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Carbon dioxide (CO;) molecules show a rich orientation landscape when they are enclathrated as guest molecules in type /
hydrates. Previous studies have described experimentally their preferential orientations, and some theoretical works explain, but
only partially, these experimental results. In the present paper, we use classical Molecular Dynamics and electronic Density
Functional Theory to advance in the theoretical description of CO, orientations within type I hydrates. Our results are fully
compatible with those previously reported, both theoretical and experimental, being the geometric shape of the cavities in hydrate,
and therefore, the steric constraints, responsible of some (but not all) preferential angles. In addition, our calculations also show
that guest-guest interactions in neighbour cages are a key factor to explain the remaining experimental angles. Besides the
implication concerning equation of state hydrate modeling approximations, the conclusion is that these guest-guest interactions

should not be neglected, contrarily to the usual practice.

1 Introduction

Hydrates are non stochiometric inclusion solids where wa-
ter molecules form a crystalline regular network through
hydrogen bonding, leaving cage structures that may en-
clathrate small guest molecules, as for instance carbon diox-
ide (CO,)!%. Clathrate hydrates, also called gas hydrates,
crystallize at low temperatures or moderately high pressures,
but not as low temperatures or high pressures as usual ice.
Large research efforts from different scientific and technolog-
ical communities have been devoted to study CO; gas hy-
drates, due to the applications and industrial processes where
they are involved®=, as for instance their potential to capture
and store greenhouse effect gases®’, specially CO, sequestra-
tion®°. One very attractive idea, although not yet accessible
in practice, is the exchange of CO; for the methane trapped
inside natural occurring hydrates in the oceanic seabed and
permafrost soils %!, Komatsu ez al. 1> have recently reviewed
the experimental progress towards this CO,-CH4 replacement.
This process would connect the potential future exploitation
of hydrates as methane source '3 with the long term storage of
this greenhouse gas, meaning a high added value environmen-
tal side effect. The feasibility of this application depends to a
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great extent on the detailed knowledge of the structural prop-
erties and dynamics of CO, molecule inside the hydrate, a key
to guess the optimal replacement process.

Many efforts have been devoted to the use of different
molecular simulation tools to investigate microscopic features
of hydrates and clathrates. English and MacElroy !4 have re-
cently published a comprehensive review of the state-of-the-
art in this field. Barnes and Koh ' have also presented a more
succinct review of the topic. Dynamic phenomena as hydrate
nucleation or growth comprise time and length scales hardly
accessible through experimentation, and thus molecular sim-
ulation, with all its complementary approaches, has become
a extremely useful tool to guess and propose molecular scale
mechanisms to better understand hydrate science.

CO; produces the so called type [ hydrate structure, which
is composed by two different cages. The first is a truncated
hexagonal trapezohedron consisting of 12 pentagonal and 2
hexagonal faces (denoted hereafter as T cell for brevity, some-
times referred to in literature as 5'2 6%). The second cell
type is a dodecahedron consisting of 12 pentagonal faces
(D cell, or 5'?). Methane replacement by CO, entails pro-
cesses of crystallization-dissociation, and also transport of
guest molecules inside a permanent water lattice. In this con-
text, during the simulation of spectra of type I hydrates !¢, we
faced an interesting problem: being CO; a linear molecule,
the transition barrier when passing from one cage to another
depends to a great extent of its orientation. This implies that
all transport properties are also directly dependent on the pre-
ferred orientations, adding up to the guest-lattice interactions
and other higher-order phenomena. This topic was studied
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previously by several groups using different approaches with
results that are not entirely clarifying. The objective of this
work is to discuss some aspects relative to the orientations of
CO, molecule inside the type [ hydrate, using standard com-
putational tools, trying to improve the understanding about
this aspect of the complex behavior of CO; hydrates.

It is worth noting that in this work, as in the previous
ones'®!7 we have used aperiodic hydrate cells to perform
electronic Density Functional Theory (DFT) calculations. The
limitations of this cage only approach are evident (see e.g. the
cited review of English and MacElroy 4 for a detailed discus-
sion), due to the lack of periodic boundary conditions. Nev-
ertheless, this technique has been widely used '®-23 due to the
limitations imposed by the highly CPU demanding calcula-
tions involved. Bearing the limitations of this approach in
mind, and knowing that hydrate fully periodic calculations are
becoming feasible (as demonstrated by English and Tse?* or
Hiratsuka et al. >), the cage only approach has proven useful
and even quantitative in this context. In this work, ab initio
calculations will be compared with classical Molecular Dy-
namics to discuss guest CO; preferred orientations.

2 Methods

Quantum calculations were performed using Density Func-
tional Theory (DFT)?® approach. In particular, B3LYP/6-
311+g(d,p) was used for the angle series calculations. B3LYP
stands for the Becke?’ three parameter hybrid functional,
which includes the Lee-Yang-Parr correlation.?® This func-
tional was chosen for two reasons. On the one hand, con-
sidering the computational cost of the methods employed,
there is a number of alternatives, specially the Truhlar family
(M06,M08, etc.) However, they have been shown recently to
be inferior to B3LYP for the simulation of IR-Visible spec-
tra?®. On the other hand, in previous works %17 we have
found that explicit long range correction methods as CAM-
B3LYP do not significantly improve geometric results, and
thus they were discarded due to their much higher computa-
tional demand. The basis set was chosen bearing efficiency
in mind, as it is the lowest level option possible that can deal
with non-covalent interactions and H-bonds, which are of pri-
mary importance in the hydrate structures. One polarization
function for each atom, —p type for H atoms, and d type for
the other atoms—, and an additional set of diffuse functions (+)
for the non H atoms were considered. Calculations were per-
formed using Gaussian 093°. Two-cage systems were mod-
elled at a lower level, B3LYP/6-31+g, due to the large number
of atoms present.

Structures were built considering the lowest energy H-bond
network. The number of possible conformations of H-bond
network of a T cage satisfying the Bernal-Fowler ice rules3! is
as large as 3043836, making impossible in practice to consider

all of them in energy calculations3>. However, the difference
between the lower energy conformation and the next immedi-
ately higher is only about 2.5 kJ-mol~!. Therefore, only the
lowest energy proton disorder conformations were used dur-
ing the present work.

Geometric parameters were measured using VMD? and
pictures of the systems were rendered using included Tachyon
ray-tracing utility 34.

For Molecular Dynamics (MD) calculations, the unit cell of
type I hydrate was built from the crystallographic coordinates
available in literature 3. Initial CO» hydrate configuration was
obtained by replicating this unit cell twice in each spacial di-
rection, (2x2x2), resulting a total of 368 water molecules with
64 cavities. Hydrogen atoms were placed using the algorithm
proposed by Buch et al.® to take into account the hydrate
proton disorder, with the aim of generating solid configura-
tions satisfying the Bernal-Fowler rules®!, with zero (or at
least negligible) dipole moment.

All molecular dynamics simulations were carried out in the
isothermal-isobaric NPT ensemble using GROMACS (ver-
sion 4.6.1)37-38 . Constant temperature (260 K) and pressure
(40 MPa) were kept using a Nosé-Hoover3*4? thermostat and
a Parrinello-Rahman*!'*? barostat with a relaxation time of 2
ps. In these conditions, the simulation box contained a sin-
gle hydrate slab, as demonstrated in a previous work for the
molecular models used**, and the guest occupancy considered
was 100%, i. e. each cavity in the hydrate structure contained
one guest CO;, molecule. All three sides of the simulation box
were allowed to fluctuate independently. The usual complete
periodic boundary conditions and minimum image convention
were respected. The time-step used was 2 fs, and the typical
length of the runs varied between 80 ns and 400 ns. Inter-
molecular interactions were calculated as a sum of two contri-
butions, Lennard-Jones (LJ) pairwise interactions, which were
truncated at 9 A, and electrostatic interactions, dealt with the
Ewald sums method. The real part of the Coulombic potential
was truncated also at 9 A and the Fourier term of the Ewald
sums was evaluated using the Particle Mesh Ewald (PME)
method**. The width of the mesh was 1 A with a relative
tolerance of 1073 A.

H,O was modelled using the well-known rigid non-
polarizable TIP4P* molecular geometry: four interacting
centres, with the oxygen atom O as the only L] interaction site,
a point electric charge (M-site) located along the H-O-H angle
bisector, and two hydrogen atoms H, which are represented by
point electric charges. For CO,, the most popular structure in
the category of rigid non-polarizable models is a linear chain
with three interacting sites, describing each C and O atoms as a
combination of a LJ site plus an electric point charge. Among
the available parametrizations for this structure, we have se-
lected the TraPPE*® version. The LJ Hy,O-CO, interaction
was calculated using the crossed interaction parameters given
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Fig. 1T cell showing the reference Cartesian axes (x,y,z), and
related orientation angles (6, ¢) of vector r. 6 is the angle with
respect to positive z, and ¢ is the angle with respect to the positive x
in the (x,y) plane.

by the Lorentz-Berthelot combining rules*’. The combination
of these molecular models has been recently used to determine
CO, hydrate three phase line equilibria*>*® with remarkable
quantitative accuracy. The choice of the optimal molecular
force field to describe this type of hydrates has been discussed
previously for instance by English and Clarke*’, and Ander-
son et al.”*. They showed the enhanced ability of the CO, po-
tentials adjusted to ab initio hydrate calculations. In this case,
we have used well known force fields that have been shown
to perform accurately in the description of solid phases also in
the case of CO, 1.

In Figure 1, the Cartesian coordinates used in the follow-
ing are depicted for a T cage. The axis perpendicular to
both hexagonal faces corresponds to z coordinate, being the
hexagonal faces parallel to (x,y) plane. This will be the
main framework of reference to analyze MD trajectories. For
convenience, we will use spherical coordinates of the guest
molecule to identify the different orientations. This way, the
orientation will be described by two angles, 6, the angle with
respect to +z and ¢, the angle with respect to +x semi-axis
on the (x,y) plane. For a D cage, the axis are not shown be-
cause the orientation is much simpler due to symmetry. In
this case the z axis is chosen to be perpendicular to two oppo-
site pentagonal faces. Due to the rotation symmetry of these
D cells, results of different D cells will be be comparable re-
gardless of the faces selected as reference of the z axis place-
ment. The analysis of guest molecule orientations within hy-
drate cells has been object of previous studies. English and
co-workers 2*>? used kubic harmonics to determine the pref-
erential alignment of guest molecules.

3000
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Fig. 2 Frequency plot of 6 (blue squares) and ¢ (red circles)
orientation angles of a CO, molecule inside a T cage, calculated
from MD simulations.

3 Results and discussion

3.1 Molecular Dynamics

Molecular Dynamics of type I hydrate containing CO;, were
performed following the description given in section 2. Snap-
shots of the system were taken along the production simula-
tion runs, and for each of them the orientations of each guest
molecule within the hydrate was determined and stored in a
cumulative way. Distributions of probability for 6 and ¢ an-
gles inside T cage are shown in Figure 2. Three independent
runs were carried out to check reproducibility, but only the
first run results is shown, because those corresponding to the
remaining two repetitions are fully compatible. ¢ angle fol-
lows an uniform distribution while 8 profile corresponds to a
normal distribution. In D cage (Fig. 3), the distribution of 6
is bimodal, with two small and rather flat peaks around £25°
with respect to equatorial plane (x,y). For ¢, the profile de-
viates only slightly from a uniform distribution, being also bi-
modal, around 6 = 90430°.

Therefore, the molecular conformation in T cages is clearly
equatorial, with complete rotational freedom along ¢ angle,
whereas in D cages the most favorable orientations are devi-
ated about £30° with respect to the equatorial plane. If we
consider a D cage as an ideal regular dodecahedron, and the
normal from the center of the faces, we find that given one
of them, the other possible normal orientations are distributed
in two layers at the approximate values found for 6. The bi-
modal shape of ¢ is less relevant, probably due to deviation of
D cage from the ideal regular polyhedron that effectively hap-
pens in type I hydrate. In D case, it is also noteworthy that the
count ratio 6 /¢ at peak values is much lower than in T case,
so the preferential orientations are not so populated in D case,
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Fig. 3 Frequency of angles 6 (blue squares) and ¢ (red circles) of a
CO; molecule inside a D cage, as calculated by means of MD.

Table 1 Intermolecular potential energy determined using classical
MD (all values in kJ~m01*1) Errors were determined in each case by
block averaging.

Interaction  H,O-H,O CO,-H,O CO,-CO,
L-J 5236 &2 -1309 £ 1 -67.01 =+ 0.05
Coulombic -27043 +3 -315.54+0.5 -583 4+ 0.1

indicating a more regular distribution.

Figure 4 represents the power spectrum of each atom type
in H,O and CO; molecules separately, obtained by the anal-
ysis of the MD trajectory. The power spectrum is the Fourier
transform of the molecular velocity autocorrelation functions
(VACFs). This spectrum is quite similar, in what concerns
to host molecules, to those obtained by Tse et al.> for sev-
eral types of guests molecules for type I hydrate. It must be
taken into account that these VACFs were calculated from a
classical MD simulation, performed considering rigid molec-
ular models for both HO and CO,. Thus, internal atomic
vibrations are not sampled at all, and Figure 4 represents the
purely traslational density of states, dependent on kinetic and
potential energy only. This Figure shows a certain overlapping
between the bands of O atoms of both molecules. In order to
guess the relative intensity of the host and guest intermolecu-
lar interaction energies, these values have been computed also
from a classical MD run, separating the Lennard-Jones and
coulombic contributions, listed in Table 1. These values show
that host-guest interactions are quite weak, and mostly of dis-
persive nature.

These results obtained for the CO; preferential orientations
within the hydrate are compatible with other ones reported
previously in literature, either obtained from MD calcula-
tions>* and also experimentally>>. However, some particular
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Fig. 4 Power spectra of H atom (blue line) and O atom (green line)
in H>O molecule, and C atom (black line) and O atom (red line) in
CO; molecule, obtained from MD trajectory. The inset magnifies
the lower frequency range.

values of these preferred orientation angles determined exper-
imentally at low temperatures are not reproduced with the cal-
culations presented so far. For this reason, an additional DFT
approach was also considered here, in order to obtain a more
detailed individual cage geometric description.

3.2 DFT: Individual cages

The most simple and computationally accessible hydrate
model from the DFT perspective is the isolated cage. Despite
the cited limitations for this approach, which must be always
kept in mind, type I hydrate properties can be described to a
great extent by calculating separately the corresponding prop-
erties of isolated T and D cages. This applies for instance
to infrared and Raman spectra '®, and therefore, this approach
will be used here as well as first approximation.

The effects of network periodicity and system size might be
explored if the same DFT calculations were performed on a
hydrate cell verifying periodic boundary conditions as in MD.
The problem is that this calculation entails a large number of
molecules, and the preliminary attempts we performed to test
this option did not yield satisfactory results. Another option
is to use the same periodic box to perform ab initio Molecular
Dynamics. This test has been also performed in this case, us-
ing the Born-Oppenheimer approximation (BOMD). The tra-
jectory step size used was 0.25 (amu)'/2 xBohr and the inte-
gration step was 0.2 fs. We performed 100 steps resulting in

4| Journal Name, 2010, [vol] 1—11

This journal is © The Royal Society of Chemistry [year]



approximately 30 fs of total simulation time. Therefore, only
wave lengths below 15 fs can be adequately estimated. Nev-
ertheless, the trend of the molecular axis orientation evolution
allow to guess lower bounds for CO, molecular rotation pe-
riod by extrapolation. In a previous work '® we compared CO,
experimental Raman spectra with the calculations obtained us-
ing the same setup used here. The anti-symmetric stretching
vibration, denoted usually as vs, lies at approximately 2420
cm™!, which corresponds to a period value of 13.78 fs. This is
the vibration that is accessible in the time range we evaluated
in our calculations. If we consider the symmetric stretching,
vy with 1347 cm ™! (24.76 fs), or the two bending bands Vaab
around 678 cm~! (49.19 fs) we can realize that their periods
are too large to be sampled in the calculations we have per-
formed. Additionally, molecular rotations are in the scale of
picoseconds. This estimation is necessary to ensure that the
time step considered in the MD simulations is consistent to
provide a statistically sound sampling of the orientations.

3.2.1 T type cage. Series of 180° intervals for 0 angle, in
steps of 2°, were considered for three complementary cases,
each of them corresponding to a trajectory where the ¢ an-
gle is fixed: one trajectory passing in front of the oxygen (of
a hexagonal face), another one passing near to the closest H,
and the third passing in front of the more distant H atom. The
three cases serve to describe the whole T cell, due to its 6-fold
symmetry, and are illustrated in Figure 5. To avoid local ef-
fects, the different orientations were chosen to be non-adjacent
on purpose. Using this simple strategy, the global energy min-
imum and maximum is expected to be reached, without the
need of a more exhaustive sampling, and due to that fact, the
points density in each series can be higher within a reasonable
total computing time.

The obtained profiles are smooth but slightly irregular due
to the asymmetry of the calculated T structure. This is an ex-
pected consequence of optimizing the geometry of an isolated
cell by means of DFT. We have observed that isolated cells
tend to distort to a triangular prism shape, whereas a cell in-
side the crystal tends to distort to a square prism. This effect
is very subtle, but noteworthy, because it is indicative of some
limitations of considering only isolated cells or small clusters
in describing the average cell structure. Nevertheless, other
approximations made in this work, in special the choice of the
minimum energy structure while being far from zero tempera-
ture, will probably have more significant effects on the general
results.

Difference of SCF energy profiles are represented in figure
6. The global minimum was used as the reference for all the
energy series, but differences between minima are almost neg-
ligible. The most probable configuration found in all cases is
that of CO, molecular axis being parallel to (x,y) plane, in
good agreement with our previous MD calculations and also

Fig. 5 A: T cage viewed along z axis ((x,y) plane is parallel to the
paper), showing the different orientations in ¢ angle chosen for
calculating 6 series. The atoms that were used as reference for the
orientations are marked with a blue label and a black dot. B: an
equivalent representation of D cage.

with literature results>*. Nevertheless, only in the ¢3 case
(see Figure 5, A) the most favourable orientation is actually
6 = 90°. In the other two cases, the minimum angle is de-
viated about 5° from the (x,y) plane. This deviation is com-
patible with the low temperature MD calculations by Alavi et
al.>*, and also with the experimental results by Udachin et
al.>. A plausible cause for these small deviations is the van
der Waals interaction between guest molecule and water lat-
tice, considering that CO, does not occupy all accessible space
inside T cell. This hypothesis is supported by the fact that the
path for which the minimum is 8 = 0° is the less populated
of the three considered. A secondary minimum is observed
in the orientation parallel to z axis, with an energy depth of
about one third of the primary one. The associated probabil-
ity is, therefore, much lower, but the conformation was found
also to be stable.

3.2.2 D type cage. A similar procedure was used for
the study of D cage orientations. Again, several 6 series at
selected ¢ orientations were calculated. Five representative
cases of different ¢ values are shown in Figure 6. The re-
sults are in general in good agreement with Udachin et al.>
experimental data, although the differences with respect to the
ideal orientation due to geometry are lower in our calculations.
They reported that in D cages the preferential orientations of
CO; fall between 15° and 20° from the axis perpendicular to
a pair of opposite pentagonal faces. Starting from a similar
orientation in the z direction (and after a geometric optimiza-
tion), two series of 0 angle were calculated going through two
different vertex of the upper face (hollow circles and squares
in Figure 6), and we found a discrepancy of —8° and +8° re-
spectively when compared with the expected values of 180°
and 60°. Two additional series passing in front of two vertex
of the lower face (hollow rhombi and triangles) were calcu-
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Fig. 6 Energy profiles of D (hollow markers) and T cell (solid

markers) containing one CO, molecule, as a function of the angle 6.

Several ¢ orientations are represented for each cell, passing in front
of different steric interaction regions, as illustrated in figure 5.
Markers are as follows: for D cell, circles, ¢1p; squares ¢2p;
diamonds, ¢3p; triangles ¢5p; for T cell, circles, ¢ 17; squares ¢p2r
and triangles, ¢37.

lated, being the differences of —14° and 14° with respect to
120° and 60°.

If we compare T and D cages, the accessible volume in-
side the latter is smaller, which causes a higher value for the
minimum energy inside D, and also the symmetry of D cell is
much closer to spherical, the minima and maxima being more
evenly distributed over the orientation space (6,¢). The D
minima are apparent, as in T case, but now the variation val-
ues span over a broader interval than in T case, due to greater
steric constraints. The difference in the global geometric min-
imum between CO,@T and CO, @D was calculated using a
two-cage system TD, that will be described in next sections,
and minimizing the system with only one CO, molecule in
either T or D cage. Its value was found to be 0.23 eV, and,
therefore series for D cage (hollow markers) are shifted in that
amount with respect to T values (solid markers) in the repre-
sentation of Figure 6.

Udachin et al.> found two preferential deviations from
(x,y) plane in T cells: 6.4° and 14.4°. So far, our computed
values are compatible only with the first value, but there are
no clues about the second one. At this point, our principal
hypothesis are two: on one hand, it is possible that a num-
ber of Bjerrum defects in the lattice promote H-bond interac-
tions with the guest, forcing frequent alternative orientations
not modeled in ideal cages. On the other hand, it is possi-
ble that neighbour cells, not considered to this point, have a
significant influence on the guest orientations. Due to rela-
tive rotational freedom of CO,, we opted for exploring this
last possibility, and thus it will be discussed in the following
sections.

3.3 DFT: Two-cage systems

Systems consisting of two cages were then considered in or-
der to evaluate the neighbour cages influence, in particular,
the CO,—CO; inter-cage couplings and their relative magni-
tudes. First-neighbours interactions of CO; inside the hydrate
are usually neglected in EoS hydrate modelling approaches,
as for instance in the widely used van der Waals-Platteeuw
(vdWP) theory>®>7, but as we will see in the following, they
must be taken into account at the cell scale. The modifica-
tion of EoS that this fact might imply for the calculation of
thermodynamic properties is case-dependent and will not be
discussed in depth in the present study. Couplings further
away than first-neighbours are also expected to occur, spe-
cially through the channels formed by the parallel hexagonal
faces of consecutive T cages, but this is a statistical mechanics
problem beyond the objectives of this work.

3.3.1 TT system. First, a system consisting of two identi-
cal T cells aligned in the z direction was built up in the lower
energy conformation of H-bonds ordering. This double cell
system, called TT, was optimized without guest molecules,
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Fig. 7 Stable geometries of two-cages TT system occupied by CO,
guest molecules. A: top view of global minimum energy structure
(T, T,); B: side view. C: top view of secondary minimum (local)
energy structure (T, T); D: side view.

and then re-optimized with one molecule of CO, inside each
of them (Figure 7). Several orientations representative of com-
binations of the minima found in isolated T cell were selected
as starting structures. In the following, the label 1 will repre-
sent the orientation of CO, along the z axis, and label 2 will
be the perpendicular to this, i.e. parallel to the (x,y) plane. Fi-
nally, three main conformations were calculated, correspond-
ing to minimum energy in isolated cells, and were labeled ac-
cordingly: T Ty, ToT; (equivalent to T1T,) and T, T>.

Two of these conformations were found to be stable: T,T;
and T,T,; not surprisingly, being T, T, the most favourable
one (Figure 6.A and B). T,T; follows very close on energy
with only ~4 kJ/mol above the previous one (Figure 6.C and
D). This difference turns to be negligible when considering the
thermal energy at the range of temperatures where hydrates
are found in nature. T|T; is completely unstable, contrary to
the results obtained for one isolated T cell. For this initial
configuration, the final (geometrically optimal) conformation
is T, T, as a result of a rotation of both CO, molecules, be-
ing the corresponding energy and geometry equivalent to the
first case tested. These results demonstrate the inter-cage ori-
entational coupling of CO; molecules and, moreover, strongly
suggest that the coupling is direct, and not mediated by the
water molecules network. The T T; optimization process sup-
ports this affirmation because it progresses with both CO,
molecules axes being parallel during a rotation of 90°, but at
the same time, there is no apparent distortion in the water lat-
tice during the rotation process.

Orientation in T, T, conformation is compatible with the
main results described before, being 6 angles almost paral-
lel to the equatorial plane but slightly deviated, between 0°
and 4°. Relative ¢ angle between CO, molecules is also very
small, about 8°. T,T; conformation results are more interest-
ing because they introduce new orientations not obtained in
the precedent isolated cell section. Deviation from equatorial
plane is ~ 5° in T, compatible with the previous results for an
individual T cell, but in T it is approximately 51° (6 = 39°).
Although this is not in the z axis direction, the resultant rel-
ative orientation between CO, molecules resembles clearly a
tee shape, with the vertical molecule oriented towards a posi-
tion between C and O atoms in the horizontal molecule, and
its oxygen atoms out of the plane. Relative dihedral angle be-
tween CO, molecules is approximately 70°, much more pro-
nounced than in T,T,. Distances between pair of equivalent
atoms in CO; are, starting with the nearest oxygens: O§-Of
=510 pm, 0¢-C; =511 pm, C,—C; =596 pm, 05—0F =703
pm.

The C atom in T; cell is, in both conformations, cen-
tered with respect to the cell geometry, making feasible a se-
quence of alternate 1 and 2 conformations along hexagonal T
channels, [ToT;ToT T, -], besides the all-parallel sequence
[ToT5T;---]1. Therefore, any combination of both sequences
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Fig. 8 Minimum energy geometry of two-cages TD system
containing two CO, guest molecules, corresponding to ToD;
starting conformation. A: top view. B: side view.

seems feasible, provided that no pairs T{T; appear, as for ex-
ample: [T2T2T1T2T2T2T1T2 T ]

3.3.2 TD system. Another possibility for two guests in
adjacent cells is to be in T and D cells respectively. This
case was also calculated, and some additional comments are
pertinent before discussing the results: TD system is cell-
asymmetric, so ToDy has to be considered in addition to T1D>.
Due to D cell symmetry, only two conformations were chosen
for D. Label 1 for D cell in TD systems means that CO; is
oriented toward the face adjacent to hexagonal face of T cell,
i. e. the face which continues the surface of hexagonal one
on T cell (see Figure 8). Label 2 corresponds to orientation
towards the face shared by T and D cells. So, Dy is the ori-
entation closer to parallel to Ty, (to z axis of T cell also) and
D; the closer to perpendicular. Actually, there is only one rel-
ative disposition of one D cell to an adjacent T cell, which
is repeated around T cells equator. We have chosen z as the
reference axis, as in the precedent cases, and the four starting
conformations T{D;, T1D,, T2D;, and T,D».

Fig. 9 T,D; structure, in red, superimposed over T, Ty, in black,
illustrating the equivalence of both systems in terms of relative
disposition of guests, A: top view; B: side view. Structures were
aligned by means of pair fitting between corresponding atom
positions of CO, molecules.

Only one conformation was found to be stable, correspond-
ing to ToD; orientation, and will be identified by that label.
In this case, CO,T presents a deviation from equatorial plane
of about 19° which is compatible with the 14° of secondary
experimental result of Udachin et. al’>, whereas CO, @D is
oriented at 14° with respect to the nearest axis connecting two
opposite faces, in very good agreement with previously de-
scribed results in D cages.

T,D; system is comparable to T,T; in terms of relative
CO,—CO; orientations: relative dihedral angle between CO;
molecules is approximately 80° and distances between pair of
equivalent atoms in CO, are O§—Of =499 pm, OY-C; =526
pm, C,-C; = 631 pm, 0P-0F = 783 pm. Dihedral angles
differ only in 10°, distances OY—Of in 1 pm and C,-C; in
16 pm. These values imply that T,T; and T,D; are in fact
equivalent conformations from the point of view of relative
disposition of guests, which implies that interaction between
them is of the same type. It was expected that interaction ener-
gies were lower in TD system, due to smaller volume in D cell,
and worse relative orientation of water network with respect to
the pair of guests. The equivalence is clearly illustrated when
superimposing both structures, as in figure 9, where the coin-
cidence in the guests positions is remarkably better than in the
surrounding network of water molecules.

The obtained coupled conformation of CO; molecules are
equivalent in T, T, and T,D; systems, and, therefore, it is ex-
pected to be also equivalent in TT systems connected through
pentagonal faces. The reasons supporting that assumption are
the symmetry of pentagonal faces location in T cells and the
rotation freedom shown for the ¢ angle.
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3.4 Guest-guest interactions

Once established the CO,—CO; interaction between adjacent
cages for TT and TD systems independently, there are ques-
tions that arise from the comparison of the results, and other
details that were not previously commented, that deserve some
attention in order to better understand the coupling. These will
be discussed in the following.

One of the usual assumptions made when modelling hy-
drates is that there is no dipolar coupling between guest
molecules and water lattice, as for example in the analy-
sis method for NMR signal anisotropy developed by Alavi
et al.>*. The results we have found so far support this as-
sumption, and confirm that the interactions with the lattice
are mainly dispersive. This holds if all H-bonds are involved
in the water network, because otherwise some kind of in-
teraction with C—O polar bonds of CO, might be expected.
On the other hand, interaction between guests seems to be
caused by polar effects, because of the large distance between
molecules, the hardly noticeable distortion of the lattice, and
the stable relative orientations of guests. Quadrupole moments
of CO; are arguably the main factor in T,T; and T,D; sys-
tems, as supported, for example, by the tee shaped relative
orientations obtained in phase equilibrium of solid CO, by
Monte Carlo>!. Steric constraints caused by cages shape are
more important in ToT> conformation than in T>T; because
molecular charges are more effectively screened by the wa-
ter molecules of the central hexagonal ring when both guests
are in the equatorial plane, and they are farther away also,
weakening the (multi)polar interactions. In T, T», the resultant
charge interaction is attractive, whereas in T, T and T>D; it
is repulsive, because equivalent partial charges in both guests
are confronted, also having a significant contribution to stabi-
lization in parallel conformation.

A careful observation of the T|T; optimization process,
where both CO, molecules rotate towards T>T, conforma-
tion, reveals a transition state at about 60 degrees from z axis.
Simulations were repeated using different basis sets, obtaining
consistently the same result. This particular orientation cor-
responds to a relative disposition were both guests have one
of their bond dipoles C-O coupled with the other in parallel
and with opposite directions: the most favorable geometry in
vacuum of two CO;, molecules. The other CO; - --CO, stable
geometry is a tee shape equivalent to ToD1, but with all of the
atoms laying in the same plane. On one hand, this observation
further supports the quadrupole guest-guest interaction as the
main factor behind the 6 behavior. On the other hand, it also
implies that ¢ is not conditioned by guest-guest interaction,
and depends mainly on guest-host one. Under our supposi-
tions, the last is mostly of dispersive nature.

Summarizing the orientational results, in terms of the equa-
torial deviation in 6, we obtain that conformation T,T; is

characterized by angles < 10° (6°); T, T by angles > 40° de-
grees (51°) and T,D; with intermediate values, around 20°
(19°). This last angle is in fact an overestimation of the real
value, because of the simplification made considering only
two cages. If we take into account all the possible first neigh-
bors of a T cage, there are 2 hexagonal contacts with adja-
cent T cages, N(T6T) =2, 8 pentagonal contacts with T cages,
N(TS5T) = 8, and 4 pentagonal contacts with D cages N(T5D)
= 4. Assuming that tee shaped stable conformation of T5T
is equivalent to that of TSD, guest-guest interactions around
equatorial discs of pentagons will not change the 6 value in
T cages. Nevertheless, interactions in the perpendicular z axis
will do, and being the values of the angle close to the (x,y)
plane, they will be repulsive, tending to reduce the deviation
value below the calculated 19°. T, T being a secondary mini-
mum, it is not expected to have a significant probability in the
angle distribution, as commented before, and we can there-
fore neglect its contribution to experimental results. The cor-
respondence between 6 angles and types of neighbour cages
suggest the theoretical possibility of determining the relative
number of the two CO,—CO, couplings by looking at the ex-
perimental angle distribution, and from it, the relative occu-
pancy of T and D cages.

4 Conclusions

Orientations of CO; guest molecules inside cavities of type /
hydrate were studied by means of MD and DFT approxima-
tions. MD bulk calculations and DFT performed in isolated D
and T cages show a good agreement with previous MD>* and
experimental > results found in literature. Angle deviations
of energy minima with respect to geometrically expected ones
are of the same order of the previously reported.

Interactions between neighbours were studied in explicit
two-cage TT and TD systems by means of DFT, with the aim
to evaluate its relation with guest orientations, trying to ex-
plain some additional experimentally observed angles.

Calculations have shown that CO; molecules in adjacent
cells interact with each other. In particular, in TT systems,
two stable conformations were found: 1) the most favorable,
where both guests are aligned parallel, and perpendicular to z
axis, and 2) a secondary minimum where guests are organized
in an approximated tee shape. The energy difference between
them is only about 4 kJ/mol.

The optimization processes in TT show synchronous rota-
tions of both guests when starting from an unstable geometry,
supporting the hypothesis of a direct coupling between them.

Angles in parallel conformation are compatible with MD
and DFT single cell calculations. An additional deviation of
51° from equatorial plane was found in DFT tee shaped con-
formation, but being a secondary minimum, it is expected to
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be negligible in experimental conditions and might not be de-
tected.

Guest-guest coupling in TD system was also observed, pre-
senting only one stable conformation. Angles in D cage for
this conformation are in very good agreement with DFT cal-
culations in isolated cages. Angles in T cage, about 19°,
are compatible with experimental ones of 14° with respect to
equatorial plane.

TD minimum structure was found to be equivalent to tee
shaped secondary minimum of TT system. This result, com-
bined with the geometry of the T and D cells, suggest that
the two described conformations, parallel and tee shaped, are
the only stable classes of CO, relative orientations in type /
hydrate.

Guest-guest coupling is probably due to CO;, quadrupole;
parallel conformation is stabilized because repulsion of
quadrupoles is increased if orientations are displaced from this
equilibrium position, while in tee conformation the interaction
turns to be attractive approaching guests against the steric con-
straints imposed by the cages. It is noteworthy that guest CO,
mutual interactions have been pointed out to be relevant in the
description of other clathrate systems, even using macroscopic
thermodynamic models, as pointed out recently by Conde et
al. 8.

A more detailed analysis shows that the two orientational
coordinates are not fully coupled and, therefore, it suggests
that they depend either on the guest-host interaction (¢) or on
the guest-guest interaction (0). This hypothesis would need
further studies to be confirmed, but it could open a door to
the experimental study of the guest-guest interactions and the
cage occupancy via orientation profiles measurements.
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