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HYDRATES
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ABSTRACT

We performed ab infio structural optimization simulations on two neasly identical ionic clathrate
hydrates in order to identify the molecular mechanisms responsible for their large melting temper-
ature difference. The melting temperature T, of the f§ phase of tetramethylammonium kydroxide
(TMA) clathrate Mey;NOH » 7.5H; 0, when modified by addition of Cs* ions into its small polyhe-
dral cages to form its alkali metal analog Cs{MeyN}; (OH)3 » 14H;0, increases by roughly 53°C.
Our DFT simulations indicate that the OH™ ions are incorporated into the water framework and that
the hdyroxide proton does not effectively hydrogen bond; three-fold coordinate OH™ moieties in a
4-coordinate polyhedral lattice then create a proton (hydrogen bond) deficiency. None of the relaxed
clathrate configurations appeared stable in the initial tetragonal space group, with all heavy atoms
shifting well outside their equivalent harmonic displacements. Besides a widely expanded distrib-
ution of O---0--- O angles in the relaxed unit cells, numerous cage edges with 1o > 3.25 A were
found, only ~ 35% of which corresponded to the long (O*H)™--- O distances through weakly in-
teracting hydroxide protons, in direct contrast to the X-ray data. Addition of the Cs" ions shortened
the (O*~H)™---O distances by ~ 0.2 A, but lefi the remaining O -- O distances unaffected. The hy-
droxide anions, while more disbursed throughout the framework than inferred from the X-ray data,
were not randomly situated in the framework with respect to the cationic guests. The open, proton
deficient fremework of these optimized clathrates is similar to the low temperature, semiclathrate
phase of TMA, suggesting a link between clathrate stability and high proton mobility along with
fast orientational water dynamics. Proton ordering effects will be addressed in future work.
Keywords: ionic clathrate, ab initio molecular dynamics, density functional theory
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4256 (5)263 (6)2

Improper 15-hedron with 3
open edges & 4 open faces

Improper 9-hedron with 1
open edge & 2 open faces

42(4)155(5)1

INTRODUCTION

Pure gas hydrates of technological interest are not
stable under ambient conditions, dictating the need
for relatively ‘anobtrusive’ phase stabilizing addi-
tives. Yet mixed (or natural) clathrate hydrates are
not well understood on a molecular level. Clearly
guest-host and guest-guest interactions are impor-
tant, but so are guest size and geometry since host
frameworks only form in the presence of guests
and are less dense than even normal (Ih or Ic) ice.
Finding stabilizing agents that are complementary
to particular structare-controliing guests of techno-
logical interest without reducing storage capacity
thus requires a clear identification of the relevant
molecular mechanisms crucial to ambient stability.
Ionic clathrates and semiclathrates,! whose frame-
works are built not only of water molecules but also
of a guest molecule’s hydrophilic groups, represent
unique templates for exploring such mechanisms in
mixed clathrates.

Tetramethylammonium  hydroxide (CHz)4N - OH
forms as many as 8 crystalline hydrate (TMA)
phases MeyNOH » nH,O, where Me = (CHa)
and n = 2(a, B8),4,5(a, B),7.5(et, B), and 10 [1].
Mootz and Stiben [2] found that the meltfing point
of the § phase MeyNOH » 7.5H,0, when modified
by the addition of Cs* icns into the small cages,
changes from 4°C to 57°C! While this 53°C shift
corresponds Lo only 0.1kcal mol ™! or ~ 0.45 x 1072
eV, the structural changes may not be small. An
X-ray analysis [2] of the alkali meodified clathrate
Cs(MeqN)2{OH)3 » 14H,0 found the same space
group and very similar unit cell dimensions as the
alkali free clathrate, making these systems an effi-
cient laboratory for examining the subtle molecular
mechanisms involved in the large melting tempera-
ture increase. .

While natural clathrate environments often contain
salts or other impurities, ionic clathrates have not
been studied extensively. Exactly how ifonic moi-
cties, especially anicnic or polar groups, ¢an con-
tribute to thermodynamic stability is not yet clear.

U'Semiclathrates’ are distingnished by open or mot fully
hydrogen-bonded cages.

Figure 1: Unit cell schematic [2] of the TMA and
Cs- TMA clathrates, consisting of 8 large 5%26° (P)
and 4 small 425% (d) cages.

The role of hydroxide ions OH™ and proton mo-
bility within the TMA clathrates are particularly
interesting. Initial work has focused upon stmuc-
tural stability issues. In order to properly treat the
resulting chemistry, we performed ab initio struc-
tural optimizations and Limited molecutar dynamics
(AIMD) simmulaticns of the TMA and Cs'TMA sys-
tems. Long AIMD simulations are difficult due to
the large system sizes (e.g. 332 atoms).

TONIC CLLATHRATES

Our initial clathrate lattices were derived from
the Cs-TMA refined X-ray data of Mootz and
Stében [2], presumably equivalent tc the high-
teraperature 7.5- phase of the TMA clathrate.?
Both thus have tetragonal unit cells, with dimen-
sions of a = 15.242(8)A and ¢ = 11.819(6)A at
—50°C in space group I4/mcm, each containing 4
small (d) and 8 large (P) polyhedral cages: see
Figs. 1 and 2. The unit cell is isostructural with the
tetragonal TS-II structure, whose ideal unit cell is
formed by 68 water molecules with unit cell formula
44-8P«68H,0. The cationic guests and charge neu-
trality, however, mean that hydroxide ions replace
water molecules within the host lattice, modifying
the ideal unit cell formulae for TMA and Cs-TMA
clathrates such that we obtain §MesN{OH) » 60H,0

2References [1] and [2] fourd éhghﬂy different data for the
7.5-f3 phase of TMA.
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Figure 2: The small 4°5% (above) and large 51267
(below) cages, shown with guests [2]. Crystallo-
graphically distinct sites are numbered: Q1, 02, 03,
and O4 (red) oxygen sites, along with the C1,C2,C3
(grey) carbon sites; mMirror axes m are also shown.
4
and 4Cs -(Me4N)2(OH)3 » 56H,0, respeciively.
Four crystallographically distinct oxygen positions
in sets of 32, 16, 16, and 16 designated as O1, 02,
073, and 04 occur, along with 3 crystallographically
distinet carbon sites in sets of 16, 16, and 32 desig-
nated C1, C2, and C3.
With the addition of the Cs™ ions into the small
cages, a 2-fold orientational disorder of the MesN™
jon is introduced. This MeyN* disorder is coupled
through a shors distance of 2.27(5) A between the C1

and 04 atoms, with the latter then showing a 4-fold

positional disorder. This means the occupancy for
the O4 and C1-C3 positions is only 25% and 50%
respectively, Figure 2 shows the d and P cages with
their crystallographically distinct sites labeled.

Both TMA and Cs- TMA clathrates are proton defi-
cient, consisting of 136 cage edges and only 128 and
124 protons, respectively. According to Mootz [1],
the 3 form of the TMA hydrate existsin a smali tem-
perature range only, close to the melting point (4 —
6° C),suggesting that the framework is stabilized
by a dynamical disorder above some critical value.
In the corresponding low temperatre & forms, the
OH~ disorder may not be high enough for the pro-

ton deficiency to be compensated for. Missing pro-
tons between neighboring oxygen atoms constitutes
a Bierrum L defect® [3], and we would expect the
roo distance to increase. This, in part, leads Mootz
to conclude that the largest 0i-Oi distances derived
from the X-ray data correspond 1o hydroxide bonds,
In the closed B-MesNOH e 7.5H20 clathrate, this
corresponds to the 16 03-04 distances of 3.19A
and the 8 03—03 distances of 3.25A, over which
the 8 OH~ along with 12 water molecules are sup-
posed to be dynamically distributed; the OH™ would
then be located in the P cage only.

The other teason that Mootz interpreted these O3
and 04 positions as OH™ sites relates to the hydrox-
ide coordination he found in the MesNOH e 4,0
hydrate, wherein one hydrogen bond length (through
the hydroxide proton H*) was = 3.14, ie close to
the 03—03 and 03-04 values of the 7.5-B phase
shove. Interestingly, Mootz implies that the O3 and
O4 positions are OH ™ sites in the Cs analog clathrate
Cs(Me4N)z(OH), e 14H0, even though 16 01-01
distances rop = 3.1 A according to his X-ray data;
our resuits indicate that Q1 positions are important
hydroxide sites.

TMA also forms a low-temperature, semiclathrate
7.5-¢ phase [1], which contains open polyhedral
cages as a result of its proten dieficiency, i.e. the
water dynamics is presumably not fast enough to
overcome the lack of hydrogen bonding along cage
edges. In this case the 51767 P cage morphs into two
improper polyhedra: a 16-hedron *Q" with structure

3A Bjerrum D defect arises when two protons are between
neighboring oxygen atoms.

Clathrate Phases
TMA ; Cs TMA TMA

Phase B T ¢ (LowT)
Unit Celd Tetragonal Triclinic
Space Grp I4/mcm Pl
Cages:

Small 4258 42(43155(5)!

Large 51263 (A)15°%(5)16%(6) "

_ - 4236(5)263(6)2

# Cages 48Sm = BLg 28m, 2+2Llg
CageDia. | ~35A 61-7A1 - -
CageVol | 100A>  3008° | 80&% 300A°

Table 1: Unit cell structures for the high tempera-
ture B and low temperature o phases, along with the
number and types of cages within each,
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Figure 3:

low-temperature  7.5-&  form of the TMA
clathrate [1]: (4)15°(5)16%(6)!, 4255(5)%6%(6)%,
and 4%(4)15%(5) from top, counterclockwise.

(4)15%(5)16*(6)! and a 15-hedron ‘R’ with structure
4256(5Y263(6)2, each containing a MesN* ion. The
small 425% d cage distorts into an open nonahedron
‘s’ with 47(4)15°(5)!; see Fig. 3 for ci-phase cage
schematics and Table 1. The resulting ¢-form has
a unit cell formula of 20 - 2R - 25 - 40H™ « 30H;0,
with 4 expanded interior cage edges correspond-
ing to the eight, 3-coordinated OH™ ions, although
Mootz does not give the associated non-bonded dis-
tances. Our structurally optimized cage structures
display similarities to those shown in Fig. 3.

THEORY & SIMULAYTON METBODOLOGY

Ab initio structural optimizations and (short) molec-
ular dynamics simulations of the TMA and Cs-TMA
clathrates were carried out using the total energy
density functional theory ( DFT) [4, 5] methods im-
plemented in the Vienna Ab initio Simulations Pack-
age (VASP) code [6, 7]. Exchange-correlation ef-
fects were taken into account using the generatized
gradient approximation (GGA) functional PW91 [8,

" 9]. Core-valence electron interactions were de-
scribed using the projector augmented-wave (PAW)
method [10, 11] with an energy cutoff of 400 eV
or 29.4 Rydbergs. Due to the large size of the unit
cells (@ = 15.242 &, ¢ == 11.819A), only the I point
(k == () was included in the Brillouin zone integra-
tions. Periodic boundary conditions are utilized for
all simalations.

Semiclathrate {open} cages of the
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Figure 4: Initial Cs-TMA unit cell with the 12 OH™
shown in green, the Cs™ in purple, the MeyN™ nitro-
gen in blue, and the oxygen in red.

Initialization

Initial positions for atl but the protons in both TMA
and Cs-TMA clathrate unit cells were taken from the
the X-ray diffraction data of Mootz and Stiben [2].
These clathrate lattices, like ice, are proton disor-
dered, so generating water as well as methyl pro-
ton positions was done in several steps. Protein
Data Bank [12] molecular structure files were used
as templates to add the water and tetramethylam-
monium protons, which were then individually en-
ergy minimized with all heavy atoms fixed using the
classical atgorithms of NAMD [13]. All minimized
molecules were then added to the unit cell and ene
final total energy minimization was conducted in
NAMD (~ 2,000 time steps) using CHARMM po-
tentials, again allowing only the protons to relax. Fi-
nally, hydroxide sites had to be chosen. Since the O4
positions were 4-fold disordered, these 4 sites were
chosen, along with 8 others taken randomly from
the remaining water molecules for the OH™ sites in
the Cs-TMA clathrate. This unit cell struciure was
then treated as the experimentally-determined “X-
ray’ data and is shown in Fig. 4. The initial TMA
unit cell was generated from this one simply by re-
moving all Cs™ ions from the small cages and re-
turning 4 hydroxides to water molecules.



Thermalization

Since our ab initio structural optimizations of these
large, hydrogen-bonded unit cells occur at ¢ X, pro-
ton ordering effects must be treated carefully. Some
recent work has been done to model proton order in
isolated clathrate cages [14] as well as bulk gas hy-
drate lattices [15, 16]. Early evidence suggests that
ionic clathrates may undergo partial proton order-
ing transitions at low temperatare, much like ice Th.
Hence, in order to obtain more realistic proton lat-
tice arrangements and improve statistical accuracy,
short (i.e. costly) AIMD “thermalization’ runs were
done to relax the water molecule orientations and
to allow the protons to find lower energy (equilib-
rium) states. All atomic coordinates except for the
protons were fixed in the gb initio geometry opti-
mized TMA and Cs-TMA clathrates, and then the
systern was heated up to 5,000 K for a constant en-
ergy (NVE ensemble) ab initio molecular dynamics
run. A 1 fs time step for integrating the equations of
motion was used, and (quantum mechanical) elec-
tronic structire CONVEIZENCe was accepted when the
energy difference between successive self-consistent
jterations fell below 10~4 eV, With such a large unit
cell, only = 0.16 ps of real thermalization time was
completed. Nevertheless, numerous watet rotations
and proton transitions occurred in that time. A simi-
tar run was done for the X-ray refined TMA clathrate
structure. Random coordinate frames from these
thermalization runs were then re-optimized in order
to determine their minimum energy structure (dis-
cussed below).

Structural optimizations

Geometry optimizations of all systems involved
atomic coordinates only, with unit cell parameters
fixed at the values determined from the X-ray data.
Relaxation of the upit cell parameters may be irpor-
. tant in determining possible phase transitions of the
lattice, but are computatienally much more cosily
and therefore are not done here, Several geome-
try optimizations were performed for each TMA and
Cs TMA system, the experimentally-determined X-
ray structures (referred to as gimply ‘Opt’ in the re-
sults) as well a few of the randomly chosen ther-
malization frames (referred to as ‘Reopt’ in the re-
suts). Two reoptimization runs for the TMA lattice
were done, Reopt A and B, while 4 reoptimization
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Clathrate Energy Shifts

System Total E (2V) Reopt 8E (V) |
TMA

Opt X-ray  -1,686.25 0

Reopt A -1,685.63 +0.620

Reopt B -1,685.24 +1.01
Cs-TMA

Opt X-ray  -1,681.92 0

Reopt C -1,681.22 —+0.701

Reopt D -1,681.40 +0.520

Reopt B -1,682.26 —0.340

Reopt F -1,682.21 —0.290

Table 2: Total optimization and reoptimization ener-
gies for the TMA and Cs TMA unit cells, along with
the energy difference SE heiween the X-ray opti-
mized and thermalized/reoptimized systems.

. runs were completed for the Cs - TMA laitice, Re-

opt C through Reopt F. For these runs, VASF uti-
lizes a conjugate gradient (CG) method of relax-
ing the ionic {(core) positions to their lowest en-
ergy state afier each glectronic siructare calculation
is solved gquantum mechanically. Once again elec-
tronic convergence was accepted when the total en-
ergy change between self-consistent CG iterations
fell below 10~ ¢V. Since the atorns do not casty any
velocity here, the time step simply scales the magni-
tnde of the steps taken in the ‘downhill’ direction.

RESULTS

The geometric optimization and reoptimization en-
ergies for the clathrates sysiems are shown in Ta-
ble 2, along with the energy shift associated with
first thermalizing the protons at 5,000 K and then
reoptimizing one of the resulting configurations. As
can be seen, neither of the two reopiimized, i.e. pro-
ton shuffied, TMA latsices is lower in energy than
the originally optimized X-ray structure. For the
Cs-TMA system, 2 of the 4 reoptimized structures
are higher and 2 are lower in energy compared to
the optimized X-ray configuration. It is important
to mote that these energies (shown in Table 2) are
for the entire unit cell, such that energy spreads of
~ 1 &V besween the varions configurations in cach
system correspond to only about 0.07 keal mal 7,
which happens to be the same order of magnitude as
the 53° C melting temperature shift. Since the op-
timizations oceur at 0 K, corresponding enthalpies
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of formation can be calculated, but the large system
size limits the methods available for determination
of the zero-point vibrational energies (ZPVE).

Two central questions arise concerning the ther-
modynamic stability of these complementary ionic
clathrates: (1) How are the hydroxide anions dis-
tributed within the host framework? and (2} What

factors are responsible for the generous increase in

melting temperature?

Filling the small cages with geometrically well-
suited guests, ie the Cs™ ions, should help sta-
bilize the lattice simply through favorable van der
‘Waals interactions, as is typically deduced for the sl
and sII structures. ‘The large monovalent Cs™ fon,
with a diameter of d ~ 3.38 A, fits well within the
smalt d cages, with experimentally determined dis-
tances (r(Cs---O)} of 3.428A and 3.527 A to the
01 and O2 oxygens. All of our optimized structures
showed Cs™ ions much closer 1o the cage walls, with
{r(Cs---0)) values of ~ 3.527A. Such distances
correlate better with the van der Waals radii of oxy-
gen rather than that of a water molecule, and most
optimized water molecuies were found to orient one
or both of their O-H bonds tangent to the cage walls.
Moreover, the icns, on average, tended to move
closer to water oxygens in the cage walls than hy-
droxide oxygens, by sbout 0.15A. The empty d
cages in the TMA clathrates are slightly more dis-
torted, with similarly defined diameters of 3.25 and
3.66 A.

Filling the 425% cages with Cs™ guests, however,
also entails an equal addition of hydroxide anions in
the host framework, so more than simple cage cccu-
pancy effects must be considered in the stability of
the clathrate. Equilibrium occupancy requirements
for gas hydrate stability are usually determined via
the theory of van der Waals and Platteeuw [17], a
thermodynamic generalization of ideal localized ad-
sorption, but calculations of the Langmuir adsorp-
tion constants, dependent upon accurate interaction
potentials, for mixed and doubly occupied clathrates
like those considered here, is a more complicated
procedure [18}.- Initial results, therefore, pertain to
full (ideal) occupancy, but futnre work will include
investigation of occupancy effects.

Hydroxide coordination

Perhaps the most interesting aspect of these ionic
clathrates involves the incorporation of the hydrox-

ide anions into the water framework. Mootz et. al.
(1, 2} postulate hydroxide positions within the lattice
loosely based upon the OH™ coordination deduced
from thefr X-ray data of the tetrahydrate phase of
TMA, along with the apparent stability of the 7.5-
B phase despite its proton deficiency. Their X-ray
data for the tetrahydrate shows a 4-fold coordinated
hydroxide ion with the hydroxide proton H* partic-
ipating in a long (weak) hydrogen bond and much
distorted tetrahedral angles. The long bond through
the H* proton, (OH*)™--OHa, showed a distance
of roo ~ 3.035 A, with the remaining three in the
range ~ 2.57-2.65A. This long H*-mediated hy-
drogen bond roughly corrclates with the 03---03
and 03--- 04 distances 0f 3.19and 3.25 A, as well as
the 4-fold positional disorder of the 04 sites, leading
Mootz to suggest that the hydroxides may be statis-
tically distributed over these O3 and O4 positions.

The tetrahydrate OH™ ¢coordination distances found
by Mootz are supported by more recent work, such
as the spectroscapic studies of OH™ - (Hz0),, clus-
ters by Roberison et al. [19] and the theoretical
OH™ solvaiion stndies of Asthagid ef. al. [20, 21].
The latter statistical mechanical and ab initio re-
search found that the most stable (lowest hydra-
tion free enerpy) state of the OH (ag) anion is
HO - [H20]5, i.e. 3 hydrogen bonded neighbors in
the first solvation shell. Qualitatively, the hydrox-
ide hydrogen H* is less positively charged than is
typical for water protons. Thus the foorth water lig-
and prefers to crowd among the other three on the
oxygen side of the hydroxide anion; the aqueous hy-
droxide proton H* tends not to participate in hydro-

Figure 5: Coordination nomenclature for the (green)
kydroxide anion O* - H*, Here O is the (H*) proton
acceptor, while O, 0%, and O are proton donors to
the hydroxide.
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Hydroxide Coordination

“System T™A

[A] (5td. Dev) Expt.” {Reopt.)®
0~--0 342 (0.260) 343 (0.291)
0*.-0! 2.54 (0.049) 2.35 (0.038)
o*..02 2.60 (0.051) 2.63 (0.046)
o*-.0° 2.70 (0.058) 2.69 (0.045)
System Cs-TMA

[A] (Std, Dev.) Expt.t (Reopt.y
o*--0 3.21 (1.294) 3.19 (0.258)
0*..0! 2.55 (0.0551) 2.54 (0.050)
0*..0% 2.62 (0.033) 2.62 (0.039)
0*-. 0% 2.67 (0.037) 2.68 (0.046)

T Optimized X-ray data with artificially positioned protons
§ Average of 2 (TMA) and 4 (Cs- TMA) recptimized siructures

Tahle 3: Average O%..0} coordination distances
{rop) from the hydroxide oxygen O* to the coor-
dinating oxygen 0, 0!, 0%, and O3, as shown in
Fig. 5.

gen bending.

We find similar asymmetrical hydroxide coordina-
tion in all of our minimum energy, optimized struc-
tures consistent with a weakly bonded or free H*
proton. Figure 5 shows a general bonding scheme
for the (green) hydroxide in our studies. A 3-fold
coordinate vertex in the clathrate lattice poses def-
inite stability concerns, as a reduction in the sta-
tic number of hydrogen bonds aleng cage edges
(below 136 in this case) would suggest a less sta-
ble lattice and a lower meliing temperature. Ta-
ble 3 displays the relevant hydroxide coordination

distances O* .- 0! defined in Fig. 5. There ‘exper- _

imental® values correspond to the optimized X-ray
data with only classically-minimized proton posi-
tions. As found by Asthagiri et. al , the O*- ¥e)
roop distance is the longest of the four, with the other
three being distributed over a range of values in-
stead of being equal, the shortest* (~ 2.5A) classi-
fied as a strong hydrogen bond. The central fearare
to note is that all coordination distances O*-- O/,
where i € {1,2,3}, are essentially equal with small
distributions: experimental and reoptimized values
for a given clathrate as well as those for both TMA
and Cs- TMA clathrates. The coordination distance
through the hydroxide proton O*--0’, however, de-
creases by about ~ (.2 A for the cesium-based ana-

“Here always O* --O! because of the algorithm nsed,

Figure 6: Large (P) cage from a reoptimized TMA
lattice with a Bjerrum D defect shown (circled in
brown) between neighboring hydroxides. An open
hexagonal and pentagonal face is also shown.

log. The TMA O*--0' distance of 3.4 A would be
quite long even for a weak hydrogen bond. The ad-
dition of 4 Cst and 4 additional OH ™ ions seems
to shorten this long rgp distance, while leaving the
other distances unchanged.

This difference in O*--Q’ coordination alone does
appear to make some characteristic differences in
the TMA and Cs-TMA cages. Shown in Figs. 6
and 7 are several cages from the TMA and Cs-TMA
clathrates, respectively. The hydroxide protons H*
in the TMA clathrates appear to be more direction-
ally disordered, ie. not directed along cage edges,
and some Bjerrum D defects appear (see Fig. 6). In
contrast, the hydroxide orientations in the Cs-TMA,
clathrate appear to be much more aligned along cage
edges, as shown in Fig. 5. In ome case, however,
a hydroxide proton appears to be oriented inside a
large cage (see Fig. 7). It should be noted, however,
that the number of simulations is rather small, Hinit-
ing the statistics. Another interesting note is that al)
O*--0O' distances seem to increase up ta ~ 0.1 A as
the ionic radius of the small guest decreases from Cs
down to Li.’

5gimulation data ot shown.
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Figure 7: Several large and small cages (¢ axis L
to paper) from a reoptimized Cs-TMA lattice. Hy-
droxide anions (green) occupy 02 positions (square
faces) of the small cages (upper brown circle). One
hydroxide proton H*, showr ‘unbonded® 0.972A
away from its oxygen O* (central brown circle), is
oriented inside a large cage. :

Hydroxide distribution

The static distribution of hydroxide anions within
the unit cell shows some disagreement with that in-
ferred from the X-ray data. As Table 4 indicates,
roughly half of the water molecules within the unit
cell have hydroxide anions as neighbors, the higher
values associdted with the Cs:TMA system simply
a result of the fact that it contains 12 instead of just
8 hydroxide ions. Moreover, all reoptimized struc-
tures contain ene OH™ pair, although these pairs are
not (in the limited statistics given) atways located at
the same crystallographic positions. Contrary to the
assumptions of Mootz, the hydroxide sites do not
seem to be Hmited to the O3 and O4 positions. The
initial configuration of the hydroxides (Fig. 4) in-
cluded all four O4 positions, one O3, and seven 01
sites. Of these O4 positions, only one remained a
hydroxide site after optimization, which remained in
all TMA clathrate lattices, but is in only 2 of the §
Cs-TMA optimized lattices. A majority of the hy-
droxides settle in O1 positions, with both 02 and
O3 a close second. There does seem to be some
prevalence for hydroxide ions to settle into specific
crystallographic sites, but the limited statistics has to
temper any firm conclusions. The dotinant lack of
any hydroxides at the O4 positions, as well as the re-

% H,0 with n | Number of
OH™ neighbors | OH™ pairs
n=[0 1 2 3

TMA
OptX-ray 1 55 40 5 -~ 0
ReoptA |52 42 4 2 1
Reopt B 58 33 7 2 2
Cs-TMA
OptX-ray | 28 54 18 - 0
ReoptC |34 50 16 - i
Reopt D 29 55 12 4 ¢
ReoptE 34 50 16 - 1
Reopt F 34 50 16 - 1

Table 4: Distribution of OH™ throughout the unit
ceil: % of water molecules with 0, 1, 2, or 3 hy-
droxide anions in the first coordination shell. Far
right column: number of nearest-neighbor hydrox-
ide pairs.

cirrence of a few other crystallographically distinct
positions, however, is suggestive of possible hydrox-
ide ordering within the unit cell.

Regardless of where the hydroxides are initially po-
sitioned, proton transfers do occur during the ab ini-
tio structural optimizations., Table 5 shows the to-
tal number of proton transitions that occurred during
a given optimization run. Not all transitions listed,
however, occurred between nearest neighbors. This
s simply an artifact of the hydroxide identifica-
tion algorithm and the unphysical proton configura-

Proton Transitions

System #Trans. “{rp«) fA]
TMA
Opt X-ray 14 2.43
Reopt A 6 2.44
Reopt B 6 2.43
Cs-TMA
Opt X-ray 21 2.44
Reopt C 4 2.44
ReoptD 5 244
ReoptE 9 2.44
Reopt F g 245

% Average may not include all transitions.,

Tabie 5: Total aumber of proton transitions during
geometric optimizations and the average O™ -+ O dis-
tance {rowo) for those transitions that cccur between
neighboring hydroxide and water oxygens.
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Long O---0 Distances

B Number of % incident
System roo > 3.25A  upon an OH™
TMAT

Opt 16 37.50
Reopt A 16 31.25
Recpt B 17 35.29
Cs TMAF
Opt 19 36.84
Reopt C 16 31.25
Reopt D 18 33.33
Reopt E 18 33.33
Reopt F 16 37.50

T Fight hydroxides in the unit cell.
§ Twelve hydroxides in the unit cell.

Table 6: Approximate number of O---O distances
roo > 3.25A, and percentage of those rge that are
incident upen an hydroxide anion.

tions encountered in the initial or relaxing systems.S
For the thermalized and reoptimized systems, how-
ever, & 75-100% of all proton transitions occurred
between nearest neighbors as HO-H--- (*OH)~ —
(HO*)~---H-OH. The short O*+--O distances in-
volved, (rp«} = 2.44 A, are consistent with a zero
barrier transition [14, 22]. As evident from the ta-
ble, thermalization creates more stable water orien-
tations but not necessarily lower energy ones (com-
pare with Table 2),

Clathrates or Semiclathrates?

The seemingly large number of long Q---Q dis-
tances (> 3.25A) within the host lattice, many be-
tween water molecules, calls into question whether
or not these cages edges can be hydrogen bonded.
The (0 K) ground state pelyhedral cages certainly
appear to be open or ‘improper’ based upon sta-
tic distances alone, and show similar traits to those
semiclathrate cages displayed by the low temper-
ature o phase of the TMA clathrate (see Fig, 3).
Mootz et. al. attributed the longest roe distances
int the unit cell to the long hydroxide coordination

SThe 5,000 K thermalization runs created some high-energy
proton configurations, e.g. H;O---H---OH, which were tem-
porarily counted as hydroxide icns because of the symmetric
position of the mediating proton. These structures always re-
laxed to newtral water molecules, but did lead to artificially large
rop proton transition distances well beyond nearest neighbors.

Optimization Shifts

TMAT
Atom B (A% 870 (A)  {Ar) (A)
01 1.46 0.136 0.358
0z 1.44 0.135 0.449
03 316 0200  0.350
04 532 0260 0444
N 146 0.136 0223

Cs-TMAF
Aom B (AN &0 () (AR (A)
Cs 1.33 0.130 0.351
Ol 1.76 0.149 0.349
02 1.16 0.12% 0.325
a3 1.97 0.15% 0.282
04 1.80 0.155 0.197
N 1.54 0.140 0.200

T TMA reoptimization B
¥ Cs TMA reoptimization D

Table 7: Experimental isotropic thermal parameters
B (—50°C) and their equivalent vibrational ampli-
tudes §, compared to some average positional shifts
Ar arising from structural optimizations.

configurations O* - - 0’ thus placing all OH ™ ai the
03 and 04 positions. Our reeults indicate that,
not only are the hydroxide anions more distributed
throughout the crystallographically distinct Oi sites
than suggested by Moatz, but that the O%.. Q' dis-
tances are not the only ‘long’ rge distances in the
unit cell, As Table 6 shows, a sizeable fraction of
the 136 cage edges in the unit cell, from ~ 12-14%,
exceed 3.25 A, the longest distance found in X-ray
studies. We found a spectrum of distances above
3254, all the way up to =~ 4.0A —although a few
of those largest rpp distances correspond to very
small O-0-0 angles, i.e. to next-nearest neighbors
located within the same cage.” Several ‘long’ rop
distances are evident in the cages shown in Figs. 6
and 7. Those in the former lock quite similar to the
open (6)! and (3)! faces in the 7.5-o phase of the
TMA clathrate (see Fig. 3).

As a further indication that the original configura-
ticn of the TMA and Cs-TMA clathrates determined
by Mootz et. al. {at —50° C) may not be statically
stable, we compared the equivalent vibrational am-

T0-0—0 angles less than the tetrahedral 109.5° can shift
typical next-nearast neighbor distances in from 4.5 A to ~ 4.0 A&,
while disorder may shift nearest neighbers further away.
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plitudes § from the X-ray data, derived from the
isotropic thermal parameters B = 8% (1%}, with the
averaged positional shifts Ar associated with the ab

intio geometric optimizations, tabulated in Table 7.

Nearly all crystallographically distinct atoms move
well beyond their vibrational amplitudes during the
optimization procedure at 0 K, apart from the nitro-
gen atoms in the TMA™ ions. This suggasts that the
high temperature 7.5-§ phase of the TMA clathrate,
along with its alkali analog Cs-TMA, may only he
dynamically stable. Clearly more work is needed
to determine whether a low temperature phase tran-
sition occurs in thess complementary systerns (e.g.
B to a type), or if this apparent semiclathrate cage
structure for both TMA and Cs-TMA systems can
be effectively closed via alkali jon induced proton
transport mechanisms. Many studies of low temper-
ature proton ordering transitions in normal ice exist,
but very little theoretical work has yet been done for
such ordering in ionic clathrate hydrates [15, 16].
Given the ideal tetrahedral coordination of these
gas hydrates, we hope to modify current statisti-
¢al mechanical-based quasichemical theory, coupled
with ab inific methods, to approximate proton or-
dering effects within these ionic systems in the near
future.
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