial
paths ending in a solid phase. The spring shooting method forces the shooting point to the
barrier region, resulting in evenly balanced forward and backward paths. The vertical line
to the left of each tree indicates each decorrelated trajectory with a short horizontal line.

Path Length (ns)

Path Length (ns) Path Length (ns) Path Length (ns)

260K 263K 265K

Figure S6: Top: Path length histogram of all 6 temperatures sampled using TPS. Bot-
tom: Individual path length histogram from 260, 263 and 265K temperature where both
amorphous and crystalline paths were observed. The dotted vertical line in each histogram
indicates the average path length.
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Table S5: Barrier region as calculated from shooting points data

Temperature Critical Nucleus (MCG ) Barrier region (1σ MCG units)

260K 80 58-102
263K 106 83-117
265K 133 108-158
268K 147 126-168
270K 160 142 -178
273K 176 160-192

critical nucleus is located. Shooting points that are too far from the barrier do not lead to

reactive paths. The collection of shooting points thus automatically demarcates the barrier

region. We can use the set of spring shooting points to estimate the location of the critical

nucleus. In figure 1 of main text, we plot both the backward and forward shooting points

for each TPS run. Note that the backward and forward points are nicely separated. We

estimate the critical nucleus size as the mean value of all shooting points, indicated by black

dots. We have added the data for 250K which is not included in the main text.

Each reactive trajectory in the path ensemble must cross the barrier at least once. Using

the set of shooting points we can also extract the least changed path (LCP) from the path

ensemble. Depending on the chosen κ and ∆τ values, the LCP diffuses around the barrier

region bounded by the forward and backward shooting points at each side of the nucleation

barrier. The LCP therefore constitutes a proxy for the location of the nucleation barrier,

and can be used to estimate the range of the barrier region (see Table S5.) This estimate

is based on standard deviation in the LCP distribution. Not surprisingly, these values are

very similar to the data in shooting point distribution in main text. We also analysed the

LCP in terms of structural properties. The results of this analysis are summarized in the

circle diagrams in Fig 2 of the main text, which show that as a function of temperature the

structure of the critical nucleus dramatically changes.

S15



2.3 Switching of paths in the path ensemble

Selected pathways are shown from each temperatures in Fig. S7 indicating the gradual switch

from amorphous 4151062 to crystalline 51262 dominant structure. This is the overall shift that

is shown over a temperature range. We also provide a video of switching within an individual

ensemble of 263K and 265K that shows the switch from amorphous to crystalline region and

vice versa.

260K

270K 273K

263K

268K

265K
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nanoseconds nanoseconds nanoseconds
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Figure S7: Cage distribution plots for different temperatures. Different panels correspond
to reactive trajectories where MCG increases from 10 to 300. The various colors correspond
to different fully formed cage types in the hydrate structure.

2.4 TPS analysis

To interpret the path ensembles, the sampled pathways were presented as path density in

Fig. 2 of the main text. These 2D path density plot are in the plane of MCG and CR. The

path length between the liquid and solid state for all the temperatures are shown in Fig. S6

as histograms. This distribution is Poisson in shape with the average value shifting to higher

path lengths with increasing undercooking. Additional information on each temperature’s
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Figure S8: Top: Two path densities shows amorphous and crystalline pathways separately
for 260K. Bottom: The switching between crystalline and amorphous paths along the MC
trials

path density, reaction coordinate and path length is given below. (Note: The BIC values

discussed below is used in the reaction coordinate analysis section2.7 ).

260 K Most of the pathways (77 %) for this temperature ended in the amorphous region.

Individual path densities for amorphous and crystalline paths are shown in Fig. S8. The

amorphous paths take 282.42ns on an average compared to 245.68ns for crystalline paths to

transition from liquid to solid (shown in Fig. S6 ) with a standard error of the mean of 6.5

and 9.6 for amorphous and crystalline respectively . There are 564 shooting points which

corresponds to BIC of δ lnLmin ≈ 3.16.

263 K Two separate TPS simulations were initiated, one from each amorphous and

crystalline initial path. The path density and the switching mechanism for these simulation

is shown in Fig. S9. The TPS that starts from a crystalline path ended with 20% pathways in

amorphous phase. In contrast, the TPS that started with an amorphous initial path had 88%

pathways in the amorphous phase. The amorphous paths take 271.67ns on average compared

to 248.65ns for crystalline paths to transition from liquid to solid (shown in Fig. S6 ) with
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Reactive Trajectories (along MC trials)

Figure S9: Two path densities shows the two different TPS simulation for 263K. Top:Left
path density started from an amorphous initial path while the right started from a crystalline
initial path. Bottom: The switching between crystalline and amorphous paths

a standard error of the mean of 11.8 and 7.0 for amorphous and crystalline, respectively.

There are 495 shooting points which corresponds to BIC of δ lnLmin ≈ 3.102.

265 K Two separate TPS simulations were initiated, one from each amorphous and

crystalline initial path. The path density and the switching mechanism for these simulation

is shown in Fig. S10. The TPS that starts from a crystalline path ended with 92% pathways

in crystalline phase. The TPS that started with amorphous initial path had 53% pathways in

amorphous phase. The amorphous paths take 262.20ns on an average compared to 254.60ns

for crystalline paths to transition from liquid to solid (shown in Fig. S6 ) with a standard

error of the mean of 10.5 and 5.4 for amorphous and crystalline, respectively. There are 689

shooting points which corresponds to BIC of δ lnLmin ≈ 3.268.

268 K This sampling showed 100% crystalline paths. There are 208 shooting points

which corresponds to BIC of δ lnLmin ≈ 2.669.

270 K This sampling showed 100% crystalline paths.There are 443 shooting points which

corresponds to BIC of δ lnLmin ≈ 3.047.
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Figure S10: Two path densities shows the two different TPS simulation for 265K. Top:Left
path density started from an amorphous initial path while the right started from a crystalline
initial path. Bottom: The switching between crystalline and amorphous paths.

273 K This sampling showed 100% crystalline paths. There are 290 shooting points

which corresponds to BIC of δ lnLmin ≈ 2.835.

For the above temperatures, we plot the path density that is composed of 51262 and

4151062 ratio in Fig. S11 and 512 and 4151062 in Fig. S12.

2.5 Formation of fully formed cages

As discussed in the main text, the number of first fully formed cage changes with temperature.

Here, we show in Fig. S13 the same distribution but with absolute numbers and for first 2

ns and 8 ns. As a reference we have shown the cages formed in TPS of methane hydrate

Fig. S14

2.6 CO2 vs CH4 hydrate formation

Methane is known to be more hydrophobic than carbon dioxide. Water molecules forming

cages around methane molecule are more stable than carbon dioxide as carbon dioxide inter-
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265K

273K270K268K

263K260K

Figure S11: Path densities (PD) from TPS for different temperatures as function of MCG
vs 51262/4151062 cage ratio. Black scatter points on top of PD corresponds to the LCP.

260K

273K

263K 265K

270K268K

Figure S12: Path densities (PD) from TPS for different temperatures as function of 4151062

vs 512 cage type. Black dotted line is a 1:1 line as a guide to the eye to distinguish the shift
in path density. Black scatter points on top of PD corresponds to the LCP.

acts with waters via its dipole moment. This effect can be seen in the individual nucleation

trajectory where the fluctuations in the growing MCG cluster is higher in the case of carbon
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dioxide compared to methane hydrate. In Fig. S15, we show a typical trajectory of CH4

and CO2 hydrate’s nucleation from 280K and 263K respectively. We can compare these two

temperatures as they correspond to same level of undercooling from the melting tempera-

ture of these hydrates (302K and 284K for CH4 and CO2 respectively). Clearly, the grey line

(representing the MCG value ) exhibits larger fluctuations, while increasing in value overall.

The bottom plots show the average value of the standard deviation of this MCG value cal-

culated for each reactive trajectory using a window of 20 frames(4 ns). These average values

are lower for CH4 implying lower variation in the growing MCG cluster compared to CO2.

2.7 Reaction coordinate analysis

The RC analysis is performed with the shooting points using LM approach. The two dimen-

sional RC for 263K, 265K and 268K is shown in the main text. In addition to the ensembles

discussed in the main text, we have also analyzed the TPS simulation from 250K (shown in

Fig. S2)for the reaction coordinate analysis.

The reduced set of order parameters shown in S6 was used to remove any redundancy

in the original set of order parameters. This is in line with our previous work on methane

hydrate.16 The one and two dimensional reaction coordinate with their respective likelihood

score is shown in S7 and S8 respectively.
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Figure S13: Total number of fully formed cages at different temperatures calculated for
2(left plot) and 8(right plot), respectively.
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Figure S14: Total number of fully formed cages at different temperatures for methane
hydrate based on our previous study.16 Red, blue, green and yellow colors corresponds to
data from 270K, 275K, 280K and 285K, respectively.
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Figure S15: Top: Cage distribution and MCG value in a typical CH4 and CO2 hydrate
trajectory. The grey line shows the growing MCG value. Bottom: The average standard
deviation of MCG value calculated in a window of 20 frames for each trajectory. Each dot (in
blue color) represents a single trajectory and the Y axis for that dot represents the average
value of standard deviation along the entire trajectory. The green line shows the mean value
of all the points.
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Table S6: Reduced set of order parameters used in LM analysis

Index Order Parameter
0 MCG
1 Nw,3

2 F4
3 Radius of gyration
4 51262 cages
5 512 cages
6 4151062

7 Ns,2

8 Nc,1

Table S7: LM analysis for a 1-D reaction coordinate. Data for 250K’s TPS is included as a
reference.

T Rank Order Parameter q ln(L)

250 1 MCG -126.0
2 Nw,3 -127.1
3 Nc,1 -127.9

260 1 Nw,3 -334.4
2 MCG -338.9
3 Nc,1 -339.5

263 1 Nw,3 -308.6
2 Nc,1 -312.3
3 MCG -313.0

265 1 Nw,3 -436.1
2 Nc,1 -437.2
3 MCG -439.2

268 1 51262 -127.8
2 Nw,3 -128.5
3 F4 -128.9

270 1 Nw,3 -252.2
2 Nc,1 -255.1
3 MCG -257.5

273 1 Nw,3 -176.8
2 Nc,1 -176.8
3 51262 cages -177.1

S23



Table S8: LM analysis for a 2-D reaction coordinate. Data from 250K is added for reference

T a0 a1 q1 a2 q2 ln(L)

250 -0.789 16.154 Nw,3 -2.869 4151062 -123.8
-0.87 11.274 MCG 2.206 4151062 -124.0
-1.539 9.989 MCG 2.156 F4 -124.4

260 -1.993 4.481 Nw,3 1.38 51262 -332.0
-1.906 -3.203 MCG 8.198 Nw,3 -333.4
-1.981 4.083 Nw,3 1.144 512 cages -333.6

263 -1.885 3.24 Nw,3 0.46 51262 cages -303.7
-1.962 3.32 51262 cages 0.23 Nc,1 cages -305.6
-1.951 2.93 MCG 0.55 51262 cages -305.9

265 -1.938 2.818 Nw,3 1.467 51262 cages -429.8
-1.893 1.504 51262 cages 2.759 Nc,1 -430.3
-1.894 2.568 MCG -1.61 51262 cages -431.3

268 -3.011 2.955 Nw,3 3.331 51262 cages -123.6
-2.866 3.454 51262 cages 2.74 Nc,1 -124.0
-2.895 2.612 MCG 3.603 51262 cages -124.2

270 -3.748 7.923 Nw,3 -1.056 4151062 -250.7
-3.313 -5.965 MCG 12.899 Nw,3 -251.2
-3.775 6.262 Nw,3 1.076 512 cages -251.7

273 -2.825 4.44 51262 cages -1.417 4151062 -174.8
-2.407 -10.792 MCG 15.429 Nw,3 -174.8
-3.000 6.246 Nw,3 -1.622 Ns,2 -175.3

S24



2.8 Estimation of nucleation barrier from Classical Nucleation

Theory

In this section, we derive a rough estimate the free energy barrier for nucleation of the amor-

phous and crystal phases. Classical nucleation theory (CNT) gives the following expression

for the free energy of the growing hydrate cluster from a supersaturated liquid:17

∆G(r) = 4πγr2 − 4

3
πρ∆µr3, (6)

with γ the surface tension between the solid hydrate nucleus and the surrounding liquid, ρ

the density of the solid hydrate, and ∆µ the driving force. As the critical nucleus is located

at the maximum of the free energy, the radius of the critical nucleus is given by

r∗ =
2γ

ρ∆µ
, (7)

and the corresponding free energy barrier height is

∆G∗ =
16πγ3

3(ρ∆µ)2
. (8)

We can transform the radius (r) into the number (n) of CO2s in the cluster by simply

computing

n = ρ
4

3
πr3, (9)

One of the main factors in the nucleation free energy is the driving force ∆µ, the chemical

potential difference between the liquid and solid phases, usually estimated from

∆µ = ∆S(Tm − T ), (10)

where ∆S is the difference in the entropy of the liquid and the solid phases, and Tm is the
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Figure S16: Left: The temperature dependence of the critical nucleus size. Red points are
the critical sizes based on the TPS results. Blue curve is amorphous phase, the orange
curve is the crystalline phase. Note that they cross between 263K and 265 K. Right: The
temperature dependence of the driving force ∆µ in kJ/mol. Blue curve is amorphous phase,
the orange curve is the crystalline phase. Note that they cross at 265 K

melting temperature. Note that here we take the units such that this ∆µ is the driving force

per CO2 (or per cavity) formed.

These quantitates involved are not known accurately for the CO2 hydrate model. How-

ever, we can turn the reasoning around, and compute these quantities based on the obser-

vation of the critical nucleus size, which can be determined from the TPS shooting points.

The critical nucleus sizes are 30, 80, 106, 133, 147, 160 and 176 for the seven temperatures

250, 260, 263, 265, 268, 270 and 273 K, respectively (See Fig. S16). From this data we can

compute the driving force directly, by inverting Eq. 7

∆µ =
2γ

ρr∗
. (11)

This is the effective driving force, as observed in the simulation. Assuming a surface tension

of γ ≈ 26mN/m−2 18 and a density of ρ ≈ 4.9 cages nm−3 we can compute the driving forces

∆µ. These are plotted in S16.

Based on this analysis we can estimate the barriers using Eq. 6, plotted in Fig. S17. Note

that at 265 K the barriers are almost indistinguishable. We stress that these barriers are very

rough estimates and should be not take as accurate quantitative prediction. However, they
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Figure S17: The CNT free energy barriers (in kT) for amorphous (blue curves) and crys-
talline (orange curves) nucleation for the different temperatures. Note that the barrier height
for both amorphous and crystal phase is equal around 265 K, as expected.

do provide a qualitative physical picture of the thermodynamics of CO2 hydrate nucleation

and complement our dynamical TPS simulations presented here and in the main text.

As mentioned in the Main Text, the driving force is quite high due to the presence of the

CO2 gas bubble in the system (note that the only way to avoid such a bubble is to make the

systems size much larger, something that would render the simulation times much longer).

This gas bubble has a higher internal pressure than the imposed pressure of 500 bar due

to the Laplace pressure. From the simulation we gauge the radius of the bubble to be of

the order of R ≈ 1.45 nm. By matching the number of CO2 molecules in the gas bubble

with the expected density from the CO2 gas equation of state for this pressure we obtain a

more accurate estimate for the radius from r3 ≈ (12.4792−0.0350931T ). The corresponding

Laplace pressure is then

Pl =
2γlg
R

(12)

where we have set the surface tension of water γlg = 72m J/m2. This leads to a total pressure

in the bubble of around 150 MPa. The chemical potential difference ∆∆µ ) (in kJ/mol) due
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to the Laplace pressure is thus estimated as

∆∆µ = kBT ln

(
1 +

Pl

P

)
= 0.008314T ln

[
1 +

2.88

(12.4792− 0.0350931T )1/3

]
(13)

We can now subtract this additional chemical potential difference from the chemical potential

difference estimate based on the size of the critical nuclei, to obtain the expected chemical

potential difference for a flat gas-liquid interface. The expected driving force for a flat

interface is

∆µflat = ∆µsys −∆∆µ. (14)

This flat interface driving force should behave like ∆µ = ∆S(Tm − T ), and hence should

vanish at the melting temperature. Using the above expresion this leads to Tm = 284.4K,

in good agrement with previous findings.19
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2.9 Supplementary videos

We provide supplementary videos that illustrate the transition from the liquid phase to the

solid phase at at 260K and 273K for CO2 hydrate formation. We also provide videos that

illustrate the switching of pathways when projected on two dimensional path density plot.

Caption SI Video 1: This movie corresponds to a typical amorphous pathway from

260K, taken from the TPS ensemble described in the main text. The video is smoothed

using time averaging over 2 frames for visualization purposes. Water molecules are shown

in the grey. 51262, 512 and 4151062 are tracked using blue, red and orange colors.

Caption SI Video 2: This movie corresponds to a typical crystalline pathway from

273K, taken from the TPS ensemble described in the main text. The video is smoothed

using time averaging over 2 frames for visualization purposes. Water molecules are shown

in the grey. 51262, 512 and 4151062 are tracked using blue, red and orange colors.

Caption SI Video 3: This movie corresponds switching of the pathways at 263K where

simulation start from an initial path (first frame of the movie) and the consecutive accepted

monte-carlo step is shown. Y axis corresponds to 51262 cage and X axis corresponds to

4151062 cage The path density in the background is the final result of binning together all

the individual pathways which is also shown in Fig. S9A. Each red line corresponds to a

pathway that is plotted for every 20th frame for clarity.

Caption SI Video 4: This movie corresponds switching of the pathways at 265K where

simulation start from an initial path (first frame of the movie) and the consecutive accepted

monte-carlo step is shown. Y axis corresponds to 51262 cage and X axis corresponds to

4151062 cage The path density in the background is the final result of binning together all

the individual pathways which is also shown in Fig. S10A. Each red line corresponds to a

pathway that is plotted for every 20th frame for clarity.
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