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Hydrogen Adsorption and Diffusion in p-rert-Butylcalix[4]arene:
An Experimental and Molecular Simulation Study
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Abstract: Experimental adsorption iso-
therms were measured and computer
simulations were performed to deter-
mine the nature of the H, gas uptake
in the low-density p-tert-butylcalix[4]ar-
ene (tBC) phase. '"H NMR peak inten-
sity measurements for pressures up to
175 bar were used to determine the H,
adsorption isotherm. Weak surface ad-
sorption (up to ~2mass% H,) and
stronger adsorption (not exceeding
0.25 mass% or one H, per calixarene
bowl) inside the calixarene phase were

shows a reversible gas adsorption/de-
sorption cycle. Pulsed field gradient
(PFG) NMR pressurization/depressuri-
zation measurements were performed
to study the diffusion of H, in the calix-
arene phases. Direct adsorption iso-
therms by exposure of the calixarene
phase to pressures of H, gas to
~ 60 bar are also presented, and show a
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maximum H, adsorption of 0.4 H, per
calixarene bowl. Adsorption isotherms
of H, in bulk tBC have been simulated
using grand canonical Monte Carlo cal-
culations in a rigid tBC framework,
and yield adsorptions of ~1 H, per cal-
ixarene bowl at saturation. Classical
molecular dynamics simulations with a
fully flexible calixarene molecular
force field are used to determine the
guest distribution and inclusion energy
of the H, in the solid with different
loadings.

detected. The latter type of adsorbed

: . troscopy
H, molecule has restricted motion and

Introduction

There is much interest in developing solid-state inclusion
compounds for hydrogen storage.! The motivation is to de-
liver hydrogen fuel in a denser (per unit mass or volume of
solid material) and safer form than cryogenically cooled
liquid hydrogen or compressed gas-phase hydrogen stored
in heavy walled cylinders. The requirements of hydrogen
storage are different depending on the nature of the gas de-
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livery system. For example, gas delivery to mobile car en-
gines or hydrogen storage for residential electricity genera-
tion place very different requirements on the material used
for H, storage. The well-known requirement that a hydrogen
storage material contain ~5% H, by mass under “reason-
able” temperature and pressure conditions is appropriate
for vehicles using hydrogen fuel, but a criterion based on
volume of H, per volume of storage material may be more
appropriate in gauging the performance of the material at a
stationary H, fuel storage facility in which the fuel is not
transported. In addition to the H, content, the temperature/
pressure stability range for hydrogen storage in the material
must also be taken into account.

A class of materials recently considered for hydrogen stor-
age is the calixarenes, the most widely studied of which is p-
tert-butylcalix[4]arene (tBC).! The calixarene “bowl” is
composed of four p-tert-butylphenol units connected by
methylene linkers at ortho positions to the hydroxyl groups.
The low-density solid form of tBCP! crystallizes in the
monoclinic P2,/n space group,” and is made up of ABCD
repeat units in the b direction of the unit cell (see Figure 1).
Two adjacent calixarene bowls form a “capsule” as shown
by the dashed ellipses in Figure 1, with tert-butyl groups en-
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Figure 1. The low-density calixarene f3-phase with hydrogen atoms elimi-
nated for clarity. The four-layer ABCD repeat unit of the solid phase
along the b direction is shown. Capsules are marked with dashed ellipses
and interstitial sites with solid ellipses.

closing the central capsule region. There are four bowls per
unit cell (Z=4). The tert-butyl moieties of the bowls lie be-
tween the A-B and C-D layers of the tBC structure. The
closed interstitial spaces in the lattice lie between the B-C
and A-D layers, and in Figure 1 are shown schematically by
the solid ellipses. The low-density tBC solid phase retains its
crystal morphology when reversibly adsorbing small mole-
cules® ¥ such as Xe,” NO, air, SO,, N,, O,, H,, CH,,®! and
CO, at low pressures, but at higher pressures the host lattice
structure and solid-state space group may be modified."")

Experimentally, hydrogen forms an inclusion compound
with tBC at 298 K and ~31 bar with 66 % calixarene bowl
occupancy.'”? H, gas is known to diffuse through the solid
calixarene phase. Adsorption and diffusion of guests occurs
with retention of the calixarene crystal structure and without
the presence of large continuous pores in the lattice, unlike
the case for zeolites. Mechanisms based on the slippage of
calixarene layers''” or rotation of tert-butyl groups like turn-
stiles to direct guests through the solid"! have been pro-
posed to account for the diffusion of guest molecules
through the calixarene structures.

We recently studied the structural and dynamical behavior
of the low-density [3,-phase calixarene inclusion compound
with hydrogen and other guest species using molecular dy-
namics simulations with guest-host occupancy ratios up to
6:1.1 At occupancy ratios up to 1:1, the unit cell volume
and inclusion energy per guest are constant.' At higher oc-
cupancies the unit cell volume increases, and the inclusion
energy per H, guest decreases.'¥ Daschbach et al.'™! use a
potential of mean force methodology to calculate the free
energy of capturing H, in isolated tBC bowls and closed
capsules made of two adjacent bowls. The free energy of
capturing H, was determined to be <4.2 kImol™" for tem-
peratures above 200 K.
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In this work we determined the adsorption of H, gas in
powder samples of the low-density tBC phase over a range
of pressures using 'HNMR peak intensity (0-160 bar at
293 K) and direct manometric adsorption measurements (0—
60 bar at 292 K). We also used grand canonical Monte Carlo
(GCMC) simulations to study the pressure and temperature
dependence of the H, adsorption. The main goal is to deter-
mine the maximum H, storage capacity of low-density tBC
under practical application conditions of this material. We
used GCMC simulations to calculate adsorption isotherms
at 273 and 293 K and pressures up to 175 bar, and study the
adsorption sites of the H, molecules in the calixarene phase.
We studied hydrogen diffusion through the calixarene lattice
with NMR pulsed field gradient (PFG) measurements, rate
of pressure variation in pressurization/depressurization ex-
periments, and molecular dynamics (MD) simulations.
These measurements and simulations allowed us to evaluate
the potential of this material for hydrogen storage applica-
tions.

Results and Discussion

Experimental H, adsorption isotherms and gas diffusion:
The 'HNMR spectrum of H, adsorbed in the tBC at
158 bar is shown in Figure 2. The H, in the system appears
as three peaks: a peak centered at ~7 ppm for the excess
free hydrogen in the gas phase; a broad peak with the maxi-
mum at ~4 ppm, which is assigned to H, adsorbed on the
surface of the calixarene phase (see below); and a low inten-
sity Pake doublet,'! which is assigned to H, adsorbed into
the calixarene bowls.

15 9 3 -3 -9
J Uk (ppm)

I 80 60 40 20 0
(ppm)

-20 40 -60 -80

Figure 2. The NMR spectrum of the tBC phase with adsorbed H, in con-
tact with excess H, in the gas phase at 293 K and 158 bar (the 'H signal
of tBC before H, adsorption has been subtracted). The inset at the top
shows the spectrum with the intensity expanded 32 times. The Pake dou-
blet of width ~60 ppm is observed. The inset at the right shows the ex-
panded spectrum between —5 and 15 ppm. The deconvolution of the
spectrum shows the resolved peaks for the free H, and the weakly sur-
face-adsorbed H,.
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The peak for the free excess H, gas in the presence of the
solid calixarene sample is broad compared to the peak for
gas-phase H, in a calixarene-free system. The free excess H,
is in rapid exchange with the surface-adsorbed H, (4 ppm
peak), and on average has a more inhomogeneous magnetic
environment than the free H, in a calixarene-free system.
The Pake doublet has a splitting of 12 kHz at 293 K, which
decreases slightly with increasing temperature (between 253
and 293 K) and pressure (50 to 150 bar). This is shown in
Figures S1 and S2 of the Supporting Information. Pake dou-
blets have been observed in other systems in which H, is
confined to small cavities,'” for example, H, in fullerene
shows a Pake doublet splitting of ~350 kHz at ~4 K, but
in these cases the Pake doublet disappears at quite low tem-
peratures (less than 10 K). As in other clathrates where mol-
ecules are confined in cages, the residual dipolar or quadru-
polar couplings are determined by the anisotropic guest—
host potential within the cavity."¥ Under near-room-temper-
ature experimental conditions the hydrogen motion in the
calixarene bowls is fast, but the Pake doublet shows there is
still a net alignment of the H, molecular axes within the
cavity.

The variation of the peak height with hydrogen pressure
is shown in Figure S3, and the integrated peak intensities for
all H, signals for a single run are given in Figure S4 of the
Supporting Information. The total peak intensity correlates
with the external H, pressure on the calixarene system. The
integrated peak intensity of the surface-adsorbed H, (4 ppm
peak) is considerably larger than that of the Pake doublet.
The integrated peak intensities of the included H, guests
corresponding to the Pake doublet peak at different H,
pressures can be used to obtain an experimentally measured
adsorption isotherm, which is shown in Figure 3. The experi-
mental isotherm is the result of a number of adsorption ex-
periments. The maximum adsorption corresponds to about

® GCMC (273 K)
s ©GCMC (293 K)
u NMR (293 K)
[ 4 adsorp. large manifold
v adsorp. small manifold

[58) +

H, : tBC/ mol (unit cell)”
o
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pressure / bar
Figure 3. The experimental pressure dependence of the "H NMR intensi-
ty of the doublet signal during adsorption and desorption of H, in tBC at
293 K. Large experimental errors are mainly due to the uncertainties of
integration in the presence of signals of vastly different intensities. Ad-
sorption isotherm for H, on a 2.1 g sample of low-density tBC (A) and on
a 0.3 g sample of low-density tBC (¥) in the 3 cm® system. Both experi-
ments were performed at 292.0 K. The calculated GCMC adsorptions at
two temperatures are given for comparison.
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0.25 wt % of H, in the calixarene phase. This is equivalent to
approximately one H, molecule per calixarene bowl. H, gas
is a mixture of ortho- and para-H,, with the zero-spin para
form being invisible to the 'H NMR experiment. At room
temperature the ortho:para ratio is about 3:1, with conver-
sion between the forms relatively slow. The integrated inten-
sity of the Pake doublet therefore represents 75% of the
total hydrogen strongly adsorbed.

Pulse field gradient (PFG) measurements were performed
on the same materials to determine the diffusion coefficients
of H, molecules making up the different peaks of the NMR
spectrum. In a PFG experiment, the intensity / of the spin-
echo signal attenuates with the intensity of the applied pulse
field gradient G as Iocexp(—y*6°’G*DA), in which y is the
proton gyromagnetic ratio, D is the self-diffusion constant,
and 0 and 4 are the length and the separation between the
applied gradients, respectively."” Figure 4 shows a represen-
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Figure 4. Variation of the 'H signals for H, in tBC with the applied field
gradient G in the PFG experiment. The upper panel shows scaled right
halves of the doublet signal.

tative PFG experiment for H, in tBC at 298 K and 135 bar.
Fast attenuation of the narrow signals from surface-adsorbed
(4 ppm) and gas-phase H, (7 ppm) with the applied gradient
indicates fast diffusion of those species. The intensity of the
doublet signal, however, remains unaffected by the applied
gradient, which implies a very limited mobility of these
strongly adsorbed H, molecules. The observed independence
of the doublet signal of the field gradients up to 1 7/m indi-
cates that the diffusion of these species is at least an order
of magnitude slower than that of the weakly adsorbed H,
molecules.

PFG-measured diffusion constants of free H, gas in the
absence of the calixarene phase at pressures up to 145 bar
are given in Figure S5 of the Supporting Information. The
measured values agree well with the predictions from the
mean-free-path-based simple kinetic theory of gases. The ac-
tivation energy for diffusion in calixarene-free H, at 145 bar
obtained from the variable temperature PFG experiments

— 11691

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

S. Alavi, J. A. Ripmeester et al.

A EUROPEAN JOURNAL

was found to be 2.4 kImol . Similar magnitudes of diffusion
constants and an activation barrier of about 2.5kJmol™
were previously reported for H, physisorbed in zeolite
NaA."! The H, molecules are loosely bound in this open
zeolite structure.

The temperature dependence of the diffusion coefficients
for the two H, peaks at 7 and 4 ppm at 145 bar are shown in
Figure S6 of the Supporting Information. The activation bar-
riers to diffusion are determined to be 3.2 kJmol™ for both
gas-phase H, in contact with the calixarene and the surface-
adsorbed mobile H, molecules. The similarities in the mag-
nitudes of the diffusion coefficients of H, in the gas phase
and H, adsorbed on the calixarene surface indicate a rapid
exchange between these two types of H, in the system. The
slightly larger activation barrier of 3.2kJmol™' for gas-
phase H, in the presence of calixarene may indicate a more
restricted diffusion of hydrogen molecules on the surface of
tBC as compared to the open structure of the NaA.

Direct manometric measurements on calixarene powder
samples at 292 K give the adsorption isotherms shown in
Figure 3. The results are reasonably reproducible when per-
formed with different samples or on different sample
masses, with different dead space to sample ratios. For ex-
ample, about 0.3 H, per cage is adsorbed at 60 bar using a
2 g sample, whereas repeating the experiment on a 0.3 g
scale with a very small gas-handling manifold gave 0.35 H,
per cage at 60 bar. The differences between the two runs are
within the uncertainty margins of the manometric experi-
ments. The H, equilibrates with the calixarene phase within
30 min of a pressurization/depressurization event.

Grand canonical Monte Carlo and molecular dynamics sim-
ulations: The calculated adsorption isotherms for H, at 273
and 293 K from GCMC calculations are shown in Figure 3.
At the high pressure limit (175 bar), the predicted H, ad-
sorption is found to be ~4 H, molecules per unit cell, which
is equivalent to one H, molecule per calixarene bowl. In
porous solids such as the tBC phase studied in this work,
there is a considerable amount of empty space in the simula-
tion, in which insertion and deletion of guest molecules can
occur with relatively small energy penalties. As a result, the
average numbers of guests in the GCMC simulation show
relatively large fluctuations, which appear as large uncer-
tainty in the calculated isotherm. This is in contrast with the
situation in GCMC simulations of dense phases, in which,
after equilibration, insertion or deletion of molecules has
large energy penalties, and the number of molecules in the
simulation is narrowly determined.

The GCMC calculations for the adsorption isotherm at
293 K shown in Figure 3 are generally consistent with the
adsorption isotherms from NMR peak intensity measure-
ments. The NMR adsorption should be multiplied by 4/3 to
give the total H, content (ortho+para). Both the NMR
peak intensities and GCMC isotherms are higher than the
low-pressure direct adsorption measurements. The GCMC
calculations are performed on perfect crystals, as opposed to
the real powder tBC phase samples which have imperfec-
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tions and reduced adsorption sites. The adsorption of
0.2 wt% H, was previously measured for tBC at room tem-
perature and 31.0 bar equilibrium pressure,'” which roughly
corresponds to a 2/3 occupancy of the calixarene bowls. This
is also generally consistent with our results. The high pres-
sure (160-170 bar) adsorption for H, in tBC from the NMR
experiments and GCMC calculations at 293 K is between 4
and 5 H, per unit cell (Figure 3), which is equivalent to 1-
1.2 H, guests per calixarene bowl. This corresponds to less
than 0.5% H, by mass in the calixarene phase.

As mentioned in the computational methods section, the
GCMC calculations are performed with a fixed tBC phase
framework. Figure S7 in the Supporting Information shows
that for H, occupancies of one per bowl, the volume of the
calixarene unit cell is independent of the loading, and the
assumption of a rigid framework for the calixarene phase is
acceptable.

Overlaid snapshots of accepted configurations from the
GCMC simulation are shown in Figure 5. Most adsorption
occurs in capsules formed by two facing calixarene bowls
(dashed ellipses). As seen in Figure 5, the GCMC simula-

Figure 5. Overlays of accepted centre-of-mass positions of H, guests in
the calixarene phase from GCMC calculations at 273 K and 150 bar
(right). The corresponding sites in the calixarene phase (left) are shown
with dashed ellipses. The occupancy at this pressure is ~1 H, molecule
per calixarene bowl.

tions predict that, from a free energy point of view, a por-
tion of the H, guests can be adsorbed into interplanar and
interstitial sites. The ratio of cage to interstitial H, guests
can be determined by assigning guests to the bowl or inter-
stitial sites based on their position in the simulation cell
from the GCMC simulations. In this work, we have not at-
tempted to determine the spatial distribution of the H,
guests.
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The adsorption isobars at 1 and 100 bar pressures and dif-
ferent temperatures are shown in Figure 6. The low-temper-
ature behavior is important in determining the applicability

12
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Figure 6. The H, uptake at different temperatures from a GCMC calcula-
tion at 1 and 100 bar.

of tBC as a hydrogen storage material for stationary sources
(e.g., municipal H, storage). At temperatures below 200 K
the H, storage capacity increases significantly, and occupan-
cies of more than one H, guest per bowl are predicted. At
lower temperatures quantum effects contribute to the be-
havior of the confined H, molecules, and the results of
Figure 6 below 150 K should be considered semiquantitative.
The 100 bar isobar shown in Figure 6 demonstrates that,
with a combination of high pressure and low temperature,
the capacity of the calixarene phase for adsorbing H, gas in-
creases considerably.

Monte Carlo simulations are suitable for obtaining infor-
mation on the population and distribution of guests in the
solid inclusion compound under different temperature and
pressure conditions. To obtain information on guest motions
in the inclusion compounds, we performed molecular dy-
namics simulations on H, guests in the low-density calixar-
ene phase. We initially placed one H, guest in each calixar-
ene bowl, and MD simulations for 500 ps gave the typical
hydrogen locations shown in Figure 7a. Within this time-
scale, the hydrogen guests remain confined to the interior of
the bowls, and do not migrate into the interplanar region be-
tween the tert-butyl groups of adjacent A-B and C-D
layers. This is consistent with the equilibrium distribution of
the H, guests from GCMC simulations shown in Figure 6,
from which it is observed that the highest probability re-
gions for the guests are inside the calixarene bowls. Fig-
ure 7b shows snapshots of configurations from simulations
in which the H, guest molecules were initially placed in the
interstitial tBC phase sites (see Figure S8) and the system
was equilibrated. In this case the H, guests gravitate towards
the tert-butyl groups of the interstitial region. In the 500 ps
of this simulation trajectory, some H, guests, circled in Fig-
ure 7b, diffuse into the calixarene bowls. Typical guest con-
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Figure 7. Overlays of snapshots from the MD simulation with one H,
guest per calixarene bowl after 500 ps from a simulation at 273 K. Within
this timeframe the H, molecules remain in bowls in regions adjacent to
the aromatic rings of the calixarenes (left panel). Overlays of snapshots
from a 100 ps MD simulation with one H, guest per interstitial site in the
tBC phase from a simulation at 273 K (right panel). The H, molecules
migrate from the interstitial sites towards the tert-butyl group in the inter-
planar region of the tBC phase, and some interstitial guests migrate into
calixarene bowls.

figurations for a simulation beginning with three H, guests
in each calixarene bowl are shown in Figure S9 of the Sup-
porting Information. For these H, loadings, repulsions be-
tween H, guests push guests into the interplanar region of
the tBC phase. Diffusion between different capsule sites is
observed in the higher loadings.

To understand the stability of the tBC phase with differ-
ent loadings, we studied the loading dependence of the sim-
ulation cell volume and the H, guest binding energy. The de-
pendence of the unit cell volume on the guest occupancy at
100, 173, and 273 K and ambient pressure is shown in Fig-
ure S7 of the Supporting Information. As noted in previous
work, the simulation cell volume is constant up to a loading
of one H, per bowl, but increases sharply for larger guest
occupancies. An increase of 2-10% of the unit cell volume
between the empty calixarene lattice and a calixarene with a
6:1 guest:host ratio for hydrogen at different temperatures
is predicted. The repulsion among the H, guests in the
bowls leads to the expansion of the solid phase and the
movement of the additional guests towards the tert-butyl
groups in the interplanar regions of the tBC phase (see Fig-
ures S9 and S10 of the Supporting Information).

The change in configurational energy (sum of van der
Waals and electrostatic energies) per H, guest, AE,,q,, is de-
fined as given in Equation (1), in whichE,,g,(calix4n guests)
and E,(calix) are the configurational energies per unit
cell of the calixarene 4 guest solid phase at each occupancy
and the pure f,-phase calixarene, respectively, and n is the
number of moles of guest molecules per unit cell.
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AEconﬁg = [Econﬁg (calix +n gueSts)_Ecnnﬁg (cahx)]/n (1)

In writing Equation (1), it is assumed that H, is an ideal
gas under the pressure/temperature conditions of the calcu-
lation. The configuration energies per H, guest for different
occupancies of the H, are plotted in Figure S10 for 173 and
273 K at 1 bar pressure. The configurational energies for oc-
cupancies up to 1:1 are relatively constant at
~—10.5 kJmol ™', which shows that H, molecules at adjacent
adsorption sites (bowls) do not interact. After 1:1 occupan-
cy, the repulsive interactions among the H, guests cause a
decrease in the magnitude of the configuration energy per
guest. However, even up to occupancies of 6 H, per calixar-
ene bowl, the configurational energies are negative
(—4.2 kJmol ™). The average configurational energy of one
H, molecule in the interstitial region at 273 K is shown in
Figure S10 in the Supporting Information and has a value of
—6.3 kImol™". These sites are significantly less binding than
the bowl adsorption sites. From the negative configuration
energies at all H, loadings we see that it is the unfavorable
entropy effects associated with confining H, molecules from
the gas phase into the small volume of the bowls, and not
the energetic repulsions between the H, and bowl, that limit
the hydrogen capacity of the calixarene material at low pres-
sures.

The mean-square displacement (MSD) of H, molecules in
a configuration with one H, guest in each bowl (correspond-
ing to overlaid snapshots of Figure 7a) has been studied
quantitatively with NVE molecular dynamics calculations.
The MSD for the hydrogen molecules at 273 K is shown in
Figure S10 in the Supporting Information. The slope of the
MSD between 200 and 700 ps is 1.39x107m?*s~!. This
range for the diffusion coefficient is consistent with the
NMR results, which show that the diffusion of the tightly
bound H, molecules giving rise to the Pake doublet is at
least an order of magnitude lower than the 10~* m*s™ ob-
served for the diffusion coefficient of the surface-adsorbed
H, molecules.

From Figure 7a, we expect the diffusion of the H, mole-
cules between capsules in the calixarene phase to be rela-
tively slow and to occur primarily through a hopping mecha-
nism, in which H, molecules spend long time intervals inside
each capsule and occasionally jump out and undergo a
period of relatively fast diffusion before being captured
again by another capsule. For such a hopping mechanism,
the long-time behavior of the MSD will not necessarily
change with time in a linear fashion.?”! The diffusion is char-
acterized by the exponent 3, as given in Equation (2).

MSD « # (2)

The exponent is determined by the slope of the log-log
graph of the MSD as a function of time, shown in Figure S11
of the Supporting Information. The exponent was calculated
as $=0.28, which verifies that the diffusion mechanism is
not homogenous (hydrodynamic or Fickian) on this time-
scale. To characterize the diffusion coefficient of the H,
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guests quantitatively, long-time simulations would be
needed to determine the residence time of the guests in the
calixarene capsules.!!

The different spatial distribution and diffusion mechanism
of the H, guests at higher loadings observed in the MD sim-
ulations (Figures S9 and S10 in the Supporting Information)
may suggest a loading pathway for the H, through the non-
porous tBC phase. At the gas/tBC interface, the H, pressure
leads to higher cage loadings and the resulting relatively fast
diffusion of the H, guests into the interplanar regions. As
the pressure equilibrates throughout the sample and each
bowl is occupied by one H, guest, the rate of diffusion of
further H, guests should increase significantly. A break-
through experiment at different pressures should indicate a
change in diffusion mechanisms at different occupancies.

Conclusion

The 'HNMR spectrum of H, in the tBC phase shows a
Pake doublet structure for H, adsorbed in the calixarene
bowls. The doublet structures are stable up to room temper-
ature, which illustrates that the H, interacts strongly with
the conical calixarene bowl. The tBC bowl is fairly small,
and confines the H, molecules to be aligned within a range
of the bowl axis.

Variable-pressure 'H NMR peak intensities and direct
volumetric adsorption measurements were used to deter-
mine the experimental H, adsorption isotherm of tBC at
292-293 K. Grand canonical Monte Carlo and molecular dy-
namics simulations were used to study calixarene inclusion
compounds with hydrogen guest molecules and understand
the experimental results. The NMR experimental results
and GCMC simulations show that at room temperature, for
pressures up to 160 bar, single or double occupancy of the
calixarene bowls in tBC is the stable configuration, which
leads to a hydrogen storage capacity of 0.25-0.5 mass %.
These values are considerably smaller than those required
for mobile vehicle applications. The capacity of H, in the
calixarene phase is ~3-4 gy L L in the same tempera-
ture and pressure range. The calixarene material shows im-
proved adsorption at low temperatures and high pressures,
so a combination of these conditions can be used to obtain
considerably higher adsorption amounts. Furthermore, the
nature of the adsorption sites and mechanism of diffusion of
H, through the tBC material change at higher loadings (see
Figure S9 in the Supporting Information), for which the
magnitude of the guest—guest interactions becomes larger.
This affects the applicability of this material as a hydrogen
storage medium.

The Pake doublet shape from the 'H NMR experiments
shows that the hydrogen encapsulated in the calixarene
phase has restricted motion; this is verified by PFG experi-
ments and MD simulations. The adsorbed H, molecules are
mostly confined to the calixarene bowls, with occasional dif-
fusion through the tert-butyl into the interplanar region and
into a neighboring calixarene bowl. The low mobility of the
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H, guests suggests that they have small diffusion coefficients
in this material. However, the loading of the calixarene
phase and the stabilization of the NMR peak intensities and
manometric H, adsorption values occurred in less than
20 mins.

When testing a specific material for H, adsorption capa-
bilities, it is important to determine a range of pressure/tem-
perature conditions under which the material can be used.
At room temperature and pressures up to 160 bar, the low-
density tBC material does not have a large H, storage ca-
pacity, but it can become feasible to use this material at
easily accessible lower temperature and high pressure condi-
tions.

These studies show that to improve the H, storage capaci-
ty of the family of calixarene materials, it is probably more
effective to increase the number of aromatic groups in the
structure or to add functional groups which improve the in-
teraction with H, guests on the aromatic rings. The fert-butyl
region of the calixarene is largely avoided by the H, guests,
and so increasing the length of these alkyl chains with the
idea of increasing the capsule size may not be an effective
strategy for improving H, uptake.

Experimental Section

The low-density form of tBC was prepared by heating the commercially
obtained dense form (Aldrich) to 290°C in a vacuum-sealed Pyrex tube.
X-ray structural data for the empty low-density f,-tBC phase are given in
references [3,4]. The PXRD structure of the low-density phase with H,
guest was not obtained, but the *C CP-MAS spectra of the low-density
tBC sample before and after H, adsorption were identical.

All NMR experiments were performed on a Bruker Avance-200 instru-
ment in a magnetic field of 4.7 T and Larmor frequency of 200 MHz. A
high-pressure NMR cell, similar in design to those previously reported,?!
coupled with a 10 mm Bruker MI2.5 microimaging probe was utilized for
H, adsorption studies. The absolute concentration of the adsorbed H,
species can be determined by monitoring NMR peak intensities of the
guests as a function of H, pressure on the calixarene phase. The NMR
peak intensities stabilized within 20 mins or less (see Figure S12 in the
Supporting Information). Calibration of the absolute intensities of the
signals was performed using samples of zeolite NaA with a known
amount of interstitial water.’”) Pressure increase and decrease experi-
ments between 0 and 160 bar (2300 psi) were performed to determine
hysteresis effects in the gas adsorption/desorption process. After applying
H, pressures to the calixarene phase, the 'H NMR peak heights eventual-
ly stabilized to indicate equilibration of the guest H, in the calixarene
phase. After equilibration, the 'H NMR signal of the host calixarene
phase was subtracted from the total signal to obtain the H, signal.

Self-diffusion of the H, gas in the calixarene phase was measured using
the Pulsed Field Gradient (PFG) method.” The gradient coils used pro-
duce magnetic field gradients up to 100 Gausscm™'. To test the method-
ology, the self-diffusion of H, gas at 2105 psi was measured and com-
pared to existing literature.

Manometric measurement of the H, uptake of B,-tBC was performed
using standard Sieverts’ methods.”” Two manifolds were constructed,
using 316 stainless steel wherever possible. One manifold had gas reser-
voir and sample cell volumes of about 20 cm® and 12 cm’, respectively,
and required 2-3 g of tBC to detect any H, uptake. The other, intended
for smaller sample sizes, had reservoir and cell volumes of 2 cm® and
1 cm’, respectively, and could be used with about 0.2 g of sample. Pres-
sure and temperature logging was used on both systems to aid in assess-
ing equilibration. The samples were evacuated at room temperature at
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least overnight before all experiments, to a final pressure of about 2x
107° torr. Expansion of helium at pressures near 1 bar from the known
manifold volume was used to measure the cell volume with the sample
present. H, was treated as non-ideal, with gas densities taken from NIST
tables.!

A 2x2x2 replica of the unit cell of the low-density calixarene ,-phase
was used in the simulation, with initial positions of the atoms in the unit
cell taken from X-ray crystallography.’! In the grand canonical Monte
Carlo (GCMC) simulations, the tBC framework was frozen, with inter-
molecular van der Waals parameters taken from the general AMBER
force field (GAFF).?" Electrostatic point charges on atoms of tBC were
assigned based on Mulliken analysis using calculations at the HF/6—
31G(d) level. The H, molecules were considered rigid, with Lennard-
Jones (LJ) parameters taken from the Wang potential.’ Atomic point
charges on the hydrogen atoms and the H, center of mass were assigned
to reproduce the gas-phase quadrupole moment of H,. The LJ parame-
ters and point charges of the H, guest molecules are given in Table S1 of
the Supporting Information. Coulombic long-range interactions were cal-
culated using Ewald sums®! with a precision 1x107°, and all interatomic
interactions in the simulation box were calculated within a cutoff distance
of Reyorr=12.0 A.

GCMC simulations on the system were performed with a code developed
in-house, which generates H, guest configurations in the rigid tBC lattice
at different pressures to calculate the hydrogen adsorption isotherm.
Configurations of the guests in the tBC phase were sent to the
DL_POLY 2.18 molecular dynamics code® to calculate the energy of
the configuration for testing the MC acceptance criteria.””! Trial Monte
Carlo moves were generated for equal probabilities of H, displacement
(including rotations), insertion, and deletion from the calixarene frame-
work. After the gas content of the system was converged, gas uptake
values from the GCMC calculations were taken after a total of 1.2x10°
accepted Monte Carlo configurations.

In the molecular dynamics (MD) simulations for determining the mobili-
ty and diffusion of H, molecules in the tBC framework, the p-tert-butyl-
calix[4]arene molecules are considered to be fully flexible, with the intra-
and intermolecular force parameters taken from GAFF. Details of the
AMBER force field used to describe the tBC molecules are given in the
Supporting Information. Equilibrium molecular dynamics simulations of
the inclusion compounds were calculated with an H, guest loading of one
per bowl with isotropic constant pressure, constant temperature (NpT)
ensemble molecular dynamics simulations with DL_POLY 2.18. The
Nosé—Hoover thermostat-barostat algorithm,”!! with thermostat and
barostat relaxation times chosen as 0.1 and 1.0 ps, respectively, was used
to maintain the temperature and pressure of the systems. The equations
of motion were integrated with a time step of 0.5 fs using the Verlet leap-
frog scheme.””! The H, molecules were placed randomly in the calixarene
phase and the simulation cells were annealed with a minimum of two
100 ps equilibration/simulation cycles until a convergence of 1% or
better in the total energy was obtained. Five NVE trajectories of 1.5 ns
at 2105 psi and 273 K temperature were performed to study the H, guest
diffusion in the tBC phase.
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