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Experimental and computational details
1. Single Crystal X-ray Diffraction Measurement

Single crystals of TBAB + CO, hydrates were formed in a high pressure glass cell with an inner
volume of ~100 cm?® and fitted with stainless-steel flanges at the ends so that the cell interior was
observable. A ~30 mm diameter glass-vial with 5-10 cm? of aqueous TBAB solution was placed inside
the pressure cell. The aqueous solutions of TBAB were prepared from a TBAB salt of 99% certified
purity (Aldrich Chemical Company Inc.) and pure water (EMD Chemicals Inc., WX0004). The
uncertainty in the mole fractions of TBAB in the aqueous solutions was £0.0002, and that of the pressure
was 0.1 MPa. After degasification of the TBAB solution by a vacuum pump, charge and discharge
procedures were repeated five times with 1 MPa of a CO, gas in order to eliminate the residual air. The
pressure cell was charged with CO, gas up to the target pressure, and immersed in a temperature-
controlled bath (Poly Science, VWR 1157). In order to avoid forming the TBAB hydrate without gas, we
carefully controlled the bath temperature throughout the experiments to remain above the melting point of
the pure TBAB ionic clathrate hydrate.l!"?] The temperature of the bath was first set to be ~1 K higher
level than the equilibrium temperature for the TBAB + CO, hydrate to dissolve the CO, gas in the TBAB
solution without forming pure TBAB hydrate. After dissolving the gas, the temperature was decreased to
this target temperature. The purity of the CO, gas used was 99.99% on a volume basis which was
provided by Praxair Inc. We used a mercury thermometer (Brooklyn Thermo Co., 76 mm) with an
uncertainty of £0.2 K for the temperature measurement. The P-7T-x conditions for the formation of TBAB
+ CO, hydrates are available from the literature.3#-31 The single crystals were grown under the conditions
that gave 1-3 K subcooling as is suitable for growing mm-sized crystals,!>¢! which were P = 1.08 MPa, T
= 282.65 K, xtgap = 0.0064. After the completion of crystal formation (taking ~1 week), the high-
pressure cell was chilled and the crystals were taken out at liquid nitrogen temperature. A suitably-sized
single crystal was chosen by examination under a microscope with the crystals kept under a nitrogen
atmosphere at ~230 K. The sample was handled and transferred to an X-ray diffractometer below this

temperature and preserved at liquid-nitrogen temperature. The single crystal was mounted on an X-ray



diffractometer (Bruker Kappa APEX CCD), with data collection at 100 K. The models of the crystal
structure were refined with SHELXTL software package.[’-#1 CCDC 963037 contains the supplementary
CIF crystallographic data for the presently found crystal structure. These data can be obtained free of

charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

The refinement result for the TBAB + CO, ionic clathrate hydrate formed under the pressure P =
1.08 MPa, temperature 7 = 282.65 K and aqueous TBAB mole fractions x = 0.0064 is summarized in
Table S1. A portion of the unit cell of the TBAB + CO, ionic clathrate hydrate is shown in Figure S1. The
spatial relations between the D, and Dy cages with the tert-butylammonium and bromide ions can be seen
in this figure.

An interesting point in Table S2 is that the maximum CO, cage occupancy was obtained from the
sample formed in the most dilute aqueous-TBAB solution with x = 0.0064. The cage occupancy (6) was
even higher than that of the sample formed at the higher pressure but in the nearly stoichiometric
composition of the TBAB-38H,0, i.e., with x = 0.0256. The reason for this can be the optimizing of the
CO,/TBAB ratio in the solution which can be the driver for CO, incorporation in the ionic clathrate

hydrate phase.
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Figure S1. A section of the /mma unit cell of the TBAB + CO; ionic clathrate hydrate. The proximity of

the Br~ ion in the water lattice to the distorted DA cages can be seen in this figure.
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Table S1. Crystal data and structure refinement results for the TBAB + CO, hydrate formed in the

conditions (x = 0.0064, P = 1.08 MPa, T'=282.65 K).

Empirical formula C1785H111BrNOy 69
Formula weight, g-mol™! 1087.28
Temperature, K 100.0 (1)
Wavelength, A 0.71070
Crystal system, space group

Orthorhombic, Imma

Unit cell dimensions, A

a=21.0197(7), b =25.2728(8), c = 12.0096(4)
Volume, A3 6379.8(4)
Z, calculated density, g-cm™3 4,1.132
Absorption coefficient, u 0.730
F(000) 2375
Crystal size, mm 06 x04x02
A range for data collection 2.52,36.38
—35<h<35
Index ranges —35<k<42
-20< /<19
Reflections collected/unique 87521/ 8002
Completeness to 26 0.98
Refinement method F? against all reflections
Data/restraints/parameters 453/ 47/ 453
Goodness-of-fit on F? 1.048
Final R indices [/ > 22(])] 0.0266
R indices (all data) 0.0412
Largest diff. peak and hole

-0.48, 0.94




Table S2. The results of the SCXRD measurements for the orthorhombic TBAB-38H,0-nCO, crystals

formed under four different conditions.

X P/ MPa T/K n Goa Gbp Ohverage”
0.0256 1.13 286.05 136 0.761 0.301 0.454
0.0064 1.08 282.65 1.85 0.867 0.490 0.616
0.0357 1.16 286.25 1.52 0.797 0.359 0.505
0.0254 1.77 287.25 1.79 0.868 0.462 0.597

@ The average occupancy of D cages in the framework of TBAB-38H,0 D4 2Dg.



2. NMR and Powder X-ray Diffraction Measurements
Samples suitable for solid-state NMR and powder X-ray diffraction (PXRD) measurements were
prepared by taking a 1:38 TBAB solution in water, quenching the solution drop-wise in liquid nitrogen,
then grinding the solid to a fine powder. The powdered solid was placed in a Pyrex tube fitted with a
ground glass joint for connecting to a vacuum line. The sample was degassed, then '*C enriched CO,
(99.3% enrichment, Isotec) was condensed into the tube at 77 K and the tube was flame sealed. Samples
were conditioned for a number of days at ~269 K. The '3C solid state NMR measurements were obtained
on Bruker Avance-III 400 MHz (magnetic field of 9.4 T) and Bruker Avance 200 MHz (magnetic field of
4.7 T) spectrometers. The measurements utilizing Magic Angle Spinning (MAS) were performed on a
Bruker BL7 double resonance probe at the spinning rate of 3 kHz. The samples of hydrates prepared by
the method outlined above were loaded into 7 mm OD ZrO, spinners in liquid nitrogen and then cold
loaded into a probe pre-cooled to 173 K. Stationary spectra were obtained on a Bruker double resonance
wide-line probe for solids with the samples stored in 5 mm sealed glass tubes also loaded with hydrate in
liquid nitrogen. '3C Cross-Polarization (CP) spectra were obtained using ramped contact pulses.’! Both
Bloch decay (single pulse) and the CP experiments were accompanied by high-power proton decoupling
using the SPINAL64 decoupling scheme.[!%!!] The temperature during the experiments was controlled
using a Bruker BVT3000 temperature controller. Integration of the signals and powder pattern simulation
were performed with the use of the DMFit simulation package.l'?l The PXRD patterns of 1 : 38 TBAB
and H,O samples with and without CO, were recorded on a Bruker AXS model D8 Advance
diffractometer using Cu K, radiation (A, = 1.5406 A, A, = 1.5444 A, I/I, = 0.5). The finely powdered
samples were quickly transferred to the pre-cooled X-ray stage and the diffraction patterns were measured
at 173 K. The data were recorded in the step mode with a fixed time of 2 s and a step size of 0.010483°
for 20 = 6-50°. The patterns obtained were refined by Le Bail fitting using the profile matching method
within FULLPROF.[!3]
The integration of the CO, signals requires taking into account all of the spinning sidebands. The

results of the integrations for the two samples studied are summarized in Table S3. A tentative



assignment of the CO, signals in the MAS spectra can be made based on the relative number of the cages
in the structure.

Figure S2 shows stationary '*C CP NMR spectra of the hydrate at temperatures ranging from 173
K to 233 K. A visible singularity in the spectrum at ~230 ppm indicates the presence of at least two
superimposed powder patterns related to the different types of CO, molecules in the hydrate cages. The
overall lineshape of the CO, signal in the spectrum is indicative of the chemical shift anisotropy. The
overall width of the pattern is less than that expected for a rigid lattice and the roughly triangular shape is
characteristic of a distribution in anisotropy values which arise from CO, molecules with dynamic
properties that reflect the various cage environments that result when water molecules freeze into
disordered positions.!'*15] Model calculations have illustrated likely motions of the long axis of the CO,
molecules which are best described as limited amplitude librations.[14-16] The high frequency singularity
in the spectrum is better visible in a higher field spectrum (Figure S2). The appearance of the singularity
is characteristic of axial chemical shift anisotropy, with the singularity corresponding to the perpendicular
component of the CSA tensor. Assuming an isotropic shift of 125 ppm, the powder pattern of this
component can be isolated from the total spectrum as shown in Figure S3. However, this just serves to
illustrate that there are two overlapping powder patterns. Since both will have characteristic and distinct
distributions of the chemical shift anisotropy there are too many variables to extract meaningful
quantitative fits to the total spectrum. The relative intensity of the signals suggests linking of the broader
powder pattern and the MAS signal at the isotropic shift of 125.4 ppm. At higher temperature (Fig S2,
223 K), the lineshape starts to change. This has been associated with the onset of water reorientation,
which gives the cages their true time averaged symmetry. For the oblate spheroidal cages (sI CO, hydrate
large cage, CO, in the small cage in sII) the NMR powder pattern changes to that of an axially symmetric
chemical shift characteristic of axial rotation in the cages. In general, the line shape reflects the symmetry
of the cage, as isotropic, axial and non-axial lineshapes all have been observed.!'”! From the spectrum at
223 K, it looks like water motions are becoming fast enough to start giving the cages their time-average

symmetry.



The PXRD analysis explains the structural preference of TBAB hydrate depending on the
presence of CO,. The diffraction pattern obtained from 1 TBAB : 38 H,O mixture without CO, (Figure
S4a) shows mixed phases of tetragonal P4/m (a = 23.520(1) A; ¢ = 12.542(1) A) and orthorhombic Pmma
(a =20.909(1) A; b =12.681(1) A; ¢ = 12.219(1) A) with a small fraction of another tetragonal phase
indexed to P4,/m (a = 23.711(1) A; ¢ = 12.318(1) A). On the other hand, the pattern of TBAB hydrate
with CO, (Figure S4b) shows mainly orthorhombic Imma structure (a = 21.190(1) A; b = 25.405(1) A; ¢
=12.049(1) A) with a small fraction of the tetragonal P4,/m phase (a = 23.648(1) A; c = 12.278(1) A).

As mentioned above, the presence of CO, vapor might lead to the appearance of more
orthorhombic phase, which possesses more 5'? cages for CO, inclusion, and thus the two main signals for
CO; (natural abundance) appearing at 124.85 and 125.06 ppm of the *C NMR spectrum shown in Figure
S5 should originate from the orthorhombic phase and the additional small peak at 125.30 ppm from a
small fraction of the tetragonal P4,/m phase, respectively.

The lattice parameters obtained from the Le Bail fitting of the PXRD patterns all agree with the
results of our single-crystal XRD refinement and the previously reported values in the literature.!'8-23]
Here, it is worthwhile to note that the structureless Le Bail fitting method cannot distinguish the Imma
phase from Pmma, which is the previously reported space group of the TBAB hydrate crystal in the
absence of gaseous guest!?!l, in the PXRD pattern of TBAB + CO, hydrate. Figure S6 shows the Le Bail
fitting of the same pattern, but with orthorhombic Pmma indexing instead of Imma. We obtained the
lattice parameters of @ = 21.186(1) A, b = 12.695(1) A, and ¢ = 12.035(1) A with a reasonable goodness
of fit value (y? = 2.51) and quite similar a and ¢ values with half a b-axis as compared to the Imma space
group. This means that the symmetry lowering of the clathrate hydrate crystal is difficult to distinguish by
powder diffraction pattern measurements. The guest-induced structural transformation accompanied by
symmetry lowering described in this work is reminiscent of the temperature-induced symmetry lowering
transition of hexagonal structure-H hydrate from P6/mmm to P-3 at 167 K.[>4] In this previous study, the
simulated PXRD pattern of the P6/mmm structure was almost exactly the same as that for P-3, similar to

the experimental results of our present work.



9.4 T data).

Carbon atom

Position, ppm

0
1 total Yo

Relative 7, % normalized to CO,

Sample: 3CO,-TBAB-38H,0; 2975

Hz CPMAS; f.oni- = 5 ms

TBAB-1 59.13 3.73

TBAB-2' 25.42 2.03

TBAB-2" 24.66 1.69

TBAB-3' 21.05 1.59

TBAB-3" 20.71 2.50

TBAB-4 14.75 4.08

CO,-1 124.87 25.23 2991
CO,-2 125.13 46.71 55.36
CO,-3 125.40 12.43 14.73
Sample: N.A. CO,'TBAB-38H,0; 3083 Hz CPMAS; #cont. = S ms
TBAB-1 59.13 23.92

TBAB-2' 25.45 11.72

TBAB-2" 24.68 9.99

TBAB-3' 21.09 10.28

TBAB-3" 20.74 13.68

TBAB-4 14.7 24.6

CO,-1 124.85 2.79 48.11
CO,-2 125.06 2.71 46.72
CO,-3 125.3 0.3 5.17

Table S3. Integrated intensities in '3C MAS spectra (integration with summing of sideband intensities,
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Figure S2. Variable temperature '3C CP NMR spectra of '*CO, TBAB-38H,0 hydrate obtained in
stationary conditions at temperatures as indicated in a field of 4.7 T. Vertical arrow above the bottom
spectrum indicates the direction of the temperature change. The observed changes in the spectra are
completely reversible indicating preservation of CO,. The vertical lines indicate the isotropic chemical
shift for the CO, (0;,), and the positions of the perpendicular component o1 of the CSA tensors (a and b).
Note that the position of singularity a changes very little with the temperature. Simulation shown under
the top spectrum indicates the axially anisotropic signal corresponding to singularity a and the isotropic
shift of 125 ppm. A box around portion of the bottom spectrum indicates the positions of signals from the

TBAB.
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Figure S3. Spectrum A shows the stationary '3C CP NMR spectra of 3CO,-TBAB-38H,0 hydrate
obtained in a field of 9.4 T at 173 K. Simulation B shows axially anisotropic signal corresponding to
singularity indicated by vertical arrow (perpendicular component d.L of the CSA tensor) and the isotropic
shift of 125 ppm from the MAS measurements. The positions of signals from the TBAB are as in Figure 2
of the manuscript. Trace C shows the difference between the experimental spectrum A and the simulation

B.
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Figure S4. PXRD patterns and Le Bail fittings of 1 TBAB : 38 H,O mixture recorded at 173 K (a)
without CO, (y?> = 2.45, mixture of orthorhombic Pmma and tetragonal P4/m with small fraction of

another tetragonal P4,/m) and (b) with CO, (x> = 2.89, mainly orthorhombic Imma with small fraction of

tetragonal P4,/m)
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Figure SS. An experimental PC CP MAS spectrum of natural abundant CO,"TBAB-38H,0 hydrate

obtained in a field of 9.4 T (Larmor frequency of 100.67 MHz) at 173 K. Spectrum B: Simulation of the
experimental spectrum with a model accounting for spectral intensity spread in the spinning sidebands.
The positions of the TBAB signals in the '3C spectrum are at 59.1, 25.4 and 24.7, 20.7 and 14.7 ppm. The

inset shows an expanded region for the isotropic signals of CO, in the hydrate cages.
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Figure S6. Le Bail fittings of the pattern shown in Figure S4 with Pmma indexing instead of Imma space

group (> =2.51)
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3. Computational Methods

Molecular dynamics simulations were performed using the single crystal X-ray structure of the
TBAB ionic clathrate phase with incorporated CO, guests. The water proton positions in the ionic
clathrate phase are disordered and were randomly chosen such that the ice rules were satisfied to the
maximum extent possible and the unit cell dipole moment was minimized. Some tolerance for Bjerrum
defects was built into the proton arrangement as water in ionic clathrates has greater freedom to rotate to
more stable configurations during the MD run. The presence of the Br™ ions in lattice positions normally
occupied by water can lead to the formation of Bjerrum defects in the lattice which facilitates water
rotation. More detailed analysis of proton disorder in the ionic clathrate phases will remain for future
work. In the crystal structure, the positions of the n-butyl chains of the fefra-butylammonium ion are
disordered between two sets of sites with one set consistently chosen for each cation. The cation N atoms
and anion Br~ are not disordered in the lattice. The initial CO, positions were chosen from one of the
disordered positions in the dodecahedral cages of the crystal structure. There are two sets of dodecahedral
(D, 5'?) cages in the unit cell (the D, and Dy cages, see below) and their CO, occupancies and disorder
are different. In the analysis of the geometric distribution and dynamics, these two groups of CO,
molecules are considered separately. In the simulations, experimental occupancies of 53—87% for the Dy
cages and 30-49% for the Dy cages are used. A second set of simulations with all D cages occupied are
also performed. The specific D cage occupancies depend on the synthesis conditions of the ionic clathrate
hydrate phase. A 2x2x4 replica of the unit cell was used in the simulations. There were a total of 2432
water, 64 TBAB, and 128 CO, molecules (with all D cages occupied) in the simulation. The details of the
force fields used in the simulation are given in the Supporting Information. Constant volume—constant
temperature NVT molecular dynamics simulations on periodic simulation cells were performed using the
DL _POLY software program version 2.20.125] The Nosé-Hoover thermostat!?] is used with a thermostat
relaxation time of 0.2 ps. Long-range electrostatic interactions were calculated using the Ewald
summation method?®! and all intermolecular interactions in the simulation box were calculated within a

cut-off distance of Reyorr = 13.0 A. All simulations were performed with a time step of 1 fs for a total time
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of 500 ps, with 10 ps of temperature scaled equilibration. Structural and dynamics parameters were
extracted from the run times. Temperatures of 100 (X-ray structure determination temperature), 200, and
250 K with ambient pressure were used in the simulations.

The intermolecular van der Waals potentials between atoms i and j on different molecules are

considered to be the sum of Lennard-Jones (LJ) and electrostatic point charges,

12 6
G. . G. . . .
i,j T T Ansor;;

where o;; and ¢g; are the distance and energy parameters of the ij pair separated by a distance of r; and ¢;
and g; are the electrostatic point charges on the atoms. Water molecules of the clathrate were modeled
using the TIP4P four-charge model,?”] while the tetrabutylammonium and bromine ions were modeled
with the general AMBER force field,[?®] and the force field for bromide by Canongia Lopes and Padua.[?’]
The EMP2 potential(3! for carbon dioxide helper guest molecules. The values for the parameters o;; and
&; for selected atom types are given in Table S4. Potentials between unlike atoms are calculated using the
standard combination rules, &; = (&;5;)"? and o; = (o; + 0j)/2. Partial electrostatic charges on the atoms
of the guest molecules were determined from charges from electrostatic potential grid (CHELPQG)
calculationsB!l with the Gaussian 09 suite of programs!*?! at the B3LYP/6-311++G(d,p) level of theory.
The complete set of guest point charges and Lennard-Jones parameters are given in Table S4.

The CO, guests were found to have restricted, but different spatial distribution / motion in D, and
Dg cages. The orientations of the CO, guest molecules in the D, cages with respect to the lattice b-
direction (as shown in Figure S7) and in the Dy cages with respect to the lattice a- and c-directions were
sampled. The angle of the CO, molecular axis with respect to the foreshortened polar direction of the Dy
cages is shown by 0 which we sample to obtain orientation distribution of the CO, molecules, p(0). The
probability distribution p(6)-sin 8 associated with this angle for CO, molecules in D4 cages at 100, 200,
and 250 K are shown in Figure S7. The CO, molecules narrowly distributed with a spread of about 20° on

each side of the 90° orientation. This constricted motion is also reflected by the relatively broad line
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shape of the 3C MAS solid-state NMR spectrum of the hydrate phase shown in Figure S2. The
distributions become broader at higher temperatures which reflects the greater range of motion of the CO,
molecules out of the equatorial plane of the D, cages. This distribution should be compared to the D
cages of the cubic structure I CO, clathrate hydrate where the CO, molecules are isotropically distributed

as shown by the isotropic NMR lineshape of these guests.
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Table S4. Atomic point charges and Lennard-Jones parameters for H,O, CO,, Br, and N(C4Hy)4". The

AMBER labels are specified for the tetra-n-butylammonium atoms.

Atom / label qle o;; / nm & / kJ-mol!
O (H20) 0.0 0.3153 0.6485
H (H20) +0.5200 0.000 0.000
M (H20) -1.0400 0.000 0.000
C (CO2) +0.6512 0.2745 0.2489
0 (CO2) -0.3256 0.3017 0.7121

Br -1.00 0.397 0.86
N(N4) +0.570 0.325 0.711
C1(C3) -0.270 0.340 0.4577
HI (HX) +0.076 0.196 0.06568
C2 (C3) +0.167 0.340 0.4577
H2 (HC) -0.009 0.269 0.6571
C3 (C3) +0.031 0.340 0.4577
H3 (HC) +0.021 0.269 0.6571
C4 (C3) -0.262 0.340 0.4577
H4 (HC) +0.096 0.269 0.6571
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