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Abstract—In the literature, thermochemical properties were
determined by using quantum chemical calculations for systems
containing hydrates and H,, N,, O, CO, CH; and NH; gas
molecules, to examine the effect of the size of gas molecules on
excess partial molar function of hydrates. The excess partial molar
volumes, VE” and enthalpies, va‘* , at infinite dilution of the binary
mixtures were computed by ab initio method at the M05-2X/ 6-
311++G** level of theory using PCM theory in the liquid phase.
Computational results help to clarify the nature of the
intermolecular interactions in host (hydrate) + guest (Hy, Ny, O,
CO, CH, and NH,) complexes.vf"o values of solutions including
polar gas molecules are higher than those of mixtures with unpolar
gas molecules.

Index terms -Ab initio, hydrate, guest, Excess partial molar
volumes at infinite dilution, Excess partial molar enthalpy at
infinite dilution.

|. INTRODUCTION

It is crucial to researcher the study of gas hydrates for the
different application as a gas storage material and in
environments [1-4].Gas hydrates provide porous structures for
encaging gas molecules and have become very popular
recently especially to improve industrial gas storage and a
transportation medium [5-7]. Further, on the basis of a
previous study, thermodynamic properties were used to study
interaction between host water cages and guest molecule [8-
101.

Naturally gas hydrates have clathrate structures that were
generated much interest in the study of the storage materials in
which small atoms/molecules gas such as methane, nitrogen,
and carbon dioxide are trapped inside a polyhedral water cage
of different sizes.Water complexes consisting of 12 pentagonal
rings made up of 20 water molecules, in particular, are the
heart of ongoing studies due totheir broad significance ranging
from biological to chemical systems [11-13].

The guest (light gas) and host (water) complexes successfully
developed are based on noncovalent interactions between
guest and water-type functionalities. At this time, reliable
quantitative information on the thermochemical properties of
the host-guest complexes is quite limited.In addition, there is a

strong interest in calculating the thermodynamic behavior of
these complex systems. In Gas hydrates, an ice-like material,
careful thermodynamic consideration is necessary to
accountthermodynamically favorable conditions which gas
hydrates are stable. It may be noted that the related
experimental results are scanty. The thermodynamic
perception of the strength of host—guest interactions is
expressed through the utilization of excess thermodynamic
properties which are served as a valuable tool for this

purpose[14-16]. These properties have been applied as a
qualitative guide to predict the complex formation in these
mixtures. The thermodynamic properties of infinitely dilute
solutions is confirmed that been very difficult to predict and
systems involving these conditions should always have the
results from computational work validated by experimental
data. The capability of infinite dilution excess molar enthalpy
data is to accurately determine vapor-liquid equilibria (VLE)
and also the infinite dilution activity coefficient [18]. As the
infinite dilution partial molar excess functions correspond to a
transfer of the solute from its pure liquid state to a
hypothetical infinitly dilute solution of unity solute mole
fraction x; =1, are of great importance in understanding the
nature of molecular aggregation that exists in the binary
mixtures. The resulting experimental processto obtain
thermodynamic values is very time-consuming and may
require a substantial cost which could be much higher than the
cost required for computational study.

Il. RELATED WORK

It is a subject of great interest and significance in
computational and theoretical chemistry to determine the
excess functions and intermolecular interactions for mixtures,
with the aim of correlating the structural and thermodynamics
aspects [19-22]. The host—guest interaction between a
dodecahedral water cage and a variety of guest species was
reported at the MP2/CBS limit [23].The different theoretical
and computational approaches such as ab initio methods and
thermodynamics procedures have been employed to
determinate  thermodynamics properties of host—guest

complexes [Error! Bookmark not defined.].
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In this study, thermodynamic measurements were made for the
host (hydrates) + guest (light gas) complexes to recognize the
existence of interactions between molecules and of structural
effects in the mixtures under study which were calculated
from the computational data.

The excess partial molar volumes and enthalpies at infinite
dilution for the mixtures of gas hydrates were calculated at
liquid phase wusing the MO05-2X/6-311++G** density
functional theory (DFT) [25] by PCM (polarizable conductor
model) method [26]. Polarizable Continuum Model, PCM, is
now widely used to describe hydration in conjunction with
quantum mechanical calculations that simulates the solvation
process by embedding the solute inside a cavity surrounded by
the solvent.

The estimations of hydrate properties such as set of
computational excess molar enthalpy and volume at infinite
dilution for various gas molecules are quite important. Excess
partial molar volumes at infinite dilution (V**) and enthalpies
at infinite dilution (H5~) of host (hydrates) + guest (Hz, N,
0,, CO, CH,; and NHjz) complexes in aqueous phase
studiedmixtures were computed by using the MO05-2X/6-
311++G** density functional theory (DFT) [27].the

estimation of the solvent effects was attempted by using the
self-consistent reaction field (SCRF) and more elaborate

polarizable continuum (PCM) models [28].

Il. COMPUTATIONAL METHODS

Firstly, the geometries of host (hydrates) + guest (H, N,
0,, CO, CH, and NH3) complexes were optimized using the
Gaussian 03 program [29-31] by the MO05-2X density
functional theory (DFT) paired with the 6-311++G** basis
sets. The optimized representative geometries of the involved
mixtures are displayed in Figure 1. Further, the optimized
structures also serve as the reference structures for frequency
calculations. Thermochemical calculations were determined
using harmonic ab initio frequencies on the same level of

theory as used for all complexes. In the next step, HiE'°° and
V5 of included systems was calculated.

According to this treatment, the excess molar
enthalpies and volumes at infinite dilution X* (X = H or V)
can be computed as equation 1:

1
1)
Where X excess partial molar enthalpies and volumes

at infinite dilution of host (or guest) component refers to
changes in enthalpies and volumes of solution when passing
from pure liquids X2 _ (or X ) to their mixtures

host+host guest+guest
X sol,co X sol,0 and

sol,0
host+guest [32_35] The values Of Xguest+guest’ host+host
X sol,o0

host-+guest

calculations in aqueous phase on the optimized geometries

were computed through frequency and single point
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using equation 2. The excess molar enthalpies and volumes are
the difference in the strength of interactions between unlike
species (host/guest) and like species (host/host and
guest/guest) so that enthalpy and volume of like components
which were considered as dimers was divided by two. It is
clear that pure component should be considered as dimers.
Environmental effects on the properties of these mixtures were
modeled by the self-consistent reaction field (SCRF) method
using a polarizable continuum model (PCM). In this
calculation, solvent effects were incorporated using the PCM
model in which the continuum aqueous phase is a very dilute
solution so that a solute molecule is immersed in the solvent.

[ll. RESULT AND DISCUSSION

Geometry optimization of the host (hydrates) + guest (H,, N,
0,, CO, CH; and NH3) complexes were obtained from ab
initio calculations by using the Gaussian-03 program package
[36]. The lowest energy complexes were locally minimized at
the density functional theory (DFT) level with the M05-2X
functional and a 6-311++G** basis set. The resulting
interacting pair structures are shown in Figure 1.

(H20)20

3
P ’“'/

N2(H20)20  CO (Hz20)20 NH3(H20)20

Figure 1. Optimized geometry of the dodecahedral water cage (H,0) at the
MO05-2X/ 6-311++G** level of theory.

Empty cage + Guest molecule —— occupied cage

E,0 so0l,00 sol,o0 sol,o0 . R )
X1 = Xakanok Bron (OMent akkanok) - 1/ 2 X hanoks+ alianols (0Nt akanok) 1/ 2 Xgnons enon (OFFNE@ROMetric results computed at M05-2X functional with 6-

311++G** basis set are listed in Table 1.
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Complexes

Re..ow  Row-ow

512 - 2.599

H, @5" 3631 2584

N, @5" 3543 2582

0,@5” 3532 2581

CO@5" 3435 2578
CH,@5" 3411 2577

NH,@5'> 3391 2512

The shortest distance between the terminal atoms of the guest
molecule and the oxygen atoms of the water molecules
(Rg...ow) is listed in Table 1. The distance between the the
oxygen atoms of the water molecules (Roy...ow) iS listed in
Table 1. Rg ow and Roy...ow cOmfortably used to describe the
geometries (seeFig 1). Rg ow and Roy...ow Was employed in
order to determine the strength of guest molecule interactions.
It is worth mentioning that the Rg_ow and Roy...ow 0f 0CCupied
cage is greater than that of empty cage (See Table 1).The
maximum and minimum value of Rg ow and Roy...ow fOr the
complexes at M05-2X method corresponds to H, (3.631 and
2.584 A) and NHj; (3.402 and 2.571 A), respectively.

Thereby, trend of Rg ow and Roy...ow iS proposed as: NHs<
CH,< CO < 0y< Np< H, the values of Rg ow and Roy...ow
distance decrease. Rg_ow and Roy...ow fOr polar gas molecules
(NHs, CH,4, CO) are less than the unpolar gas molecules (O,
N, Hy).

The excess partial molar volumes and enthalpies at infinite
dilution were computed at the M05-2X/ 6-311++G** level of
theory using PCM theory using default solvent parameters for
water and they are given in Table 2. The computed excess
partial molar volumes and enthalpies at infinite dilution were
calculated from the difference between the volumes and
enthalpies of solution when passing from pure liquids to their
mixtures according to equation 1. An overview of computed
thermochemical properties for these complexes (v &~ and

HE=) are
tabulated in Table 2.

Complexe Ew
q A H> o

H, @57 -1833 -823 1.2
N,@5"” -1811 -894 153
0, @5"% -1733 922 154
co@s? -16.99 -987 1.76
CH, @57 -1519 -10.12 1.78
NH;@52 -14.22 -10.33 1.99
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As listed in Table, Host—guest interaction between hydrates
and guest molecules (H,, N,, O,, CO, CH4 and NH3) occurs
which makes a negative contribution tov,®*. Noncovalent

interaction of the cage due to the presence of guest molecules
was influence which decreases the volume. The analyzing the
quantities at infinite dilution V5=, one may derive an

information about of host + guest interactions.
Thermodynamics studies of host + guest complexes at infinite
dilution clearly show the effect of the polarizability of guest
molecules in the host-guest interaction. For given mixtures the
negative values of \/5~ become larger as the polarizability of

guest molecules increase.

From Table 2 we see that the excess partial molar volumes at
infinite dilution v,*~ for polar gas molecules (NH3, O3, CO)

are more than the excess partial molar volumes at infinite
dilution &~ for unpolar gas molecules (H,, N,, Oz, CHy). So

that the maximum/minimum absolute values of viEr°° are

related to hydrate + NHas/H, interaction, respectively. The
absolute trend for is NH;> CH,> CO > O,> N,> H,.

Following optimization, HE~ for each of the structures was

evaluated at the same level of theory as that used for
optimization using mentioned equation. It should be noted that
when discussing the minimum energy structures for occupied
cage, frequency calculations were carried out using the density
functional theory (DFT) theory. enthalpy for the optimized
geometries were obtained from the frequency calculations by
using the harmonic oscillator and rigid rotor approximations at
298.15 K and 1 atm, calculated at the M06-2X/6-311++G**
level of theory.

Computational data were determined for each host + guest
complexes excess partial molar enthalpies at infinite dilution (
HE~) and reported in Table 2. The magnitude of H5* is an

excellent indicator of the strength of interaction between
unlike molecules. The calculated excess partial molar
enthalpies at infinite dilution were negative, suggesting that
trapping a variety of guest species inside the cages of clathrate
hydrates is exothermic in all host + guest complexes at infinite
dilution.

The excess molar enthalpies are negative for the all host +
guest complexes and increase with increase in the
polarizibility of the guest molecules. It indicates that the
excess molar enthalpies are strongly influenced by the
polarizibility of the guest molecules. In the case of hydrate +
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NH; mixtures in water solvent, 4 £~ is affected by polarizibility

of the NH; and consequently strengthen the interaction
between host and guest. In more polar molecules, the increase

in the values of HiE*°° shows the higher release of energy for

guest molecules trapped. The maximum/minimum values of
HF~ were observed for host (hydrate) + NHs/H, complexes.

As it can be seen, these values are depending on the
polarizibility of the guest, The values of HF” are in order

NH;> CH,> CO > O,> N> Ha,.

IV. CONCLUSION

The present paper reports the results of computational
excess partial molar volumes and enthalpies at infinite dilution
for host (hydrate) + guest (H,, N,, O,, CO, CH; and NHy)
complexes by ab initio method at the M05-2X/6-311++G**
level of theory using PCM theory. This negative value of
HiE'°c is consistent with exothermicity of these complexes.

From an examination of the data listed in Table 4, it is clear
that the values of the infinite dilution excess partial molar
enthalpies of hydrate + NH; were more than hydrate + H, and
have the following order: H, < N, < O, < CO < CH,< NHs. It
is indicated that NH3 is more easily interact with hydrate than
H,, the polarizibility of NH; causes the more interaction than
Hz.

REFERENCES

[1]. Y. Zhong, R.E. Rogers, Chem. Eng. Sci. 55, 4175 (2000).

[2]. K.C. Kang, P. Linga, K. Park, S.J. Choi, J.D. Lee, Desalination
353 84 (2014).

[3]. S.Park, S.Lee, Y. Lee, Y. Seo, Environ. Sci. Technol. 47 7571
(2013).

[4]. A. Eslamimanesh, A.H. Mohammadi, D. Richon, P. Naidoo, D.
Ramjugernath, J. Chem. Thermodyn. 46, 61 (2012).

[5]. J.S. Gudmundsson, M. Parlaktuna, A.A. Khokhar, SPE Prod.
Eng. 9, 69 (1994).

[6]. E.D. Sloan, C.A. Koh, 3 ed.; CRC Press (Taylor and Francis
Group): Boca Raton, FL, 2008.

[7]. S. Park, S. Lee, Y. Lee, Y. Lee, Y. Seo, Int. J. Greenhouse Gas
Control 14, 193 (2013).

[8]. W. Li, J. Gong, X. Lu, J. Zhao, Y. Feng, D.A. Yu, Pet. Sci. 10, 97
(2013).

[9]. T. Uchida, S. Takeya, Y. Kamata, LY. lkeda, J. Nagao, T.
Ebinuma, H. Narita, O. Zatsepina, B.A. Buffett, J. Phys. Chem. B
106, 12426 (2002).

[10]. P.K. Chattaraj, S. Bandaru, S. Mondal, J. Phys. Chem. A 115,
187 (2011).

[11]. H. Delavar, A. Haghtalab, DOI:
http://dx.doi.org/doi:10.1016/}.fluid.2015.03.008.

[12]. W.L. Mao, H. Mao, A.F. Goncharov, V.V. Struzhkin, Q. Guo, J.
Hu, J. Shu, R.J. Hemley, M. Somayazulu, Y. Zhao, Science 297,
2247 (2002).

DOI:10.15693/ijaist/2017.v6i4.19-23

[13]. H. Lee, J. Lee, Y.D. Kim, J. Park, Y.T. Seo, H. Zeng, I.L.
Moudrakovski, C.l. Ratcliffe, J. A. Ripmeester, Nature, 433, 434
(2005),

[14]. Kirov, M. V.; Fanourgakis, G. S.; Xantheas, S. S. Chem.
Phys.Lett. 461, (2008) 180.

[15]. E.D. Sloan, New York, 1998.

[16]. Q. Xu, S. Sun, G. Lan, J. Xiao, J. Zhang, X. Wei, J. Chem. Eng.
Data 60, 2 (2015).

[17]. Z.R. Master, N.I. Malek, J. Mol. Lig. 196, 120 (2014).

[18]. M. Rani, S. Maken, Thermochim. Acta , 559, 98 (2013).

[19]. A.S. Gow, Ind. Eng. Chem. Res. 32, 3150 (1993).

[20]. M.S. Miranda, J.C.G. Esteves da Silva, J. F. Liebman, J. Chem.
Thermodyn. 80, 65 (2015).

[21]. R.S. Neyband, H.A. Zarei, J. Chem. Thermodyn. 80, 119 (2015).
[22]. AFLOM. Santos, MAV.J. Ribeiro da Silva, Chem.
Thermodyn. 75, 1 (2014).

[23]. St. Perisanu, I. Contineanu, M.D. Banciu, J.F. Liebman, B.S.
Farivar, M.A. Mullan, J.S. Chickos, N. Rath, D.M. Hillesheim,
Thermochim. Acta 400, 109 (2003).

[24]. Kumar, P.; Sathyamurthy, M. J. Phys. Chem. A 115, 14276
(2011).

[25]. P. Kumar, B. K. Mishra, N. Sathyamurthy, Comput, Theor.
Chem. 1029, 26 (2014).

[26]. Y. Liu, L. Ojamae, J. Phys. Chem. C, 119, 17084 (2015).

[27]. J.C. Hey, L.C. Smeeton, M.T. Oakley, R.L. Johnston, J. Phys.
Chem. A, 120, 4008 (2016).

[28]. Y. Zhao, N.E. Schultz, D.G. Truhlar, J. Chem. Theory Comput.
2, 364 (2006).

[29]. S. Miertus, J. Tomasi, Chem. Phys.65, 239 (1982).

[30]. J. Tomasi, M. Persico, Chem. Rev. 94, 2027 (1994).

[31]. Y. Zhao, N. E. Schultz, D.G. Truhlar, J. Chem. Theory Comput.
2 (2006) 364.

[32] S. Miertus, J. Tomasi, Chem. Phys. 65, 239 (1982).

[33] J. Tomasi, M. Persico, Chem. Rev. 94, 2027 (1994).

[34] M.J. Frisch, et al. Gaussian 03, Revision B02; Gaussian, Inc.:
Pittsburgh, PA, 2003.

[35] L.E. Ficke, J.F. Brennecke, J. Phys. Chem. B 114, 10496 (2010).
[36] Frisch M.J. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B,
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.,
Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S.
S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.;
Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.,
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E;
Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi,
R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth,
G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul,
A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko,
A.; Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A;; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill,
P. M. W.; Johnson, B.; Chen,W.; Wong,M.W.; Gonzalez, C.; Pople, J.
A. Gaussian 03, Revision B02, Gaussian Inc, Pittsburgh, PA, 2003.

22



International Journal of Advanced Information Science and Technology (IJAIST) ISSN: 2319:2682
Vol.6, No.4, April 2017 DOI:10.15693/ijaist/2017.v6i4.19-23

Authors Profile

E.Jafarian the B.scdegreein chemical
engineering from islamic azad university
dezful branch,ahvaz,Iran, in
2014.Currently doing M.sc in chemical
engineering in shahid nikbakht college of
technical ~ engineering,Department  of
chemical engineering,University of Sistan

& Baluchestan, Iran.His research interest includes
Modeling,simulation and optimization of chemical processes.

Dr.F.ShahrakitheM.sc.degreein  chemical
engineering  from  tarbiat  modares
university,Tehran,Iran in  1992. The
Ph.D.degree in process integration from
university of manchester Institute of
science and Technology, manchester,UK.
Currently working in Shahid nikbakht

college of technical engineering,Department of
Chemical Engineering.His research interest includes
process heat integration, process math integration,
modeling heat transfer simulation,free transfer, and
process optimization.

Dr.A.GholipourtheM.sc.degree in
Department of Chemistry, University of
Sistan & Baluchestan,Zahedan, Iran in
i 2009.The Ph.D. degree in Department of
Chemistry, University of Arak, Arak,

ﬁ\ /\ Iran.Currently working inDepartment of

Chemistry, Faculty of Science, Lorestan

University, Khoramabad, Iran.

23



