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ABSTRACT: Microporous metal—organic frameworks posses-
sing exposed metal cation sites on the pore surface are of

particular interest for high-density H, storage at ambient tem- ~ — "
peratures, owing to the potential for H, binding at the appro- _ ,:"",/"'
priate isosteric heat of adsorption for reversible storage at room ; v J',-"'
temperature (ca. —20 kJ/mol). The structure of Cry(BTC), i.|/” 3

(BTC37 = 1,3,5-benzenetricarboxylate) consists of dinuclear i
paddlewheel secondary building units connected by triangular

BTC*™ bridging ligands to form a three-dimensional, cubic ‘

framework. The fully desolvated form of the compound exhibits BET and Langmuir surface areas of 1810 and 2040 m*/g,
respectively, with open axial Cr** coordination sites on the paddlewheel units. Its relatively high surface area facilitates H, uptakes
(1 bar) of 1.9 wt % at 77 K and 1.3 wt % at 87 K, and a virial-type fitting to the data yields a zero-coverage isosteric heat of adsorption
of —7.4(1) kJ/mol. The detailed hydrogen loading characteristics of Cr3(BTC), have been probed using both neutron powder
diffraction and inelastic neutron scattering experiments, revealing that the Cr*" site is only partially populated until a marked
elongation of the Cr—Cr internuclear distance occurs at a loading of greater than 1.0 D, per Cr” " site. Below this loading, the D, is
adsorbed primarily at the apertures of the octahedral cages. The H—H stretching frequency corresponding to H, molecules bound
to the primary site is observed in the form of an ortho—para pair at 4110 and 4116 cm ™', respectively, which is significantly shifted
compared to the frequencies for free H, of 4155 and 4161 cm ™. The infrared data have been used to compute a site-specific binding
enthalpy for H, of —6.7(5) kJ/mol, which is in agreement with the zero-coverage isosteric heat of adsorption derived from gas
sorption isotherm data.

B INTRODUCTION of adsorption within these materials typically lies in the range of —$
to —7 kJ/mol, which is far below the —15 kJ/mol considered
optimal over the entire adsorption range for an adsorbent operating
between 1.5 and 30 bar at 298 K.* Furthermore, the inclusion of an

Metal—organic frameworks have attracted significant interest in
recent years, in part owing to their potential applications in gas
storage, molecular separations, and heterogeneous catalysis." In

particular, the ability to construct these materials from the combina- enthalpy—entropy correlat.ion increases  this magni.tude. even
tion of a judiciously selected metal ion and organic bridging unit may further, suggesting an OPtlmzl enthalpy of adsorption in the
provide a versatile platform for the preparation of materials posses- range of —20 to _25 kJ/ n}ol. . . )
sing physical and chemical properties that are finely tuned for ' O.ne strategy for improving the isosteric heat of Hz adsorpt%on
specific applications. With regard to hydrogen storage for mobile within r'netal—orgamc fra'rnew.orks is the synthesis Og materials
applications, gravimetric and volumetric storage densities approach- possessing open.metal cation sites on thg pore surface.” Here, the
ing those prescribed by the U.S. Department of Energy” have been charge of Fhe cation serves to induce a dipole on the H, molecule,
observed within the highest surface-area metal—organic frameworks resulting in an electrostatic interaction that is stronger than the
at cryogenic temperatures.3 However, the storage capacity within

these materials greatly diminishes at ambient temperature owing to Received:  January 21, 2011

the weak physisorptive interactions that predominate between H, Revised: ~ March 7, 2011

and the framework surface. Indeed, the zero-coverage isosteric heat Published: March 25, 2011
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dispersion—tzpe interactions that predominate for physisorbed
molecules.®” Indeed, a zero-coverage isosteric heat of H, adsorp-
tion as high as —15.1 kJ/mol has been demonstrated within the
material Co4(H,0)4(MTB), (H;MTB = methanetetrabenzoic
acid), which features unsaturated Co>' sites following
activation.® However, in this case, the isosteric heat rapidly
decreases as a function of surface coverage, indicating that the
density of strong binding sites is a crucial factor in facilitating
large H, storage capacities at 298 K.’ Thus, increasing the density
of open metal sites remains a significant synthetic challenge, and
a substantial body of recent computational work has been
devoted to identifying potential candidate materials."

The microporous metal—organic framework Cr;(BTC),
(Figure 1, HyBTC = 1,3,5-benzenetribenzoic acid)'' features a
cubic network (space group: Fm-3m) of dinuclear paddlewheel
units linked by triangular BTC> organic bridging units to form a
(3,4)-net that is isostructural with M5(BTC), (M = Cu, Mo). '>"
Here, six paddlewheel units and four BTC*™ ligands form octahe-
dral cages that share vertices to form a three-dimensional pore
system resembling the boracite net topology. Upon desolvation of
the solid by heating in vacuo, the material possesses unsaturated
Cr*" sites at the paddlewheel units. The presence of these sites has
recently been demonstrated to afford tremendous adsorption
selectivity for O, over N,, owing to the ability of the metal centers
to engage in a partial electron transfer with O,, but not N,
Although such an interaction was not expected to occur with H,,
the high charge density at these coordination sites could still be of
benefit for H, adsorption. Herein, we report the H, storage
properties of Cr3(BTC),, as probed through low-pressure adsorp-
tion experiments, infrared spectroscopy, and neutron scattering
studies. The complementary nature of the experiments offers a
greater depth in the description of H, adsorption within the
material, and results in a more complete understanding of the
influence of various chemical and structural features on the
adsorption properties.

B EXPERIMENTAL SECTION

General Considerations."* Cry(BTC), was synthesized and
activated according to the literature procedure.'’ All reagents
were obtained from commercial vendors, and used without
further purification. All powder X-ray diffraction patterns were
collected using a Bruker D8 Advance diffractometer (Cu Ky; A =
1.5406 A) equipped with a capillary stage. Owing to the air and
moisture sensitivity of Cr3(BTC),, all manipulations were per-
formed within a glovebox under a dinitrogen or argon atmo-
sphere. Note that even brief exposure of the compound to the air
induces an immediate color change of the solid to a dark forest
green color, which is accompanied by a loss of crystallinity and
porosity. The isosteric heat of H, adsorption was calculated using
the method reported previously.6f

Low-Pressure Gas Sorption Measurements. Glass sample
tubes of a known weight were loaded with approximately 100 mg
of sample, and sealed using a TranSeal. Samples were degassed at
160 °C for 24 h on a Micromeritics ASAP 2020 analyzer until the
outgas rate was no more than 1 mTorr/min. The degassed
sample and sample tube were weighed precisely and then
transferred back to the analyzer. The outgas rate was again
confirmed to be less than 1 mTorr/min. H, adsorption isotherms
were measured at 77 K in a liquid nitrogen bath and at 87 Kin a
liquid argon bath.

Figure 1. A portion of the crystal structure of evacuated Cr3(BTC),.
Green, gray, and red spheres represent Cr, C, and O atoms, respectively.
Hydrogen atoms have been omitted for clarity.

Neutron Powder Diffraction Measurements. Neutron pow-
der diffraction data were collected on the high resolution neutron
powder diffractometer BT-1 at the National Institute of Stan-
dards and Technology (NIST) Center for Neutron Research
(NCNR) with a Ge-(311) monochromator and using in-pile
collimation of 15 min of arc, corresponding to a wavelength of
2.0782 A. Measurements were taken as a function of deuterium
loading (0.5, 1.0, 1.5, 2.0, and 3.0 D, molecules per Cr™7 site,
loading performed at ca. 60 K) at a temperature of ca. 4 K with a
measurement time of ca. 9 h. Note that D, is used rather than H,
owing to the large incoherent scattering cross section of H,,
which results in an increased background and poorer quality
diffraction data. The minor differences in properties between H,
and D,, most notably their zero-point energies, are not expected
to significantly affect the adsorption behavior within the frame-
work in the context of the diffraction studies.

All sample transfers were performed in a helium-filled glove-
box equipped with water and oxygen monitors. Initial sample
activation was performed in a glass tube with a packless bellows
valve attached. The sample was evacuated using a turbomolecular
pump (10~° Torr) and heated to 150 °C for 48 h, after which
time the sample was cooled and transferred to a cylindrical
vanadium can equipped with a capillary gas line and a packless
valve, and sealed with an indium O-ring. The sample was
mounted onto a sample stick equipped with a stainless-steel
gas line with an additional valve for a top-loading closed-cycle
helium refrigerator. The sample was further degassed in situ
under high vacuum to remove residual helium. During the
experiments, a known amount of hydrogen (deuterium) gas
was loaded into the sample (1.174 g), which was typically
maintained at a temperature of 60 K (CCR) until no pressure
drop was observed for at least 1 min. The sample was then cooled
down to the base temperature of 3.5 K over a period of 1 h in
order to perform measurements. In all cases, the outgas pressure
reading was zero well before reaching 25 K.

Neutron powder diffraction patterns were anal?rzed using the
Rietveld refinement method. The program EXPGUI " incorporating
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the Rietveld program GSAS'® was used to perform all refinements.
The model of the bare material was refined first, and was used as the
starting point for subsequent refinements of the D,-loaded samples.
In all cases, D, molecules were treated as point scatters with double
occupancy in accord with the rotationally disordered quantum
mechanical molecule."” The coordinates of all other atoms and the
displacement parameters were allowed to vary during the refinement
of each D, loading case. On the basis of the structure obtained from
the diffraction pattern of the bare material, the diffraction patterns of
the first D,-loaded case (0.5 D, molecules per Cr*") were analyzed
by first neglecting the D, molecules. The Fourier difference maps
were calculated, clearly indicating the positions of D, adsorption
sites. Accurate values for the D, locations and occupancy numbers
were then obtained by Rietveld refinement after incorporating the
D, molecules into the structure model. For each successive D,
loading, the Fourier difference map was calculated on the basis of the
results of the previous D, loading and used to identify new D,
adsorption sites.

Inelastic Neutron Scattering (INS) Spectroscopy. The INS
spectra were measured at 4 K using the pyrolytic graphite
monochromator and 20'—20' collimation options on the BT-4
filter analyzer neutron spectrometer (FANS)'® at the NCNR.
The sample (1.174 g) was sealed in a cylindrical aluminum cell
suitable for in situ gas loading and cooled in a CCR. H, gas was
used during the measurements to take advantage of its large
incoherent neutron scattering cross section. Note that the H,
molecule is a very good quantum rotor due to its light mass and
consists of two indistinguishable fermions (protons) that require
the wave function to be antisymmetric. If the nuclear spins of two
protons are antiparallel, H, is said to be in a para state (p-H,);
otherwise, it is in an ortho state (0-H,). The quantum rotation
number, J, of a H, molecule thus has to be even for a para-H, and
odd for an ortho-H,. At room temperature, only one-fourth of H,
molecules are in the para state. Usually, the conversion rate
between states is very slow but can be greatly accelerated in the
presence of a fluctuating magnetic moment. Both p-H, and
normal H, (n-H,), which consists of 25% p-H, and 75% o-H,,
were used in these experiments.

A neutron scattered by a H, molecule can induce the required
nuclear spin flip to convert a para/ortho H, to an ortho/para H,.
This para—ortho or ortho—para transition is associated with the
change of the rotational quantum number, J, from even/odd to
odd/even, and has a large neutron scattering cross section that is
proportional to the incoherent neutron scattering cross section
of the proton. INS spectra of the adsorbed H, were obtained by
subtracting the INS spectrum of the bare materials. For a free
hydrogen molecule, the para—ortho transition is usually asso-
ciated with the J =0 to J = 1 excitation occurring with an energy of
14.7 meV, which can be directly measured by INS but not optical
spectroscopies. The local potential of a host material will gen-
erate rotational barriers for the adsorbed H, which typically cause
the J = 1 state to split into its three sublevels. Additionally, the
translation excitations of the H, molecule may be coupled to the
rotational transition and complicate the observed spectra. Hence,
the INS spectra of adsorbed H, may show complex features with
multiple peaks in the spectrum containing rich information about
the host material and the hydrogen interactions.

Loadings of 0.5, 1.0, 2.0, and 3.0 p-H, and n-H, per Cr*" site
were performed at 70 K with data collection at 4 K. Data were
collected for approximately 9 h per loading. The energy resolu-
tion is between 1.2 and 2.0 meV over the energy transfer ranges
accessible. Data reduction, including the subtraction of the bare
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Figure 2. (upper) Lower-pressure H, isotherms in Cr3(BTC), col-
lected at 77 K (blue) and 87 K (green). Closed and open symbols
represent adsorption and desorption, respectively, and the solid lines
represent a virial-type fitting to the data. (lower) A plot of the isosteric
heat of adsorption as a function of H, coverage.

Cr3(BTC), spectrum from the H,-loaded spectra, and peak
fitting, were performed within the DAVE software suite."

Infrared Spectroscopy. Infrared spectra were acquired using a
Bomem DA3 Michelson interferometer equipped with a quartz-
halogen source, a CaF, beamsplitter, and a liquid nitrogen cooled
mercury-cadmium-telluride detector. A custom-built diffuse re-
flectance system”® with a sample chamber that allows both the
temperature and atmosphere of the material to be controlled was
utilized for all experiments. Powder samples of Cr3(BTC), (ca. 10
mg) were transferred under an inert atmosphere to a cup affixed to
a copper slab providing thermal contact to a coldfinger cryostat
(Janis ST-300T). The sample temperature was monitored by a Si-
diode thermometer placed directly within the sample cup. Prior to
introduction of the hydrogen gas, the samples were evacuated for
several hours at room temperature. Known quantities of research
grade (99.9999% purity) H, were dispensed from a calibrated gas
manifold by monitoring the change in pressure.

B RESULTS AND DISCUSSION

H, Adsorption Isotherms. The H, adsorption isotherms
collected for an activated sample of Cr3(BTC), are presented in
Figure 2. The relatively high BET surface area of 1810 m*/g
facilitates a reversible adsorption (1 bar) of 1.9 and 1.3 wt % at 77
and 87 K, respectively. The zero-coverage isosteric heat of
adsorption (Q,;) for H, obtained from a virial-type fitting to the
isotherm data of —7.4(2) kJ/mol represents just a slight increase in
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the magnitude of Q, compared to materials that do not feature
exposed cation sites. As discussed below, the neutron powder
diffraction data reveal that the Cr*" sites are occupied only at high
loadings following a slight elongation of the Cr—Cr distance
within the paddlewheel unit. As a result, this leads to the
occupation of a single binding site that facilitates short contacts
with the organic component of the framework at low coverage,
which is consistent with the relatively small magnitude of Q. Note
that this serves to highlight one of the primary disadvantages of the
analysis of bulk isotherm data, as is often performed in adsorption
studies, since conclusions regarding the binding environment of
H, within the framework cannot be deduced directly, particularly
in cases where the site-specific adsorption enthalpies of two or
more sites within the unit cell are quite similar. Nevertheless, the
value of Q; at zero coverage is comparable to the corresponding
value reported for Cuz(BTC), (—6.8 kJ/mol).>' Consistent with
the successive occupancy of the strongest binding sites within
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Figure 3. Representative neutron powder diffraction data, collected for
Cr3(BTC), following a dosing of 0.5 D, molecules per Cr’* site. Green
lines, crosses, and red lines represent the background, experimental, and
calculated diffraction patterns, respectively. The blue line represents the
difference between experimental and calculated patterns. The final
Rietveld goodness-of-fit parameter was y* = 0.9329.

Cr3(BTC),, the magnitude of Q,, gradually decreases to —5.7(2)
kJ/mol at a H, uptake of 1.0 wt %. A complete analysis of the
coverage-dependent adsorption characteristics and binding sites
within the material is explored in detail below in the context of
neutron powder diffraction, inelastic neutron scattering spectros-
copy, and infrared spectroscopy.

Neutron Powder Diffraction Data. Rietveld analysis of the
bare Cr3(BTC), material revealed the expected cubic network of
dinuclear paddlewheel secondary building units bridged by
3-connected organic linkers (Figure 1). Significantly, the short
Cr—Cr distance of 2.06(2) A is indicative of the presence of a
metal—metal quadruple bond, and results in the cr*t being
situated approximately 0.11(2) A below the four-atom mean
plane formed by the oxygen atoms of the carboxylate ligands. We
note that, in the fully evacuated state, no nuclear density was
observed on the axial coordination sites on the Cr*" centers,
reflecting the removal of all of the coordinated solvent molecules,
and full activation of the pores.

The D, binding sites within Cr3(BTC), were determined by
successively dosing the evacuated material with D, at loadings
corresponding to 0.5, 1.0, 1.5, 2.0, and 3.0 D, molecules per crt
center, and taking nuclear density Fourier difference maps between
the loaded and evacuated materials. Any new locations were added
to the Rietveld process where the final positions and occupancies
of the D, molecules were allowed to refine freely. Note that, at each
loading level, the total refined occupancy of D, assigned from the
neutron density map agrees well with the expected total occu-
pancy, indicating full assignment of all of the binding sites within
the unit cell (Tables S2—S6, Supporting Information).

The neutron diffraction data and Rietveld refinement results
for data collected at a loading of 0.5 D, molecules per Cr*" site
are shown in Figure 3. Surprisingly, no nuclear density was
observed at the open Cr”7 site at this loading level, and the D, is
located in the apertures of the octahedral cages at a distance of
approximately 4 A from the carbon atoms of the aryl rings of the
BTC®" ligands (Figure 4B, site I). Upon increasing the loading
to 1.0 D, molecules per Cr*" site, additional nuclear density was
observed at site I, as well as a small quantity at the open Cr*" site

Figure 4. A portion of the structure of Cr3(BTC), showing the first two D, binding sites, where green, red, and gray spheres represent Cr, O, and C
atoms, respectively, while large yellow spheres represent D, molecules (A). The first occupied position (site I) is located at the apertures of the
octahedral cages (B), while, at higher loadings, the unsaturated Cr*" center (site II) is occupied (C).
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Figure 5. D, binding sites III—V observed within Cr3(BTC), at higher
loadings. Site ITI (A) lies in the center of the octahedral cages, site IV (B)
resides within a V-shaped binding pocket between two BTC®~ moieties,
while site V (C) is situated in close contact (ca. 2.7 A) with the oxygen
atom of the carboxylate group.

(Figure 4C, site II). Here, the D, is disposed at a distance of
2.63(2) A from the Cr*" center, which is significantly greater
than the corresponding distance of 2.39(1) A observed in Cus-
(BTC),,** and is also longer than those observed for other
frameworks featuring exposed metal cation sites.”> This is
consistent with the larger ionic radius of Cr’t (0.80 A; high
spin) compared to Cu®" (0.73 A), yielding a lower charge
density and subsequently a weaker induced dipole on the
adsorbed D, molecules.”* Furthermore, the Cu—Cu distance
in Cu3(BTC), is significantly longer than the Cr—Cr distance in
Cr3(BTC),, which results in the Cu®>" ions projecting out into
the pores of the framework. This likely allows the D, molecules
to interact more directly with the metal centers due to the lower
steric demand of these sites. Here, the apparent preference for D,
to populate site I rather than site II at the lowest loadings is
probably a result of a combination of the Cr*" binding site being
sterically less accessible to guest molecules and the binding
energy at the open metal site being comparable to that of site I.
Nevertheless, to our knowledge, Cr3(BTC), is the first example
of a metal—organic framework furnished with open metal sites
wherein the metal center is not the favored binding site for D, at
low coverages.

Interestingly, upon increasing the D, loading from 1.0 to 1.5
D, molecules per Cr*" center, an elongation of the Cr—Cr
distance from 2.06(2) to 2.17(2) A is observed, representing a
decrease in the bond order of the Cr—Cr interaction. This serves
to project the Cr** cations above the four-atom mean plane of
the oxygen atoms of the carboxylate moieties. Importantly, this
structural change is accompanied by a reorganization of the
nuclear density after the next dosing step such that site II is fully
populated, suggesting that the D, molecules are able to more
readily access the open metal site once it is projected out into the
channels. Note that the sample is warmed to approximately 60 K
during each dosing step, allowing the D, molecules to migrate
more rapidly to their preferred positions following the structural
change. Furthermore, at this loading level, additional nuclear
density is also observed at the center of the octahedral cages
(Figure SA, site III), and is observed at full occupancy. As the
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Figure 6. Selected inelastic neutron scattering (INS) spectra recorded
at 4 K following subtraction of the spectrum of evacuated Cr3(BTC), for
loadings of 0.5 (blue), 1.0 (green), 2.0 (red), and 3.0 (black) H,
molecules per Cr”" site. Filled and open symbols represent data for p-
H, and n-H,, respectively.

loading is increased further to 2.0 and 3.0 D, molecules per Cr*"
site, additional nuclear density appears, corresponding to close
contacts in the channels of the framework. As shown in
Figure 5B, site IV is positioned in a V-shaped binding pocket
formed by two carboxylate moieties of the paddlewheel units,
wherein the D, molecule is disposed approximately 3.3 A from
the framework surface. Meanwhile, site V (Figure SC) is ob-
served approximately 2.8 A from the oxygen atoms of the
carboxylate moieties, although only a small occupancy is ob-
served at this site even at the highest loadings. Previous studies
performed on Cu3(BTC), revealed adsorption sites with co-
ordinates and interaction distances similar to sites III—V ob-
served here,” which might be anticipated on the basis of the
isostructural nature of the two frameworks.

Inelastic Neutron Scattering Spectra. The H, loading
characteristics of Cr3(BTC), were examined in further detail
by inelastic neutron scattering. Data were collected at the same
loadings (0.5, 1.0. 2.0, and 3.0 H, molecules per Cr*" site) as for
the neutron powder diffraction experiments to allow for the best
opportunity for correlation of FANS spectra with the binding
sites observed crystallographically. For all spectra, routine data
reduction and subtraction of the spectrum for the evacuated form
of Cr3(BTC), was performed, and selected spectra are displayed
in Figure 6.

At the lowest loading of 0.5 H, per Cr*" site, a sharp peak is
observed at 14.3 meV. This feature is consistent with the first
transition between rotational energy levels, ] = 0 — 1, of an
almost unhindered H, molecule, and presumably corresponds to
the molecules located in the windows of the octahedral cages
(site I). The lack of a significant shift for these molecules from the
corresponding signal for free H, observed at 14.7 meV is
presumably due to the relatively large distance between H, and
the framework surface, resulting in only a small increase in the
rotational barrier of the H, molecule upon occupation of site L
Abroader feature is also observed at 23.0 meV, which is likely due
to the rotation of H, coupled with a phonon of approximately
9 meV as observed in Cuz(BTC),."” The overall similarity of the
n-H, and p-H, spectra indicates that the normal hydrogen is
converted from the ] = 1 ortho form to the ] = 0 para form, and
this is mirrored for all loadings, even in the cases where the
strongest accessible adsorption site is not the metal center. This
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Figure 7. Selected variable-temperature infrared spectra (Q-region) for
Cr3(BTC), following dosing with H, collected at temperatures between
31 and 88 K at a resolution of 1 cm ™. Spectra are offset for clarity.

suggests that virtually all of the H, molecules are able to approach
the paramagnetic Cr*" ion with a sufficient proximity for
ortho—para conversion.

Upon increasing the loading to 1.0 H, per Cr*" site, a sharp
feature at 9.6 meV is observed. This peak is assigned to H,
molecules bound to the unsaturated Cr*™ sites (site II), which
experience a significant rotational hindrance due to the close
approach of these molecules to the framework surface, as
observed in the neutron powder diffraction experiments. Rota-
tional transitions are also apparent at energies close to this value
for p-H, in Cu3(BTC), where the initial adsorption is at the
metal center.'” The corresponding growth of a peak at around
19 meV is clearly observed and was previously ascribed to a
coupled rotation and phonon in Cus(BTC),, which is likely also
the case here. The intensities of these peaks increase following
subsequent loadings to 2.0 and 3.0 H, per Cr*" site, which is
consistent with the eventual full occupation of molecules at this
binding site.

Infrared Spectra. The adsorption of H, within Cr3(BTC),
was further probed through the collection of variable-tempera-
ture infrared spectra. An activated sample of Cr3(BTC), was
exposed to a total dosing of 4 H, per Cr”" center. As the sample
temperature was decreased, the H, pressure dropped to a base
value of 0.01 bar at 30 K, indicating that virtually all of the dosed
gas had adsorbed onto the framework. The spectra collected
at different temperatures during this procedure are presented
in Figure 7. As the temperature is lowered from 88 K,
the emergence of a single ortho—para pair corresponding to
the H—H stretch for H, molecules bound to the framework
surface is observed at 4110 and 4116 cm ™, respectively. Here,
the presence of only a single band at 88 K suggests the occupancy
of a single crystallographic site within the unit cell, which, based
on the neutron powder diffraction and INS experiments, is
presumably the site located at the aperture of the octahedral
cages (site 1).*°

Upon cooling of the sample below 58 K, a second ortho—para
pair is observed at 4132 and 4141 cm ™', respectively. These
bands are consistent with the occupation of a secondary binding
site that is less polarizing toward H, and, based upon the neutron
diffraction data, is ascribed to adsorption of H, at the open Cr**
site (site IT). Note that the reorganization of the neutron density
following elongation of the Cr—Cr bond as observed in the
neutron powder diffraction experiments suggests that the
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Figure 8. Selected variable-temperature infrared spectra of the
ortho—para pair for H, adsorbed at the primary binding site within
Cr;(BTC), collected between 48 and 84 K at a resolution of 1 cm™ .
Spectra are offset for clarity. Inset: An Arrhenius law plot derived from
the integrated absorbance from the spectral data.

interaction between H, and Cr** is not necessarily weaker than
the adsorption enthalpy for H, at site I following the elongation
of the Cr—Cr distance. This structural change, and the expected
change in interaction energy, is expected to induce a shift in the
position of the absorption band attributable to site II, owing to
the change in the degree of activation of the H, molecules located
at this site. However, the relatively constant position of the
adsorption bands for H, at the Cr”7 site reveals that, under the
conditions of the infrared experiments, such a structural change
does not occur, possibly due to the significantly higher tempera-
tures (and consequently small quantity of adsorbed H,) under
which the data were collected.

The evolution of a single peak at 4146 cm™ ' is observed upon
further cooling of the sample below 38 K. This new signal is
attributed to adsorption of H, at the center of the octahedral
cages (site III), which was observed at high loadings in the
neutron powder diffraction experiments. Notably, the occupa-
tion of this site induces a shift in the infrared absorption band for
H, located in the apertures of these cages (site I). This is
presumably due to a change in the chemical environment for
the H, molecules at site I, owing to the relatively short proximity
(ca. 3.4 A) of site III from this site.

The lowest-temperature infrared data obtained for an H,
dosing of 1.1 H, per Cr’" center are shown in Figure 8. The
standard enthalpy of adsorption (AH®) for the primary binding
site was extracted by generating an Arrhenius-type plot from the
integrated infrared absorbance as a function of temperature (see
Figure 8, inset). The value of —6.7(5) kJ/mol is consistent with
the relatively weak binding of H, at the primary binding site, and
is significantly lower than the corresponding value obtained from
a similar analysis for Cus(BTC), (—10.1 kJ/mol)."** However,
we note that the primary binding site in Cus(BTC), is at the
open Cu”" cation sites, which leads to a higher site-specific
adsorption enthalpy. In addition, the standard enthalpy change
AS® of —78 J/mol-K is consistent with the close approach and
efficient packing of the H, molecules on the framework surface.
Note that the enthalpy—entropy correlation for H, adsorption is
a significant factor in assessing the optimal value of AH for
metal—organic frameworks. The often-quoted optimal AH°
value of ca. —15 kJ/mol is based on a constant AS® = 8R =
—66.5 J/mol-K,* which is smaller in magnitude than the value
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observed here, and values obtained via similar variable-tempera-
ture infrared spectroscopy studies of Cu3(BTC),, and other
porous media. The consideration of the higher magnitude of
AS°leads to the optimal value for AH® being in the range of —20
to —25 kJ/mol.> Note that the value for AS° is binding-
site-dependent, which suggests that the more a binding site
imposes spatial ordering on the adsorbed H, molecule, a larger
magnitude of AH® is required to overcome the entropy con-
tribution. Thus, the preparation of a metal—organic framework
for ambient H, storage applications requires careful considera-
tion and fine-tuning of the thermodynamics of each binding site
within the material.

Conclusions. The foregoing results demonstrate the hydro-
gen storage properties of Cry(BTC),, a metal—organic frame-
work possessing open Cr’" sites, as probed through a
combination of low-pressure adsorption, neutron powder dif-
fraction, inelastic neutron scattering, and variable-temperature
infrared experiments. Surprisingly, the loading characteristics
differ significantly from those of the isostructural compound
Cu3(BTC),, with full occupancy at the unsaturated Cr** center
not being observed until a lengthening of the Cr—Cr distance
also occurs at a loading of 1.5 D, per Cr* " site. Although the low
isosteric heat of adsorption in Cr3(BTC), precludes its applica-
tion as a room temperature hydrogen storage material, such a
detailed understanding of the hydrogen sorption properties as
probed through several complementary experimental techniques
has revealed greater insight into the chemical and physical
properties required for next-generation hydrogen storage
materials.
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