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A B S T R A C T

When mixed with a gas under a high pressure, a liquid water forms crystalline cavities that can host gas mol
ecules. The resulting gas hydrate can be an important energy resource but also causes a blockage of a pipeline in 
the ocean. Given regulation of a gas hydrate is often desired, starch has been considered as a biodegradable 
inhibitor of a gas hydrate. Currently, the molecular mechanism behind the regulation is not fully understood. By 
using all-atom molecular dynamics simulation, we examine whether and how an amylose (main component of 
starch) additive regulates a methane hydrate at the molecule level. For comparison, a 2,3,6-O-methyl-amylose 
(OMet-amylose) additive, which is bulkier but has fewer hydroxyl groups, was also investigated. The amylose 
additive regulates a methane hydrate through two mechanisms: steric hindrance and hydrogen bonding inter
action with a seed of hydrate. The hydroxyl groups of the amylose make ring structures which hamper the 
formation of a hydrate cage. The OMet-amylose however does not form such a ring structure, giving a weaker 
inhibition than the amylose. The present molecular insights offer guidelines for designing biodegradable addi
tives based on natural starch.

1. Introduction

Gas hydrates, such as the methane hydrates naturally formed in the 
bottom of ocean, are crystalline water with cavities (or cages) that can 
host gaseous molecules such as methane, ethane and carbon dioxide 
molecules [1–3]. Gas hydrates are mainly composed of five types of 
cavities: 512, 51262, 51264, 51268 and 435663 cavities, where 4, 5 and 6, 
respectively, represent the rings of four, five and six water molecules, 
and the superscripts designate numbers of such rings in a cavity. The 
structure of a gas hydrate is determined by how these cavities are 
interconnected via the H bond network of water molecules. Depending 
on the species of gas, a gas hydrate takes one of three structures: 
structure I (sI) comprises 512 and 51262 cages; structure II (sII) 512 and 
51264 cages; structure H (sH) contains 512, 435663 and 51268 cages [2]. 
Gas hydrates find various potential applications, including an energy 
resource, sewage treatment, seawater desalination, carbon dioxide 
sequestration, gas storage and gas separation [4–9]. The stability of a gas 
hydrate under a given thermodynamic condition depends on the identity 
of gas. Therefore, a gas hydrate can be used for selective separation of 
gas mixtures, such as the separation of methane from coal mine gases of 
methane, nitrogen, and oxygen [10–12]. Global reserves of gas hydrates 

are estimated to exceed by far those of conventional natural gas, and 
therefore can serve as energy resources and sustainable supplies 
[13–15]. Moreover, the selectivity of a gas hydrate makes it suitable for 
a gas separation process which is industrially important [2,16,17].

On the other hand, gas hydrates cause blockages of oil or gas pipe
lines in ocean [18,19]. In such cases, chemical additives are injected to 
regulate the formation of a gas hydrate. These additives, called hydrate 
inhibitors or anti-agglomerants, can be classified into thermal hydrate 
inhibitors (THIs) and kinetic hydrate inhibitors (KHIs). The THIs, such as 
mono-ethylene glycol, methanol, and diethylene glycol, shift the ther
modynamic condition of a gas hydrate toward a lower temperature and 
higher pressure region, thereby inhibiting a thermodynamically stable 
gas hydrate [20,21]. However, the THIs must be used with high doses 
(20–50 wt%), causing high costs and pollutions [18,20]. The KHIs do not 
affect the thermodynamics conditions of gas hydrates but kinetically 
retard the nucleation of a gas hydrate [22,23]. The water-soluble 
polymers, such as polyvinylpyrrolidone and polyvinylcaprolactam, 
have been used as KHIs. The KHIs also raise environmental concerns 
because of their poor biodegradabilities [21,24,25].

Natural polysaccharides (e.g., cellulose, starch, guar, and xanthan 
gum) are biodegradable, non-toxic, and widely available, and therefore 
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have been considered as candidates for KHIs [22,26–29]. Among these, 
several groups have investigated the kinetic inhibitory effects of starch 
on a gas hydrate [22,29,30]. Various types of starch (tapioca, cassava, 
and cationic starches) have shown to regulate the growth of a gas hy
drate. With a further addition of polyoxides, these starches exhibited 
even more suppression of gas hydrates. On the contrary, the potato and 
maize starches have been reported to promote the growth of a methane 
hydrate [31,32], as much as sodium dodecyl sulfate (SDS), a common 
promoter of a gas hydrate.

Currently, whether and how starch inhibits a gas hydrate remains 
unclear especially at the molecular level. Over the years, molecular dy
namics (MD) simulation has been utilized to study various inhibitors of 
gas hydrates. Go et al. investigated the regulatory effects of dipeptides 
(L-alanyl-L-alanine, L-alanyl-glycine, and glycylglycine) on a methane 
hydrate [33]. The N-termini of each dipeptide formed hydrogen (H) 
bonds with water molecules, thereby preventing the growth of a hy
drate. Inhibition of a methane hydrate with the additive of lignin or 
pectin has been studied [34,35]. Both the lignin and pectin additives 
inhibited methane hydrates by reducing the transfer of methane to water 
and by forming the abnormal (non-hydrate) cages with water molecules. 
Zhang et al. and Maddah et al. studied the influence of an antifreeze 
protein (AFP) on a gas hydrate [36,37]. The hydrophobic and hydro
philic residues of AFP synergistically adsorbed onto the surface of hy
drate, and the shape of side chain was in important the regulation of a 
hydrate.

Herein, we report an extensive all-atom MD simulation on a methane 
hydrate growing in the presence of an amylose additive. Amylose, along 

with amylopectin, mainly constitutes starch and is a linear polymer 
which is linked by 1 → 4-α-glycosidic bonds [38,39]. We are unaware of 
any molecular simulation study on the role of amylose as an inhibitor of 
a gas hydrate. The present study addresses the contentious issue of 
whether starch inhibits or promotes a gas hydrate. We provide the 
molecular-level insights into such regulatory effects of starch which are 
not available in experiments. For comparison, 2,3,6-tri-O-methyl- 
amylose (OMet-amylose) which is bulkier than amylose but has less 
hydroxyl groups available for H bonds was also studied. We uncover the 
molecular insights into the inhibitory mechanism of amylose on the 
growth of a gas hydrate. Amylose indeed regulates a methane hydrate, 
more strongly than OMet-amylose additive. The H bond interaction, 
rather than a steric hindrance, is identified as the main mechanism of the 
regulation by the amylose additive. By providing the molecular details 
unavailable by experiment means, the present study fills in the gap in 
our understanding of the inhibition of a gas hydrate by starch. This work 
also aims to provide molecular guides in designing an effective and 
biodegradable additive for controlling gas hydrates.

2. Simulation methods

The present amylose additive molecule has a degree of polymer (DP) 
of 10 (Fig. 1a). We additionally modeled an OMet-amylose molecule in 
which the hydroxyl groups at positions 2, 3, and 6 of the amylose 
molecule was replaced by methoxy groups (Fig. 1b). The growth of a 
methane hydrate was emulated by introducing a nucleation seed modeled 
as a 6 × 2 × 1 supercell of the sI unit cell of hydrate [40]. On top of the 

Fig. 1. Amylose (a) and OMet-amylose (b) molecules simulated in the present simulation. (c) Initial set up for the MD simulation of the growth of a methane hydrate. 
An (OMet-) amylose molecule is placed above the seed of a methane hydrate (with the sI structure) located at the bottom. Due to the PBCs of simulation, the seed of 
hydrate also exists at the top of the simulation box. We added another (OMet) amylose molecule near the top of simulation box. The H bonds between water 
molecules of the seed are drawn as red-dotted lines. Methane molecules are uniformly dispersed in the liquid water above the seed. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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seed, 384 methane and 2208 water molecules were added (Fig. 1c). The 
amylose or OMet-amylose molecules were placed near the seed (as 
shown in Fig. 1c). For equilibration, a 0.5 ns-long MD simulation was 
run under an NPT condition. We then executed a 1-μs-long MD simu
lation for production of data at 250 K and 100 bar (NPT condition).The 
present condition of 250 K and 100 bar is frequently used in the research 
of gas hydrate. A gas hydrate readily forms at this low temperature and 
high pressure, which makes it a good condition for studying the inhi
bition of gas hydrate with an additive. The present temperature and 
pressure corresponded to the hexagonal ice region of the phase diagram 
for TIP4P/Ice water model [41]. The particle-mesh-Ewald (PME) 
method was used to include the long-ranged electrostatic interactions 
[42]. The Newtonian equation of motion was propagated in time with 
the leapfrog integrator with a time step of 2.0 fs [43]. The Lennard-Jones 
and short-ranged Coulomb interactions were both cut off at 1.0 nm. The 
linear constraint solver (LINCS) algorithm was employed to constrain 
the bonds involving H atoms [44]. The periodic boundary conditions 
(PBCs) was applied in all three directions. The Nose-Hoover thermostat 
and the Parrinello-Rahman barostat were used with the time constants 
of 1 and 2 ps, respectively, for the temperature and pressure coupling 
[45–47]. We used the force fields of GLYCAM06j, OPLS/AA, and TIP4P/ 
Ice, respectively, to describe the (OMet-) amylose, methane, and water 
molecules, respectively [41,48–50]. The initial structures of the amylose 
and OMet-amylose molecules were generated by employing Chemistry 
at Harvard Macromolecular Mechanics-Graphical User Interface 

(CHARMM-GUI). All the MD simulation methods were implemented by 
using Gromacs software [51–54].

We followed the potential energy of the system and the number of 
hydrate cages during the 1 μs-long MD simulation. The hierarchical 
topology ring (HTR) algorithm was used to count the number of cages 
[55]. We also tracked down the F4 order parameter defined as F4 = <cos 
3φ>, where φ is the H-O…O-H dihedral angle between two arbitrary 
water molecules. Note F4 is about 0.7 and − 0.04 for the sI hydrate and 
liquid water, respectively [56]. Therefore, an increase in F4 reflects the 
growth of a hydrate.

We also followed the mean-square displacements (MSDs) of water and 
methane molecules, defined as MSDi = 〈‖ri(t) − ri(t0) ‖2 〉, where t and 
ri(t) represent time and the position vector of the ith molecule at time t, 
respectively. The MSD of each molecule was defined as the mass- 
weighted average of the displacements of constituting atoms. The 
radial distribution functions (RDFs) for the oxygen atoms of water and for 
carbon atoms of methane were calculated. The RDF for the pair of atoms 
j and i was defined as gi− j(r) =

(
1/4πρjr2)( dNi− j/dr

)
, where ρj and dNi− j 

are the average density of atom j and the average number of atom j 
around atom i in the range of r ~ r+ dr. The RDFs were calculated by 
using the final (0.950–1.000 μs) portion of MD simulation. In addition, 
the number of H bonds made between the (OMet-) amylose and water 
molecules were checked. The solvent accessible surface area (SASA) was 
calculated to estimate the steric effects of the (OMet-) amylose molecule. 
We used the visual molecular dynamics (VMD) software to visualize and 

Fig. 2. Growth of a methane hydrate without any additive (a), with the amylose additive (b), and with the OMet-amylose additive (c). We illustrate the simulation 
snapshots taken at 0, 300, 700, and 1000 ns (from left to right). The additive and methane molecules are drawn as licorices and gray spheres, respectively. Shown in 
red and orange dotted lines are the H bonds of water molecules belonging to the seed and liquid water, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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analyze the MD simulation snapshots [57]. All the results were obtained 
by averaging over two independent MD trajectories. Two independent 
simulations gave virtually identical results.

3. Results and discussion

In Fig. 2, we illustrate the growth of a methane hydrate for the cases 
without any additive (Fig. 2a) and with the amylose (Fig. 2b) and OMet- 
amylose (Fig. 2c) additive molecules. Without an additive (Fig. 2a), the 
liquid water molecules largely joined the growing hydrate within 300 
ns. In the presence of the amylose molecule however, (Fig. 2b), the 
hydrate barely grew in time, and the liquid water molecules predomi
nantly remained liquid, even at 1000 ns. Within 300 ns, the methane 
molecules, initially dispersed in the liquid water, aggregated to form a 
single large bubble. The seed of hydrate slightly grew in time, mainly in 
the region not in contact with the amylose molecule. Presumably, the 
amylose molecule sterically hindered the liquid water molecules from 
approaching and contacting the seed. This steric hindrance, however, 
was not solely responsible for the regulation by amylose. When the 
bulkier OMet-amylose molecule was added (Fig. 2c), the hydrate grew 
faster than with the amylose molecule. Most of the liquid water mole
cules participated in the hydrate cages of methane within 1 μs. By 300 
ns, the methane molecules aggregated to form a single large bubble. 
Compared to the case without any additive, the OMet-amylose additive 
somewhat slowed down the growth of a hydrate.

We investigate the molecular details behind the regulation of a hy
drate by the (OMet-) amylose additive. Fig. 3 illustrates the change in 
the first hydration shell surrounding the (OMet-) amylose molecule, 
taken from the initial portion of MD simulation (50–100 ns). The 
amylose molecule steadily maintained the H-bonds with the water 
molecules of the seed. The water molecules of the hydration shell con
tacting the seed below were nearly unchanged in identity with time, 
signifying the stable adsorption of the amylose molecule to the seed. In 
contrast, the water molecules of the hydration shell contacting the liquid 
water considerably changed over time. In short, the amylose molecule 
firmly adsorbed to the water molecules of the seed but substantially 
perturbed the surrounding liquid water molecules. The perturbed liquid 
water molecules should be more fluidic and less tend to form a solid-like 
hydrate structure. Also, as shown in Fig. 4, the hydroxyl groups of the 
amylose molecule developed stable ring structures with water molecules 
of the seed. These ring structures also hampered the formation of hy
drate cages that can capture methane molecules.

The OMet-amylose molecule made a secure contact with the seed of 
hydrate through H bonds much less in number than the amylose mole
cule (Fig. 5). The hydration shell around OMet-amylose molecule 
however did not change much with time. The OMet-amylose molecule 
maintained a stable hydration shell near the seed through the H bonds. 
Also, the hydration shell in contact with the liquid water did no change 
much, unlike that of the amylose molecule. Consequently, the OMet- 
amylose molecule did not perturb the liquid water as much as the 
amylose molecule. In this case, the liquid water should be more like the 
one without any additive. Consequently, the regulation of the hydrate by 
the OMet-amylose molecule should be weaker than by the amylose 
molecule. In addition, we did not observe any ring structures found with 
the amylose molecule as an additive. Similar behaviors of the hydration 
shells of the amylose and OMet-amylose molecules were observed in the 
final portion of MD simulation (950–1000 ns) (Figs. S1 and S2).

In order to study the molecular dynamics behind the growth of a 
hydrate, we followed the time evolutions of the potential energy of 
system, the number of hydrate cages, and F4 parameter (Fig. 6). In the 
absence of the (OMet-) amylose additive, the potential energy decreased 
and converged after 350 ns. In the presence of the amylose or OMet- 
amylose additive however, the potential energy slowly decreased 
without convergence even at 1000 ns.

Fig. 6b illustrates how many hydrate cages (512, 51262, 51263 or 51264 

type) are formed over the time of simulation. Without an additive, the 

number of cages increased and converged to approximately 400 at 350 
ns. By contrast, the number of cages with the (OMet-) amylose additive 
slowly rose and did not converge within 1 μs. The number of cages was 
smaller than with the amylose additive, signifying the stronger regula
tion of hydrate by the amylose additive.

As shown in Fig. 6c, the initial F4 value was ~0.1 for all the cases, 
because both the hydrate seed and liquid water were present. In the 
absence of an additive, F4 quickly increased and leveled off to 0.65 after 
350 ns. This indicates that the most water molecules participated in the 
growing hydrate. With the amylose or OMet-amylose additive, F4 
parameter grew rather slowly. The increase in F4 was slowest with the 
amylose additive, again indicating that the amylose additive most 
strongly inhibited the growth of hydrate. F4 is an order parameter 
indicative of the phase transition from the liquid to hydrate, increasing 
from − 0.04 to 0.7 as the phase of water changes from a liquid to hydrate 
[56]. However, F4 does not have a quantitative (e.g., linear) correlation 
with the growth rate of a hydrate.

In Fig. 7, the MSDs of water (a) and methane (b) molecules are 
plotted vs. time. Without an additive, the MSD of water most slowly 
grew in time. The slope of MSD with respect to time changed from 5.85 
× 10− 8 to 3.90 × 10− 7 cm2/s near 800 ns. Here, the water molecules 
were almost frozen because their participation in the growing gas hy
drate. By contrast, with the amylose or OMet-amylose additive, the MSD 

Fig. 3. Amylose molecule (drawn as a solid surface) interacting with the seed 
of a methane hydrate below (shown in gray). The water molecules belonging to 
the first hydration shell of the amylose molecule at 50, 75, and 100 ns are 
depicted in blue, yellow, and green, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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of water relatively rapidly and linearly increased with time. This signi
fied the initially liquid water molecules remained liquid with the (OMet- 
) amylose additive. Regardless of the presence of additive, the MSD of 
water grew in time at least 3 times slower than that of the bulk water 
predicted by using the diffusion coefficient (=1.70 × 10− 6 cm2/s) 
calculated at 245 K and 1000 bar [58]. The slow diffusion of the present 
liquid water originated from the presence of methane and the seed in the 
system.

The MSD of methane molecules without additive slowly rose with 
time because most of methane molecules became trapped in the cavities 
of hydrate. The methane molecules not captured in the cavities of the 
hydrate formed a single large bubble (as shown in Fig. 2), giving the 
MSD increasing with time (drawn as the solid line in Fig. 7b). In the 
presence of the amylose additive, the MSD most rapidly increased 
(broken line in Fig. 7b), signifying the strongest inhibition with the 
amylose additive.

The overall MSD of water molecules is only qualitatively related to 
the conversion rate of the liquid water molecules to the hydrate on the 
surface of the seed. As the hydrate grows, the liquid water molecules 
become crystalline, giving a smaller MSD of water molecules overall. 
The differences in the MSDs of methane with and without additive 
dominantly arise from capturing of methane by the hydrate cages. As 
can be seen in Fig. 2, methane molecules form a large bubble which does 

not much contact the additive. Methane molecules largely moves inside 
the bubble. Therefore, the spatial hindrance of the methane diffusion by 
the additive should be insignificant.

We examined the molecular structure of hydrate by calculating the 
RDFs sampled from the final portion of MD simulation (0.950–1.000 μs). 
Shown in Fig. 8 are the RDFs for the oxygen atoms of water, gow-ow(r), 
and for carbon atoms of methane, gcm-cm(r), where r is the interatomic 
distance. gow-ow(r) showed five peaks: three peaks located at 0.28, 0.45, 
and 0.68 nm arose from the liquid water. The first peak of gow-ow(r) 
located at 0.28 nm arose from the nearest-neighboring water molecules, 
while the second peak at 0.45 nm originates from the local tetrahedral 
network of H bonds with an oxygen atom at its center [59–61]. The 
subsequent three peaks of gow-ow(r) originated from the water molecules 
constituting the 5-membered and 6-membered rings of the cages of 
hydrate [61].

Regarding the RDFs of carbon atoms of methane, the first peak of 
gcm-cm(r) located at 0.4 nm originated from the aggregated molecules, 
whereas the subsequent two peaks at 0.65 and 1.05 nm correspond to 
the molecules separated by hydrate cages [2,62,63]. Without an addi
tive, the first peak of gcm-cm(r) at 0.4 nm was shortest because the 
methane molecules were mainly caged by the growing hydrate. With an 
additive however, the first peak rose from that without an additive, 
signifying the molecules caged by the hydrated decreased in number 

Fig. 4. Ring structures hampering the growth of a hydrate with the amylose 
molecule. The amylose and water molecules are drawn as licorices. Shown in 
blue are the hydroxyl groups of the amylose molecule which make two ring 
structures with the water molecules belonging to the hydrate seed below. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 5. OMet-amylose molecule (drawn as a solid surface) interacting with the 
seed of a methane hydrate below (shown in gray). The water molecules 
belonging to the first hydration shell of the OMet-amylose molecule at 50, 75, 
and 100 ns are depicted in blue, yellow, and green, respectively. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

J. Kim et al.                                                                                                                                                                                                                                      Journal of Molecular Liquids 437 (2025) 128687 

5 



with an additive. The first peak was highest with the amylose molecule, 
indicative of the strongest regulation of the hydrate by the amylose 
additive. The peaks of gcm-cm(r) at 0.65 nm and 1.05 nm, attributed to 
the methane molecules separated by hydrate cages [35,62], were similar 
in height regardless of the presence and identity of additive.

We enumerated the number of H bonds between the (OMet-) amylose 
and water molecules (Table 1). In a liquid water, the amylose molecule 
formed 69.58H bonds on average with the surrounding water molecules. 
By introducing the seed, the number decreased to 65.79 which is about 4 
fewer. This originated from the ring structures formed between the 
hydroxyl groups of the amylose molecule and the water molecules 
belonging to the seed (see Fig. 4). The OMet-amylose molecule devel
oped 43.82H bonds in the liquid water which is nearly 26 less than found 
for the amylose molecule. On the surface of the hydrate seed, the OMet- 
amylose molecule made 43.56H bonds, which is almost identical to the 
number in the liquid water. Therefore, the adsorption of the OMet- 
amylose molecule was not through the H-bond interaction.

The steric hindrances of the amylose and OMet-amylose molecules 
were quantified in the growth of the hydrate by calculating SASAs 
(Table 1). As expected, the OMet-amylose (bulkier) molecule has a SASA 
approximately 5 nm2 larger than that of the amylose molecule (Table 1). 
With a larger SASA, the OMet-amylose molecule should give a steric 
hindrance greater than the amylose molecule. As seen above however, 

Fig. 6. Time evolutions of the potential energy of the system (a), the number of 
cages of the hydrate (b), and F4 parameter (c). Shown in blue, orange, green are 
the simulation results without an additive, with the amylose additive, and with 
the OMet-amylose additive, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 7. Mean square displacements (MSDs) of the initially liquid water mole
cules (a) and methane molecules (b). Shown as the solid, broken, and dot- 
dashed lines are the MSDs for the cases without any additive, with amylose, 
and with OMet-amylose, respectively.

Fig. 8. Radial distribution functions (RDFs) for the oxygen atoms of water, gow- 

ow(r), and for the carbon atoms of methane, gcm-cm(r), where r is the interatomic 
distance. The blue, orange, and green lines correspond to the MD simulations 
without any additive, with an amylose additive, and with an OMet-amylose 
additive, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Table 1 
Number of H bonds made between the additive (amylose or OMet-amylose) 
molecule and water molecules. Also listed are the solvent accessible surface 
areas (SASAs) of additive molecules.

System No. of H bonds Solvent Accessible 
Surface Area (nm2)

Amylose dissolved in a liquid water 69.58 19.47
Amylose added to a methane hydrate 65.79 19.50
OMet-amylose dissolved in a liquid water 43.82 24.85
OMet-amylose added to a methane hydrate 43.56 24.74
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the inhibition of the hydrate by the OMet-amylose molecule was weaker 
than by the amylose molecule. Therefore, the H-bond interaction should 
be crucial in the strong regulation of hydrate by the amylose molecule.

Starch is actually a mixture of amylose and amylopectin. The present 
simulation focused on the structurally linear amylose. As the monomers 
of amylopectin and amylose are identical, the present conclusion on the 
role of H bond interaction in the inhibition should be valid for amylo
pectin as well. The branched structure of amylopectin however will give 
a different steric hindrance on the growing hydrate. A definitive and 
thorough understanding of the inhibition by amylopectin requires a 
future investigation.

Admittedly, simulation of the full phase transition from a liquid to a 
hydrate is computationally challenging and can take much longer than 1 
microsecond. Herein, we did not attempt to study the full phase tran
sition which covers the nucleation, growth, and stabilization of a gas 
hydrate from a liquid water. Instead, we focus on the growth of a 
nucleation seed for a gas hydrate. The inhibition of the growth of seed by 
an additive could be clearly seen within the present simulation 
timescale.

The low solubility and failure under high subcooling conditions are 
common challenges for kinetic hydrate inhibitors. This problem can be 
solved by using the kinetic inhibitors together with thermodynamic 
inhibitors. Herein, we studied the possibility of starch as a kinetic in
hibitor because starch is biodegradable, non-toxic, and cost effective. 
Also, the present molecular insights can serve as design principles for 
additives chemically and structurally similar to starch.

The present condition (250 K and 100 bar) is in the range of condi
tions for the deep ocean (<270 K and 30 to 300 bar). As suggested, we 
performed additional simulations at a higher temperature 270 K 
(Fig. S3). We obtained results consistent with the present study: the 
presence of (OMet-) amylose additive significantly slowed down the 
growth of hydrate. The growth in the number of cages were similar up to 
370 ns, presumably due to the fact that the H-bond interactions are 
somewhat weakened with an increased temperature. Eventually how
ever, the growth was the slowest with the amylose additive, signifying 
the importance of H bond interaction in the inhibition of the additive. 
The present conclusions should be valid for a substantial range of tem
peratures and pressures.

The computational studies on the inhibition of a gas hydrate abound 
in the literature: MD simulation was used to study the nucleation and 
growth of methane hydrates with addition of phenylalanine and tryp
tophan [64]. The effects of lignin on the formation of methane hydrate 
in clay nanopores were computationally studied [34]. The present study 
aims at the molecular insights into the contentious role of starch which 
are challenging to obtain in experimental approaches. The experimental 
validation is beyond the scope of the present work, but, hopefully, our 
findings might encourage follow-up experimental investigations.

Other than the H-bond and steric hindrance, another possible origin 
of the differing inhibition strengths of amylose and OMet-amylose might 
be the difference in the molecular flexibility [65]. As shown in Fig. S4 
however, both additives had similar flexibilities in that their root-mean- 
square fluctuations (RMSFs) on the hydrate surface were low and close 
to each other. Therefore, the H bond and the steric hindrance seem the 
main origins of the inhibition effects seen for the present additives.

4. Conclusions

Using all-atom MD simulation, we studied the regulation of a 
methane hydrate by employing an amylose (main component of starch) 
additive. The molecular structure and dynamics behind the regulation 
were studied by examining the energetic, structural, and dynamical 
features of the growth of a methane hydrate. With an amylose additive, 
the growth of a hydrate was significantly retarded. The molecular 
mechanism of the regulation was twofold. First, the H-bonds between 
the amylose molecule and the seed of hydrate. Second, the steric hin
drance of the amylose molecule that prevents the liquid water molecules 

from contacting the seed. In the presence of another additive, OMet- 
amylose, which is bulkier and should give a greater steric hindrance, 
the regulation of hydrate was actually weaker than with the smaller 
amylose additive. Therefore, the H-bond interaction should be the main 
source of the regulation by the amylose additive. We did not find any 
promotion of a hydrate by the amylose additive. Presumably, any pro
motion effect of starch on the gas hydrate, if there is any, might come 
amylopectin, another major component of starch.
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