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Computations of diffusivities in ice and CO  , clathrate hydrates
via molecular dynamics and Monte Carlo simulations
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We report molecular simulation studies of the diffusion processes in ice apdti@trate hydrates
performed using classical potential models of wat®PC/B and carbon dioxiddEPM2). The
diffusivity of H,O in ice is calculated to be 1810 *® m?s™! at 200 K using molecular dynamics
simulations, a result in good agreement with experimental data. We also computed the diffusivity of
H,O and CQ in clathrate hydrates using both molecular dynamics and Monte Carlo simulations
together with the Landau free energy method. We calculated free energy barriers for the CO
hopping between clathrate cages with and without a water defect present. We determined that a
water vacancy was necessary for diffusion of @nd we estimated the diffusion coefficient of
CO, molecules in clathrate hydrates to bex10 > m?>s ! at 273 K and HO in the clathrate
hydrates to be X102 m?s ! at 200 K. © 2002 American Institute of Physics.
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I. INTRODUCTION estimate of the rate of dispersion of €@ water, because

The computation of the mechanisms and rates of diffu—there are tpo many unknown qua?nt.ities in each of the mod-
sion in solid materials is both a great need and a great chaf!S- Thus, in order to evaluate existing models and construct
lenge in chemical physics. In this study we use moleculaf'€W Ones, there is a need to obtain physical—chemical prop-
simulations in order to meet this need for ice and,@@th-  erties, such as rates of diffusion of ¢@nd HO in clathrate
rate hydrates. Our objectives & to validate our potentials hydrates, independently of experiments involving the disso-
and methods on ice, for which the mechanism and rate dgition of CO, droplets.

diffusion are establishelf* (2) to compute the diffusivity of No quantitative experimental or molecular modeling
both CQ and H,0O in clathrate hydrates, ani8) to enhance studies of the diffusion processes in clathrate hydrates have
the understanding of diffusion in solid materials. been performed up until now. Before this study, to the best of

Clathrate hydrates are crystalline structures formed byur knowledge, no one has proposed a mechanism for the
hydrogen bonded water molecules. The framework of theséiffusion of guest molecules and,B in clathrate hydrates,
structures consists of distinct cages, a fraction of which conpor has anyone even estimated these diffusivities based on
tain guest molecules, such as carbon dioXid@ese materi-  any properties of clathrate hydrates. In fact, in the literature,
als are important in the injection of liquid carbon dioxide at gjffysivities in clathrate hydrates have been guessed by using
depths greater than 500 m, which is a possible strategy tgjffysivities in polymer meltsand in zeolite$, both clearly
decrease CQ emissions into the atmosphétéAt these very different materials from clathrate hydrates. On the other

depths, clathrate hydrates tend to form at the interface be}iand the self-diffusion of kD in hexagonal ice has been
tween the liquid C@ droplets and sea water. Their presence )

~ ““studied quantitatively via experimehts and qualitativel
affects the mass transfer of the €@nd the hydrodynamics _. d y via expet quar y
via molecular modeling simulatiodfsin hexagonal ice, the

of the droplets. More specifically, physical properties of the =~ """ . -
clathrate hydrates, such as the diffusivity of®4and CQ migration of interstitial water molecules was shown to be the
’ mechanism by which diffusion occut$!® It was concluded

within them, will determine the nature of the clathrate hy- hi hani . . ) f
drates that form at the interface, and consequently the effe&pat this mechanism dominates vacancy migration because o

of the clathrate hydrate layer on the dispersion of,@0the ~ (he low concentration of vacancies relative to that of
acean. interstitials™®

Several experimerfts'® have been performed in which In this work we have used classical inter-molecular po-
CO, drops were injected into water, and the formation oftential models for HO and CQ to compute the diffusivities
clathrate hydrate film around the G@roplet was observed. in ice and in CQ clathrate hydrates. The former was per-
None of the macroscopic models proposed to describe thi®rmed primarily in order to investigate the validity of these
proces$ " are able to provide a predictive and quantitativepotentials for predicting diffusivities. Once this was accom-

plished, we then performed molecular dynamics and Monte

dAuthor to whom correspondence should be addressed. Electronic maiparIO simulations in order to calculate the self diffusion of
trout@mit.edu both CG and HO in clathrate hydrates.
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II. THEORY AND METHODS TABLE I. Experimental self-diffusion coefficients of ia&efs. 3 and 48
The diffusivities at 220 K, 253 K, and 263 K were reported directly in
A. Potential models the references. The diffusivity at 200 K was extrapolated from these three
Many effective pair potentials, such as TIPARSPC?! values.
MCY,?*? ST223 SPC/E** have been used for liquid water  TemperatureK) P (atm) p (kgm ) D, (ms Y
simulations. In our simulations, we decided to use the Ex- =
. . . . 200 1 930.3 1.610

tended Simple Point Charg&PC/B model, which predicts 220 1 927.4 18107

the self-diffusion coefficient of liquid water very weft=2¢ 253 1 921.1 610°16

The SPC/E model for water has a single Lennard-Jdb&s 263 1 918.3 1.510°1°

center representing the oxygen of the water molecule. In ad=
dition, the model has three partial charges: the negative

charge is _centered on the LJ center and two positive chargeBs. Details of simulations on hexagonal ice

representing the hydrogens are placed such HkeD—H

bond ang]e is 109.47°. When performing molecular dynam_ An orthorhombic simulation Supercell was chosen to
ics simulations we constrain the two O—H bond lengths an@tudy the hexagonal ice phase, witk-b=36.184 A andc

the H—H distance within a single water molecule using the=29-468 A. Molecular dynamics simulations were per-
SHAKE (Ref. 29 algorithm. The parameters of the SPC/E formed in the NVE ensemble using toeiARMM (Refs. 33—
model are optimized to reproduce the structure of liquid wa-35) simulation package. There were a total of 1024 mol-
ter at 300 K2* The SPC/E model is also shown to predict the€cules in our system corresponding to a density of 0.030 68
self-diffusion coefficient of liquid water accuratéfz26For ~ molecules per A The density translates to a value of 916.8
modeling CQ molecules, we used the EPM2 potential kg m~3, which is close to the experimental density of ice at
mode| deve|0ped by Harris and Yuﬁb]t has been Shown 273 K and 1 atm(see Table )I We note that the aVerage
that this model accurately predicts the vapor-liquid coexistdensity of SPC-E ice at 200 K and 1 atm determined using
ence curve Of pure (_“pand the So'ubmty of CQ in NPT Monte Carlo Simulations was 916.8 kg_Pﬂ The Verlet
water?”?® This model has three Lennard-Jones interactiorflgorithm was used to propagate the system in time. A time
sites with charges centered at each atom. When performingfeP of 0.5 fs was used during equilibration and production
molecular dynamics simulations we leave meC_Oang|e runs. Periodic boundal‘y conditions were applled in all three
flexible, with an angle potential gik,(0— 6,)2, whered, is  dimensions. The Ewald summati§ri” method was imple-
180°, and we constrain the C—-O bond |engths using th@']ented with ax value of 0.23 kl, a cutoff radius of 14.73
SHAKE (Ref. 29 algorithm at a value of 1.149 A. Param- A (consistent with the minimum image conventionhen
eters of interaction between the Lennard-Jones potential ceRerforming the real-space summation, and the numbés of
ters of CQ and H,O molecules were calculated using the vVectors ~12%, to perform the summation ik-space. The
Lorentz—Berthelot combining rulé€.Based on calculations Ewald summation method was implemented using the Par-
performed by other authofd: 2 the melting temperature of ticle Mesh Ewald(PME) algorithm?®

SPCIE ice(without Ewald summationwas estimated to be The positions of the oxygens in the hexagonal ice lattice
220+ 20 K. Due to this limitation of the SPC/E model all our Obtained from x-ray diffraction data were used in the initial
simulations were performed at 200 K. We also performed:onﬂguration of the MD simulation. The distribution of hy'
Monte Carlo simulations on the ice and the clathrate systemdrogen atoms should satisfy several conditions: the protons
for the purpose of determining the free energy. The paramshould be rotationally disordered; hydrogen positions should
eters of the inter molecular potentials used in the MC simusSatisfy ice rules referred to &ernal-Fowler rules®**°and
lations were the same as that of the MD simulations dethe net dipole moment of the ice structure should be equal to
scribed previously. However, for the sake of computationa?€ro. We generated a number of proton disordered structures
efficiency, the spring constants in the angle potential of CO satisfying the ice rules using the method described by Buch
were made infinite, i.e., the GQuas treated as a rigid mol- et al,** and we calculated the net dipole moment of the
ecule. OW|ng to the rather |arge value of the energy paramWhOle structures. The Configuration with the smallest d|p0|e
eter associated with the angle potential of d®the EPM2 ~moment was picked for the subsequent simulations. We
modef” compared to the simulation temperature of 200 K equilibrated the hexagonal ice structure for 20 ps at a simu-
the treatment of the CQas a rigid molecule in the MC lation temperature of 200 K prior to collecting statistics. The
simulations is justified. In order to compute the free energiedotal length of the MD simulation run was 0.5 ns.

at higher temperature@o enable comparison with experi-

mental results at 273 K and compute desired properties a&. Details of simulations on CO , clathrate hydrates
temperatures of intergstwe used the internal energy and
entropy computed at 200 K, and assumed that they are Wezt\he
functions of temperature. For example, to compute the>< o4
change in free energgF?"3K), we used the following for-

The simulation system consisted ok2X2 unit cells of
type | clathrate hydrate. Its dimensions were 24.06
.06x24.06 A; it contained 368 water molecules and 54
CO, molecules at a density of 0.0303 molecules perA

mula: and it was equilibrated at 200 K. For the fractional occupan-
cies of clathrate hydrate cages, we used the experimental

results obtained using neutral diffraction studies by Henning

AFG73K= AYR0OK)_ (273) x AS(00K), (1)  etal* They report that between 60%—-80% of the small
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cages are occupied, and more than 90% of the large cages dabeFree energy method
occupied at 263 K. In our calculations, we assume that 70% Hopping of CQ molecules between cages is a rare

and 90% of small and large cages, respectively, are occupiegent, Therefore, in order to calculate the hopping rates of
by the CQ molecules. We started with a clathrate lattice ofthe CQ, molecules, we employed the Landau free energy
100% occupancy and removed &@olecules at random to  methodology within the MC simulations to calculate the free
get the desired occupancy. The resulting configuration waenergy barrier for cage hopping. This method relies on the
used to begin the equilibration prior to the MC/MD run. calculation of the Landau free energy as a function of an
The implementation of the MD algorithm for the GO effective order parametdpr a reaction coordinate®, via
clathrate was the same as that of hexagonal ice. Period8VT simulations, and hence is a natural choice for our pur-
boundary conditions were applied in all three dimensionsPose. The Landau free energy is defined"by,
However, smaller cutoff’s for the intermolecular potentials _
(equal to half the box lengjtwere used, consistent with the AL®]=~keTIn(P[¢])+constant, @
smaller size of the clathrate simulation cell. The EwaldwhereP[d] is the probability of observing the system hav-
summatior®®” method was implemented with & value of  ing an order parameter value betwe®nand ® + 5®. The
0.23 A1, a cutoff radius of 12.0 A(consistent with the Helmholtz free energy can be calculated by the numerical
minimum image conventiorwhen performing the real-space integration of the Landau Free energy function over the order
summation, and the number kfvectors~12°, to perform  Pparameterd,
the summation ink-space. The Ewald summation method
was implemented using the Particle Mesh EwalB$1E) exp(—,BF)zf d® exp(— BA[D]). 3)
algorithm®® Molecular dynamics simulations for a total time
of 1.0 ns were required to calculate the self-diffusion coeffi-we used umbrella samplifitin conjunction with the Landau
cient of a water molecule in the GQ@lathrate. However, the free energy method to overcome the difficulty of collecting
data collected over a time scale of 1 ns proved to be insufreliable statistics of the probability density functiét ®].
ficient to accurately determine the self-diffusion coefficientWe divided the® parameter space into 8 overlapping re-
of the CGQ molecules. Therefore we had to resort to addi-gions covering the path corresponding to Likpping be-
tional Monte Carlo simulations combined with free energyfween two cages. Monte Carlo simulation runs o<
calculations to determine the self-diffusion coefficient of theStePs. 1X10° of which were spent on the equilibration,

CO, molecules. The parameters of the inter molecular poten/€"e run in each of these 8 regions. 86% of the total number

tials used in the MC simulations were the same as that of th8f Monte Carlo steps were spent on changing the coordinates

0 - :
MD simulations described previously. However, for the sakeOf the 0 molecules, and 14% on changing the coordinates

) . . . of the CQ, molecules. Also 60% and 40% of the total num-
of computational efficiency, the spring constants in the angl

il of C de infinite. i he G q %er of Monte Carlo steps were spent on rotational and trans-
potential of CQ were made infinite, .., the GQvas treated | 4iqna| motions of the molecules, respectively. The arbitrary

as a rigid molecule. Owing to the rather large value of the;,ngiants in Eq(2), were adjusted in each of the eight win-
energy parameter associated with the angle potential of CQqows to make the Landau free energy surface continuous
in the EPM2 modéf compared to the simulation tempera- ajong the order-parameter coordin&teThe choice of our
ture of 200 K, the treatment of the G@s a rigid molecule in  order-parameter is described below.

the MC simulations is justified. Later, it will become appar- In our model system, we identified one of two adjacent
ent that the quantitative estimate of the self-diffusion coeffi-cages that had no guest molecule. Simulation runs were per-
cient of CQ in the clathrate is obtained solely on the basis offormed both with and without water vacancy in the common
Monte Carlo results. Therefore, formally our calculation offace between these two cages. We calculated four different
the self-diffusion coefficient pertains to the rigid version of values for the C@ hopping rates in systems with water
the EPM2 model. The Monte Carlo simulations were per-vacancies. The first corresponds to hopping from a small to
formed in the NVT ensemble starting from the same initial large cage through a pentagonal face, the second corre-
configurations as the MD simulations. Average propertiesPONds to hopping from a large to a small cage through the
were calculated by performing 40-100 million individual PENtagonal face, the third corresponds to hopping from a

MC steps, each MC step consists of either a translation or ?rge to a large cage through the pentagonal face, and the

rotation of a randomly chosen molecule from the simulation ourth corresponds to hopping from a large to a large cage
cell. During each rotation step, three angles were chosen trt1rough the hexagonal face. Note that, because we intro-
' 9 P, 9 Huced a water vacancy into the system, the pentagonal face

r:?mdom. A randomly chosen molecule was rotated SUCCe¥ontained only 4 water molecules and the hexagonal face
sively alongx, y, andz axes by the three randomly chosen ¢,ntained 5 water molecules. For the order paramétén

angles respectively. The maximum displacement step and €Xq. (2) we chose the distance to the plane passing through
tent of rotation of the KO and CQ molecules were adjusted the pentagonal or hexagonal face common to both cages.
during the simulation run to yield an acceptance ratio of 50%rhijs plane was determined using a linear least square fit to
and 33% of the attempted translations and rotations, respegre oxygen atoms in the molecules in each face. We set the
tively. A parallel version of our Monte Carlo program was sign of & based on the cage in which the €@olecule was
used to run on 8 processors. originally present.
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To estimate the hopping rates of €@olecules between 0.28 T T T T T T T T
clathrate hydrate cages we used transition state theory _
(TST).% In using TST, the system is assumed to be in local
thermodynamic equilibrium during the process of barrier
hopping. The hopping rates can then be calculated using the
equation,

k—kBT AF 4
—TGX _kB_T’ (4)

whereAF is a free energy barrier calculated using ES),
and the ratio kg T)/h is thefrequency factoiThe free energy
barrier at other temperatures were calculated usingHg.

Az
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E. Calculation of defect concentrations Time (ps)

In our study, the concentration of water vacancies inFIG. 1. Mean square displacement for thgdHmolecules in a hexagonal ice
clathrate hydrates is an important parameter. However, themructure containing 1024 lattice water molecules and one interstitial water
are no experiments reporting estimates of this quantity™/ecule. The MSD goes to zerotat 0 in the inertial regime which occurs

. ithin the first 5 ps. This is not shown in the plot which has a time resolu-
Therefore, to calculate this value we employed the method q\fon of 5 ps.
thermodynamic integratiof. In this method, we perform
computer simulations of the system with potential energy of

the form, of lattice positions. For an interstitial type defect in igeis

UN)=Ug+A(U;—Uy), (5) 0.5, and for a vacancy in clathrate hydrateis 1.

whereU, is the potential energy of the reference systam
ideal clathrate lattice without defe¢tmndU ; is the potential
energy of the system of intere@lathrate structure with one
water vacancy \ is a coupling parameter for whichk=0  A. Hexagonal ice
corresponds to reference system andl corresponds to the Molecular dynamics simulations of the ideal lattice of
system of interest. The free energy difference of the tWayexagonal ice for a 250 ps time period showed no evidence
systems is obtained using the equation, of diffusion. We then added one interstitial water molecule
1 AU(N) into the ideal lattice and simulated the ice structure contain-
AF:I d7\< N > (6)  ing 1024 water molecules at lattice positions and one inter-
stitial molecule. We observed-10 hoppings of interstitial
To calculate the free energy of formation of the waterwater molecules during the 0.5 ns simulation run. The mean
vacancy, we chose a molecule at random, and parameterizeduare displacemeiMSD) of water molecules during this
point charges and Lennard-Joneparameter ag(\)—\d, molecular dynamics run is plotted in Fig. 1. The slope of the
and e(\)—\e, so that the state with=0 corresponded to line in Fig. 1 gives the diffusion coefficient associated with
the system with a vacancy, and the state with1 corre- the interstitial molecule. To calculate the self-diffusion coef-
sponded to the system without a vacancy. We then performefitient for the experimental system, we needed to account for
Monte Carlo simulations for 10 different values, and via the experimental concentration of interstitials. The concen-
numerical integration of Eq6), calculated the free energy of tration of interstitials reported in the experim&his equal to
formation of the water vacancy. The concentration of vacan2.8x 10" ¢ at 273 K. Using the experimental values of the

lll. RESULTS AND DISCUSSIONS

0

cies was determined using the equation, energy and entropy of formation of the interstitiad.4 eV
and 4.9y, respectively, and the following relation between
AF E; S . .
c=xexp ——|=xexg — — |exp —|, (7)  the concentration of defects, the energy of formation of
keT keT Ke defects,E;, and the entropy of formatiorg; :
whereAF is the free energy of the formation of vacangy, 1 S E
) f
and S; are the energy and entropy of the formation of va- c¢= > ex;{ k_) exr{ — ﬁ) (8)
B B

cancy. Equatiori7) is derived from basic statistical mechan-
ics by assuming a chemical equilibrium between defect andve evaluated the concentration of interstitials at 200 K to be
lattice species. For example, we treat the vacancy formatioB.6x 10 °. Note that the factog in Eq. (8) arises, because
as a chemical reaction that takes the defect free lattice to the number of interstitial sites in ice is half the number of
lattice with one vacancy with the removed molecules in themolecular site4®

ideal gas phase. Similarly, an interstitial site is formed when  The slope of the curve in Fig. 1, determined using a
a defect free lattice combines with a molecule from the idealinear square fit, is equal to 2410”2 m?s™%. Accounting
gas phase. The prefactar is the ratio of the number of for the concentration of interstitials and using the Einstein
possible places for the defect molecules to the total numbeelation,
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the self-diffusion coefficient is given bgx D, and is calcu-
lated to be 1.310 ¥ m?s ™! at 200 K. Hence, the self-
diffusion coefficient is in good agreement with the experi-
mental result given in Table I.

We also calculated the concentration of interstitials in
hexagonal ice using E@8) and the method described in Sec.

Il E. We estimated the entropy of formation of a water inter-
stitial to be equal to 6.185, and the energy of formation to
be equal to 0.40 eV. These can be compared to the experi-
mental values of 4.%g and 0.4 eV respectiveRTherefore,

the computed concentration of water interstitials is equal to M RN S SR SR
9.0x 10 © at 273 K, compared to the experimental reSaft 0 100 200 300 400 500
2.8x10 © at 273 K. In order to verify that the interstitial Time (ps)

migration is the dominant mechanism for diffusion in ice, WeL o om . .

. ) . 2. Mean square displacement for the water molecules in a clathrate
calculated the free energy of formation of a vacancy in th&yqrate structure containing one water vacancy. The MSD goes to zero at
ice lattice. Using the methodology in Sec. Il E, we obtained a=0 in the inertial regime which occurs within the first 5 ps. This is not
value of 2.34 kg for the entropy of formation and 0.409 eV shown in the plot which has a time resolution of 5 ps.
for the energy of formation of a water vacancy at 273 K.

Therefore, using Eq(7), the concentration of vacancies in

ice at 273 K is equal to 2.8810 ’. Since the concentration energy barrier from Fig. 3 is 20KgT (0.3467 eV at 200 K,

of vacancies in ice lower than that of water interstitials by awith energy barrier equal to 0.36 eV. The free energy barrier
factor of 30, the diffusion mechanism in ice is dominated by[calculated using Eql)] is equal to 14.&gT (0.339 eV at

the migration of interstitials. This is consistent with the ex-273 K, which corresponds to a hopping rate of >31x°
perimental findings of Hondokt al1~3 hops/s, calculated using E@).

The free energy barrier for the hopping of €®om a
small to a large cage through a pentagonal face containing a

Molecular dynamics simulations of an ideal clathrate hy-water vacancy is shown in Fig. 4, where the value of the
drate structure, with all small cages and 5% of the largeorder parameter of 1 corresponds to a,Gfblecule present
cages containing no guest molecules, showed no evidence af the center of a small cage, and the value of the order
diffusion. However, we were able to observe diffusion in theparameter of-1 corresponds to a CQOmolecule present at
presence of a water vacancy. We introduced one water vahe center of a large cage. The free energy barrier of hopping
cancy into the system with small cages containing no gueftom a small to a large cage is estimated to be BT
molecules and removed one €@olecule from the large (0.098 32 eV at 200 K, and energy barrier is equal to 0.1 eV,
cage neighboring the water vacancy. After a simulation ofand, therefore, the free energy barrier is equal to &JB
0.5 ns at a simulation temperature equal to 200 K, we 0b¢0.097 48 eV at 273 K. The free energy barrier of hopping
served the hopping of both @ and CQ molecules. We
observed 4 hoppings of GOnolecules between large cages,
which corresponds to a hopping rate ok &0® hops/s. The T T T T T T
mean square displacement plot of theGHmolecules is 20l Fan¥ -
shown in Fig. 2. Taking into account that our system contains :f *’\,‘

367 water molecules and one water vacancy, we calculated i H %

the diffusion coefficient of one water vacancy to be 5.1 —~ N ’ -
x10 1 m?s™! at 200 K. To determine the diffusivity of
H,O in clathrate hydrates we need to multiply the diffusion
coefficient of one water vacancy by the concentration on
water vacancies in clathrate hydrates. We report these num;,
bers below.

Monte Carlo simulations of the system containing no
water defects yielded a very high barrier for the hopping of . .
the CQ molecules between cages. The free energy barrier - . . N
for this process is shown in Fig. 3 where the two minima
correspond to the COmolecules being in the centers of the L L 1 L L L L
cages. We noticed that even though the system originally
contained no water defects, a pair of water interstitial and
water vacancy was spontaneously created to allow foy COpg_ 3. Free energy barrier for the hopping of the O@olecule between
to hop to the neighboring cage. The estimate of the freelathrate hydrate cages containing no water defects.

Mean Square Displacement (

B. Clathrate hydrates

—_
%)

Free Energy (kT
>
|
|

(53
I
+
+
|

Order Parameter

Downloaded 16 May 2002 to 18.63.2.61. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 2, 8 January 2002 Diffusivities in ice and CO, clathrate hydrates 707

T I T T : T : : , : T : T :
sl . i
10} ol . - P
R s % i
+ 1 A
_ + " * —_ 3} “':
Fm / g‘* . F‘m 6 3, e i
v s A 1 ) : %
R S’ +
. ¥ M 3 %
23 ; ’ 3 | { 3 ]
5 ¥ S ; = M H
=) : N > N = 4 M % -
m 5F 4 ~ v — m * Y
W y . Mo o ¥ 1
] + - o - ? t J
‘u:' + b ‘u:' M N
. d 2 : ¥ -
I . . ] . A
. : : ‘
T i i Vo ]
* * + + +
M, LY % V4
L 4
0 R VA ! . ! . o, N\ I L N
2 -1 0 1 2 2 -1 0 1 2
Order Parameter Order Parameter

FIG. 4. Free energy barrier for the hopping of the Q@olecule between  FIG. 6. Free energy barrier for the hopping of the Q@olecule between
small and large clathrate hydrate cages with a water vacancy present birge and large clathrate hydrate cages through the hexagonal water face.
tween them.

to 0.15 eV, and, therefore, the free energy barrier is equal to

from a large to a small cage is equal to 1RsT (0.1742 eV 5.3 kgT (0.1248 at 273 K, and the corresponding hopping
at 200 K, the energy barrier is equal to 0.23 eV, and, thererate is equal to 2.8 10'° hops/s. A summary of the hopping
fore, the free energy barrier is equal to 6l (0.1521 ey  rates is provided in Table Il.
at 273 K. Using Eq.(4), we calculated the hopping rates The largest hopping rate exists for the hopping of the
from a large to a small and from a small to a large cages t€O, molecule from a large cage to a large cage with the
be equal to 8.910° hops/s and 9 10 hops/s, respec- vacancy present on the pentagonal water face. This hopping
tively. The free energy barrier for the hopping of Cfom a  rate at 200 K is equal to 5:710° hops/s which is in a good
large to a large cage through a pentagonal face containingagreement with the hopping rate ok&0° hops/s at 200 K
water vacancy is shown in Fig. 5, and is equal to &8  obtained through the molecular dynamics simulation.
(0.1138 eV at 200 K. The energy barrier for the hopping is To calculate the concentration of water vacancies in
equal to 0.13 eV, and, therefore, the free energy barrier islathrate hydrates, we used the method described in Sec. Il E.
equal to 4.5kgT (0.1059 eV at 273 K. The corresponding We justified the validity of using this method via the calcu-
hopping rate is equal to 6:210'° hops/s. Finally, the free lation of the concentration of interstitials in hexagonal (ice
energy barrier for the hopping of GGrom a large to an that case we obtained the concentration of interstitials three
empty large cage through a hexagonal face containing a waimes larger than the experimental result4/e calculated the
ter vacancy is shown in Fig. 6, and is equal to kgT  free energy of formation of water vacancies in clathrate hy-
(0.1328 eV at 200 K. Energy barrier for the hopping is equal drates to be 0.51 eV at 200 ($ee Fig. 7, and the energy of

formation of vacancies was calculated to Be=1.31 eV.

Therefore, the entropy of the formation of a water vacancy is
7 y T y T y T y equal to 46.4X%g, and the concentration of water vacancies
i 1 determined, using Eq7), is equal to 1.&¢10 # at 273 K

Pt .1 and15¢102at200 K.

Using the estimate of the concentration of water vacan-
cies in CQ clathrate hydrates and the root mean square
displacement of the water vacancies calculated via our
: molecular dynamics simulation, we estimated the diffusion
+ + coefficient of HO in clathrate hydrates to be 1
. X 10 % m?s!at 200 K.

Free Energy (k;T)

f TABLE Il. CO, hopping rates between clathrate hydrate cages with a water
. - vacancy between them. Hopping rates were calculated via Monte Carlo
N 1 simulations and correspond to a temperature of 273 K.

*

L k73 L 1 L ol L Large to large through pentagonal face 810 hops/s
2 -1 0 ! Large to large through hexagonal face 2 B80'° hops/s
Order Parameter Small to large through pentagonal face 9 10'° hops/s

Large to small through pentagonal face 820° hops/s

FIG. 5. Free energy barrier for the hopping of the Q®@olecule between
large and large clathrate hydrate cages through the pentagonal water facéThe hopping rate of COwithout water vacancy is 3:210° hops/s.
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Another possible mechanism for the diffusion from large
to large cages corresponds to a chain of hopping from a large
to a small cage, followed by hopping from a small to a large
cage. Diffusion corresponding to the first step in the chain is
equal to

Dis=%-36x102°.8.9x10°-4.0.3-1.0x10 4.5
=3x10 1 m?s L. (13

Diffusion corresponding to the second step in the chain, the
hopping from a small to a large cage, is equal to

Dy =% 36x1029.9.1x 10" 12.0.1.1.0x10™ 4.5
=2x10 1 m?s L. (14)

o> 0a 0.6 0 1 Therefore, the total diffusion corresponding to the migration
Order Parameter (A — 1) of the CGQ molecules.from large to large cages through small
cages, calculated using the formula,

FIG. 7. Free energy of formation of a water vacancy in the clathrate hydrate 1 1 1
structure.

Free Energy (eV)

BZD_1+D_2 (15)

is equal to

An accurate calculation of the self-diffusion coefficient Dig=3x10"1 m?s1. (16)
for CO, in hydrate involves the use of E(). However, as
pointed out by Einsteif? a fairly accurate estimate of the
diffusion coefficient,D, can obtained using the expression
1d?/ 7, whered is the length scale of the dominant molecular
mo.t|on responslble for the dlf’fUSIOI’l.an'dS the time §cale N CONCLUSIONS
which the dominant molecular motion occurs. Using the re-
sult that the diffusion of C® occurs mainly through the Molecular simulation methods have been used to model
hopping of the C@Q molecule between large cages connectedhe diffusion properties of COclathrate hydrates and ice.
by the pentagonal water face containing one water vacancihe self-diffusion coefficient of kD in ice was calculated to
and assuming that the occupancy of the large cages is 90%e 1.3< 10 '8 m?s ! at 200 K, in good agreement with ex-
we estimated the diffusion coefficient of G@ the clathrate  perimental data. The concentration of water vacancies in the
hydrate using formula, clathrate hydrate structure was estimated to bex1@ * at

) o 273 K. The diffusion coefficient of COin CO, clathrate
hoppmg)(connectlwty) occupancﬁ; hydrates was estimated using Monte Carlo simulation tech-
rate of cages |\ of cages niques to be equal t03210 > m?s™! at 273 K. The diffu-
sivity of H,O in the CQ clathrate hydrate is estimated to be
equal to X 10" 22 m?s ! at 200 K, given that the concentra-
tion of water vacancies at 200 K is equal to .50 3,

Therefore, our original assumption that diffusion occurs
mainly through the migration of the GOmolecules from
large to large cages through pentagonal faces is accurate.

1
Y.
D—6(d

cage—cal

water vacancies in the water fac

concentration dff H,O molecules

which leads to Possible future work includes a better estimation of the
concentration of water vacancies in clathrate hydrates, and
Dys=%-36x10 20.6.2x10'°.8.0.1.1.0x 10 *.5 enhanced accuracy in the determination of the occupancies
of clathrate cages. These two factors play very crucial role
=1x10" 12 m?s %, (11) : P eoeiicio

for the determination of the diffusion coefficient in GO

where 8 stands for the number of large cages adjacent to tifdathrate hydrates.
large cage through the pentagonal face, 0.1 means that 10%
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