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Abstract: The hindered rotor transitions of H, adsorbed in the chemically related and prototypical porous
metal—organic frameworks IRMOF-1, IRMOF-8, IRMOF-11, and MOF-177 were studied by inelastic neutron
scattering to gain information on the specifics of H, binding in this class of adsorbents. Remarkably sharp
and complex spectra of these materials signify a diversity of well-defined binding sites. Similarities in the
spectral features as a function of H; loading and correlations with recent crystallographic studies were
used to assign transitions ranging in rotational barrier from <0.04 to 0.6 kcal/mol as corresponding to
localized adsorption sites on the organic and inorganic components of these frameworks. We find that
binding of H, at the inorganic cluster sites is affected by the nature of the organic link and is strongest in
IRMOF-11 in accord with our adsorption isotherm data. The sites on the organic link have lower binding
energies, but a much greater capacity for increases in H, loading, which demonstrates their importance for
hydrogen uptake by these materials.

Introduction differ greatly from classical porous materials, such as zeolites
and activated carbons, primarily in their mode of construction:
molecular building units are employed with predefined func-
tionality and geometry to assemble solids, which may exhibit
"desired characteristics in the assembled féitvis envisioned
that once the chemical and structural aspects for enhanced
hydrogen storage are elucidated, a material incorporating the
essential factors can be produced in a straightforward manner.
A substantial number of potentially porous metatganic
frameworks are already known, but only a small fraction of these
have been evaluated for their hydrogen uptakenong these,
frameworks built from the linking of octahedral £ZD(0,C—)s
clusters with polyaromatic moieties have been shown to have
some of the highest porosities knoWnand are now of
significant interest for the evaluation of their hydrogen storage

The problem of hydrogen storage for mobile applications has
been a critical focus in materials research over the past few
decades. A wide range of solids have been examined for their
ability to take up and release large amounts of molecular
hydrogen to facilitate the use of hydrogen as an environmentally
friendly alternative to fossil fuelsThese range from metals or
alloys that dissociate Hupon adsorption and form solid
solutions or compounds, to highly porous materials that physi-
sorb molecular hydrogen within their cavities. Each class has
its own merits and deficiencies, yet neither has given rise to a
material that satisfies the many targeted criteria delineated by
the United States Department of Energy and other national
energy agenciesAmong the subset of highly porous materials,
metat-organic frameworks (MOFs) have been identified only
recently as potential candidates for this rélEhese materials
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properties. These materials may also serve as models forbinding within the pores varies considerably among the four
improving our understanding of Hadsorbent interactions materials despite the apparent simplicity of this family of
because of their high degree of crystallinity, in contrast to structures, and thereby gives clear indication that the organic
nanostructured carbons and other disordered porous materialslinking units play a significant role in the adsorption of
Many of the most promising MOFs also exhibit highly sym- hydrogen.
metric structures, which provide simplified models for experi-
mental and computational study. MOF-5, for example, is
constructed by octahedrally linking £B(O,C—)g clusters with Sample Preparation. The porous MOFs were synthesized by the
linear phenylene links, which results in a primitive cubic solvothermal reaction of 2 with the corresponding linking carboxy-
framework with intersecting pseudo-spherical pores. Previous lates, followed by exchange of the included solvent molecules by
studies of this material showed that not only can adsorbatesimmersion in chloroform, and evacuation at room temperature as
such as N and Ar fill its evacuated pores, but,Hs also desc_ribed previouslﬁﬁ._The crystalline phase purity_of each sample was
adsorbed to a substantial degféMore importantly, replace- confirmed by comparing the powd_er X-ray diffraction patterns (Br_uker-
- . . AXS D8 Advance diffractometer in BraggBrentano geometry using
ment of the organic link with extended and adorned aromatic

. | he h ke in th ) f fCu Ko radiation) with those calculated from single crystal data. The
units alters the hydrogen uptake in the series of compounds o sample porosities were found to be comparable to the values previously

which this is the prototype These studies provided the first reported for these materials by gravimetric determination of therld
indication that simple changes in the molecular building blocks H, capacities at 77 K in the-01 atm rangé?
used to assemble MOFs could improve theip Btorage Inelastic Neutron Scattering. The evacuated MOF samples were
capabilities. transferred under helium to a cylindrical aluminum sample cell (10
Given that the structures of these compounds are well-defined,cn capacity) sealed with an indium gasket and connected to an external
a solid foundation is provided for spectroscopic analyses of the 9as manifold by a stainless steel capillary. The cell was mounted in a
interaction of H with the framework atoms. Such studies closed-cycle helium refrigerator. After thorough evacuation “of the"
provide crucial details for the interpretation of bulk adsorption sample cell at room temperature, the INS spectrum of the “blank

t h th tructural feat that b sample was collected at 15 K followed by data acquisition with various
measurements such as the structural features thal may ,?oadings of H. We note that the spectra of the host materials were

responsible for enhanced hydrogen uptake. The method that iSgenical after desorption of hydrogen to those collected initially, which
most sensitive to the chemical environment of adsorbetsH  confirms the fully reversible nature of hydrogen adsorption in MOFs.
inelastic neutron scattering (INS) spectroscopy of the hindered Gas loading was carried out in situ with the sample cell at BID K
rotational transitions of the adsorbed molecules. The successby monitoring the pressure drop from the calibrated volume of the
of this technique for the present application stems from the manifold. Inelastic neutron scattering spectra were acquired on the
uniquely large neutron scattering cross-sectioftbfand the QENS spectrometer at the Intense Pulsed Neutron Source at Argonne
fact that neutrons can be used to observe transitions in theNational Laboratory. QENS is an inverse geometry time-of-flight
hydrogen molecule that involve a change in the total nuclear instrument in which a pulsed “vyhite” beam is incident on the sampl_e.
spin of the molecule. This is important because rotational O"Y those neutrons with energies low enough (3.6 meV) to fall within

. . . . a small band determined by diffraction from an array of graphite
transitions with a change in the molecular rotational quantum

berAd = odd forbidden f . ical analyzers reach the detectors. The incident neutron energy is scanned
numberAJ = odd are forbidden for kin optical spectroscopy by time-of-flight, and INS spectra collected on QENS correspond

because this transition is coupled with a change in the nuclearmainyy to neutron energy loss. Standard data reduction programs were
spin wave functionAl = +1. The reason for this is that the  ysed for normalization of the data and conversion to a linear energy
overall molecular wave function has to be antisymmetric with scale.

respect to the rotational exchange of the identical fermions.  Spectral Analysis.As all of the evacuated MOFs in this study exhibit
Thus, para-H, (antiparallel*H spins) is only associated with  some bands at low frequency, whose origin is unclear at this point,
even/symmetrid states, whilertho-H; (parallel*H spins) must our assignments of the spectra of ldaded samples were aided by
have odd/antisymmetritstates. The lowest rotational transition ~ Subtraction of the spectrum collected from the “blank”. Assignment of
(ortho—para H, for the free rotor) occurs at 14.7 meV and the peaks in the INS spectra_ was perfor_med \_Nith the use of a single-
decreases rapidly with the application of a potential barrier to pgrameter model for the ro_tanongl potential. This model uses the energy
rotation. Such potentials are encountered wheiskih a bound eigenvalues for the frotations with two angular degrees of freedom

hasi lexet h hvsisorbed of in a double-minimum potential, as described previotTyhe rotational
state, such as i-complexeSor when physisorbed on a surface. energy levels of the free hydrogen molecule are giverBlfj + 1),

Consequently, the use of INS has made it possible to determineynerep is the rotational constant (taken to be 7.35 meV) aiithe
fine details of hydrogen adsorption in a wide variety of materials rotational quantum number. Application of a barrier to rotation removes
including zeolite$,nanoporous nickel phosphate VSBY%;o, 1 some of the degeneracy of tAéevels and drastically changes the level
and carbon nanostructurés.

] (9) (a) Braid, I. J.; Howard, J.; Nicol, J. M.; Tomkinson,Zkolites1987, 7,
In our first report of hydrogen storage by MOFs, we observed 214218, (b) Nicol. 3. M.. Eckert, J.. Howard.J. Phys. Chen1988 02

exceptionally well-defined multiple binding sites for hydrogen 7117-7121.(c) Eckert, J.; Nicol, J. M.; Howard, J.; Trouw, F.RPhys.
ithi it _ _ H Chem.1996 100, 10646-10651. (d) MacKinnon, J. A.; Eckert, J.; Coker,

within the cavities of MOF-5¢IRMOF-1) by INS with some D. A.; Bug, A. L. R.J. Chem. Phy=2001, 114, 10137-10150. (¢) Mojet,

of these being associated with the organic linking group. We B. L.; Eckert, J.; van Santen, R. A,; Albinati, A.; Lechner, R.JEAm.

now expand these studies to other promising MOFs constructed,, o) Foet S3%00 123 8147818 | o o By, Cheetham

Experimental Section

from ZnyO(O,C—)s units, including IRMOF-8, IRMOF-11, and " '@: K. J. Gms' ihegjlds_odqr038125 é309—13|_1%. \ o A Conl
: : TR itzgerald, S. A.; Yildirim, T.; Santodonato, L. J.; Neumann, D. A.; Copley,
MOF-177, to investigate to role of the organic linking group (1) 3 R? D. Rush, J. J., Trouw, Phys. Re. B 1093 60, 64396451, piey

on hydrogen binding. We find that the nature of the distingt H (12) (a) Brown, C. M;; Yildirim, T.; Neumann, D. A.; Heben, M. J.; Gennett,
T.; Dillon, A. C.; Alleman, J. L.; Fischer, J. EZEhem. Phys. Let200Q
329 311-316. (b) Ren, Y.; Price, D. LAppl. Phys. Lett2001, 79, 3684—

(7) Silvera, I. F.Rev. Mod. Phys 198Q 52, 393-452. 3686. (c) Schimmel, H. G.; Kearley, G. J.; Nijkamp, M. G.; Visser, C. T.;
(8) Eckert, J.; Kubas, G. J. Phys. Chem1993 97, 2378-2384. de Jong, K. P.; Mulder, F. MChem:Eur. J. 2003 9, 4764-4770.
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IRMOF-1 IRMOF-8 IRMOF-11 MOF-177
Zn,0(BDC), Zn,0(NDC), Zn,0(HPDC), Zn,0(BTB),

Figure 1. Metal—organic frameworks analyzed in this study. Topologically, the isoreticular MOFs (“IRMOFs”) are based upon an augmented simple cubic
net (the boron net in Cafg while MOF-177 is based upon the augmented form of the (3,6)-coordinategmeiRMOF-11 is composed of two interwoven
frameworks, one shown in gray-scale. The large pore of each structure is represented by a yellow sphere with diameter defined by the distaree between t
van der Waals surfaces of the framework atoms. Atom colors: C black, O red, Zn blue tetrahedra, H omitted.

spacings (see Figure 4 in ref 9b). The spacing between the two lowest =° 10

energy levels in fact has an approximately exponential dependence on § ~#~IRMOF-1
the barrier height, which is the origin of the sensitivity of this technique @ g 4| ~*'RMOF-8
to differences in the gueshost interactions of the adsorbed. Ve =] ~&-|RMOF-11
label transitions for the hinderedlbtor (e.g., 0-1) as being between E - MOF-177 vf"é‘
energy levels that are numbered 0, 1, 2... with increasing energy. These @ 6 7

numbers are not to be taken as the rotational quantum nuinisich by

is only appropriate for the free rotor. Despite the low temperature of & 4 -

our experiments, transitions such as2lmay also be observable in :E

neutron energy loss if spin conversion (i@tho—paratransition) for ;’

the adsorbed hydrogen molecule is as slow as in the solid or liquid. E 2 A
Unfortunately, our previous studies on hydrogen in zeolites and MOFs g

have not provided a consistent picture of this phenomenon. Spin = 0

conversion was usually found to be insignificant on the time scale of
the experiment, but in a few cases sufficiently rapid to prevent 0 200 400 600 800
observation of transitions from level 1. Our assignments, therefore, are Pressure (Torr)
complicated in cases where we may not have sufficient intensity for rig,re 2 Hydrogen adsorption isotherms measured at 77 K for the MOFs
the 1-2 to make a definitive conclusion. Finally, we note that a analyzed in this study. Adsorption points are shown as filled circles, while
rotational potential with separate barriers for in-plane and out-of-plane desorption points are shown as open circles; data from ref 5a.
reorientation would be more realistic, as we found in our theoretical
study of H in zeolite A% however, application of such a model to  different. This is apparent when the adsorption isotherms are
spectra from H adsorbed on multiple sites would make assignments normalized per formula unit, as shown in Figure 2. It is clear
even more difficult as at least two transitions must be reliably attributed that the organic links play important roles in defining pore sizes
to each site to determine the two parameters of this model. and providing organic adsorptive sites, but they may also alter
the interaction of Hwith the cluster due to differences in their
electronic structures. This is demonstrated by comparing the
The materials studied here are members of a group of metal INS spectrum of each material at a loading of 4rHolecules
organic frameworks constructed by linking octahedral@n per ZnOLy formula unit (Figure 3). These spectra differ
(O2C—)s secondary building units with polyaromatic moieties. markedly among the four different materials, and in all cases
Included are IRMOF-1 constructed with benzene-1,4-dicar- are exceedingly well-defined when compared with similar data
boxylate (BDC), IRMOF-8 from naphthalene-2,6-dicarboxylate for hydrogen on carbons or in zeolité® providing an excellent
(NDC), IRMOF-11 from 4,5,9,10-tetrahydropyrene-2,7-dicar- opportunity to examine the subtle chemical differences between
boxylate (HPDC), and MOF-177 from fully deprotonated 1,3,5- the pores of each material. This is facilitated by the fact that
tris(4-carboxyphenyl)benzene=(benzene-1,3,5-tribenzoate”,  the transitions of the hindered,Hotor observed by INS are
BTB), as shown in Figure 2 The rigidity of both the clusters  very sensitive to the height of the barrier to rotation, which in
and the links prevents the frameworks from collapsing upon turn depends on the chemical environment of the adsorbed
evacuation of the included guest molecules. In addition, the molecules. The spectra in Figure 3, therefore, clearly show that
frameworks possess long-range order that is maintained in theadsorption sites in each material are different, despite the fact
absence or presence of guest molecules, which has facilitatedthat these materials are composed of similar chemical moieties.
the atomic-scale resolution of their structures from X-ray A feature thatis common to all of the materials at this loading
crystallographic analyses. is the presence of at least two peaks in the INS spectra that can
Although the materials studied here are chemically very be assigned to transitions associated with different binding sites.
similar, their capacities for hydrogen adsorption are rather This observation was made in the initial work on IRMOF-1

Results and Discussion

14906 J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005
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Table 1. Proposed Peak Assignments for INS Spectra Acquired from MOFs in This Study?

transition energy (meV)

material site 0-1 0-2 1-2 potential barrier® (kcal mol ) comment

IRMOF-1 | 10.3 175 7.5 0.42
1] 121 155 4.4 0.24
] 12.5 15.8 3.5 0.19 overlapping with site Il
\% 13.3 15.4 2.t 0.13

IRMOF-8 | 10.8 17.2 6.4 0.36 shoulder of site 1161
1] 115 16.6 5% 0.29 broad 6-2
] 12.8 15.7 3 0.17
\& 14.4 14.9 0.5 0.03 contains 13.7 meV peak, site IV
Zn?* defect 8.1 19.9 11.6 0.66 weak, broad

IRMOF-11 | 8.9 18.9 10 0.56 broad-@
1] 10.5 17.4 F 0.39 0-2 overlapping with site Il 6-2
] 11.2 16.9 5.7 0.32 61 shifts to 11.5 meV
\% 13.8 15.2 14 0.08 broad

MOF-177 | 9.7 18.1 84 0.47
1] 111 16.9 5.8 0.33
1] 11.7 15.6 4 0.27 6-1, 0—2 shift to higher energy
\% 14 1c 15.1 0.07 0-2 overlapping with site Il +2

a Note that the peak positions calculated from the model used may not correspond exactly with observed features because of the approximation involved

in the choice of model (see text)Calculated from the model described in ref 9lExpected but weak or not observed. In the case eP{ltransitions, this
may be due to low population afrtho-H,.

degree of order and simplicity of its high symmetry structure.
—@® We argued previously that a site (subsequently referred to as
site ) in the corner of the pore, on the inorganic cluster, ought
IRMOF-1 to be the preferred binding site forlnd results in the highest
barrier to rotation. The peak at 10.3 meV in the IRMOF-1
spectrum of Figure 3 was therefore assigned as théd O
transition for b adsorbed on site . The corresponding2l
and 0-2 transitions would then be expected at 7.2 and 17.5
meV, respectively, but there is only weak evidence for these.
These assignments were verified by comparison with the INS
spectrum of 4 B molecules per formula unit and scaling the
rotational energy level diagram by the respective rotational
constants of lland Dy. The rotational barrier associated with

IRMOF-8

IRMOF-11

i

MOFT7 site | was found to be 0.42 kcal/mol. The strong peak at 12.1
meV would then be assigned to a second binding site (labeled

—r T site Il), for which the 2 and 0-2 transitions at 4.4 and 15.5
4 8 12 16 20 meV do show some weak intensity. An increase in loading to
Energy Transfer (meV) 8 molecules per formula unit resulted in increases in intensity

) . . ) . for all three bands associated with site Il as well as a new band
Figure 3. Inelastic neutron scattering spectra for each material loaded with

4 H, per formula unit. The two 1 transitions originally assigned to sites &t 12.5 meV, dis'_[in_ct from the _main peak at 12.1 meV,
I and Il in IRMOF-1 are labeled. Spectra are vertically offset for comparison accompanied by similar structure in the band near 15.4 meV.

purposes; the error bars shown are representative of all spectra. At higher loadings, other overlapping bands appear in the region
of 11.5-13.5 meV, indicating that multiple sites with similar
and indicates that multiple site occupancy is occurring. Figure rotational barriers are occupied. Spectral assignments for all
1 shows that each Z0L, formula unit describes a complete materials are summarized in Table 1.
Zn,O(0O,C—)s secondary building unit, which is a cluster with Inspection of the loading dependence of the INS spectra of
octahedral shape but tetrahedral symmetry, having two in- the other materials leads to similar assignments. For hydrogen
equivalent sets of four faces (although strictly speaking, the in MOF-177, we observe spectral features (Figure 4) comparable
crystallographic symmetries are lower for the clusters in to those of IRMOF-1, but with greater complexity, as would
IRMOF-11 and MOF-177). As proposed previously, the strong- be expected from the lower symmetry and larger link of this
est binding site should be on one of these faces, each beingstructure. Transitions at low loading are shifted to lower energies
able to accommodate 4xHholecules per ZfOL « formula unit. than those in IRMOF-1, which indicates that the barriers to
The fact that we observe multiple peaks in each spectrum atrotation in MOF-177 are higher. While the primary binding site
low loading suggests that the binding energies for the different at a loading of 4 molecules per formula unit is indicated by a
sites are not substantially different. strong 0O-1 transition at 11.1 meV, a second, evidently much
In assigning the spectra collected in this study, it is important less populated, site has this transition at 9.7 meV. An increase
to recall the hypotheses proposed in the initial work on IRMOF- in loading to 8 H molecules per formula unit gives rise to a
1.3 Adsorbed hydrogen molecules in IRMOF-1 produce spectra new band at 11.7 meV. It is accompanied by increases in the
with the fewest and sharpest peaks, because of the extraordinarpand at 15.6 meV (the-62 transition for this site) and a broad

J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005 14907
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=48 H2 per f.u.
== 32 H2 per f.u. q
——24 H2 per f.u. /
“16 H2 per f.u. \
m ~-8 H2 per f.u. \ f
d —~—4 H2 per f.u. |Id";r "\’\w
= [
@ 1
T4
I ) L) I )
4 8 12 16 20
Energy Transfer (meV)
Figure 4. Inelastic neutron scattering spectra for MOF-177 at various
loadings of H.

band near 4 meV (the corresponding2transition). This peak

at 11.7 meV, along with the corresponding-® transition,
continues to gain intensity and shifts toward 12.1 meV up to
the maximum loading used in our experiment, 480dr formula
unit (=8.4 wt %). This peak is similar to the dominant peak(s)
in the IRMOF-1 spectra assigned to site Il. This supports the
original hypothesis that site Il exists on or near the organic link,
as the BDC and BTB links are similar, each composed of

nonfused aromatic rings, and should have similar interactions

with H,. The greater size and complexity of the BTB link,

however, would give rise to more nonequivalent sites, and hence

—=-32 H2 per f.u.
iy
*-24 H2 per f.u. L‘ 1
* 16 H2 per f.u. i l"ﬁLf
~8 H2 per f.u. A
— AR ||
L -4 H2 per f.u. IR ;'-’J\'fi Wy
le] L4
) )
] 1 I 1
4 8 12 16 20
Energy Transfer (meV)
Figure 5. Inelastic neutron scattering spectra for IRMOF-11 at various
loadings of H.

The spectra for IRMOF-11 are also rich in complexity, as
shown in Figure 5, with well-defined peaks at low loadings that
become overlapped with others as the amount of hydrogen is
increased. Most notable is the observation of a peak at 8.9 meV
at low loading, which is assigned to the-0 transition of a site
with the highest barrier to rotation (0.56 kcal/mol) observed
thus far in this class of materials. A comparison of the relative
positions and intensities of the peaks in the spectra fon4 H
per formula unit in IRMOF-1 and IRMOF-11 (see Figure 3)
leads to the assignment of the 8.9 meV peak as corresponding
to site | in IRMOF-11. The equivalent peak for site Il in

more peaks in the MOF-177 spectra, as is observed. There ar& o MOF-11 at 10.5 meV is also shifted to lower energy as

at least three overlapping peaks in this region.

It should be noted at this stage that small apparent shifts in

as the loading is increased, may be interpreted in two ways:

compared to IRMOF-1. These tendencies suggest that binding
in IRMOF-11 is stronger than in IRMOF-1, which in turn is in

rn’,?ualitative accord with adsorption isotherms recently reported

i d lati f ites that milar in rotati SI. for these two materials, which showed a stronger uptake,of H
(1) increased population of new sites that are similar in rotationa by IRMOF-11 as compared to IRMOF-1 (see Figure 2).

barrier, and perhaps chemical environment, or (2) perturbation

f the chemical environment of alr lat it ) . L -
of the chemical environment of already populated sites by occupation of at least one additional site in IRMOF-11 indicated

interaction with H filling neighboring sites. With this in mind, .
i . . by apeakat11.2 meV. As the amount of hydrogen is increased,
the MOF-177 spectra may be interpreted such that at low Ioadmgthis peak shows behavior similar to that of the 11.7 meV peak

we observe partial occupation of two distinct sites, at least one . S .
of which is on the inorganic cluster, followed by progressive in the spectra of MOF-177; it either shifts toward 11.5 meV or

filling of sites around the organic link. There is only enough is engulfed by more intense peaks at this energy until this closely
. : . : overlapping group dominates the spectrum at 3pét formula
volume surrounding the inorganic cluster to place as many as . ) i o
. S - - unit (compare Figures 4 and 5). Increased intensity is also
16 H, molecules per formula unit (this is described in greater observed in the broad redions around 5 and 14 meV. which are
detail below), so that the prominence of the peaks around 12 vedl g u » WHI

meV at this loading and above indicates that they correspond almost certainly composed of several unresolvable peaks. This

to sites around the organic link. The additional appearance of can be attributed to the larger size of the HPDC link employed

. ) . . . in IRMOF-11, which should accommodate more binding sites
intensity around 14 meV (with a small rotational barrier of 0.07 N . . .

. that are similar in rotational barrier. The general shifting of these
kcal/mol) at 16 H per formula unit should, therefore, also be

due to molecules adsorbed on the organic unit. There alsopeaks to lower energy highlights the importance of the link in

appears to be at least two peaks in this region. This correspondsm/drogen binding. In this case, however, it is not obvious

well with the very low rotational barrier that was reported for whether these _spec'.[ral Sh'fFS ano_l the enhanczed:lthkg a.t "

K are due to direct interaction with the larger organic link, or
Hz on the surface of graphitéand other carbon nanostructufés. increased attractive potential due to the comparatively smaller
The larger barrier observed for the 12 meV peaks further implies P P y

that as sites on the organic link, they are significantly altered pores in this interwoven structure. )
by connection to the inorganic cluster. The spectral features for hydrogen in IRMOF-8 at low

loadings appear to differ markedly from those of the other
materials. We considered a number of explanations for the

At the lowest loading, there is also clear evidence of

(13) Freimuth, H.; Wiechert, H.; Lauter, H. Surf. Sci.1987 189 548-556.
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not change with loading, it is unclear what binding sites in the

—-32H2 perfu. f\ structure it corresponds to, perhaps defects such as extraframe-

=24 H2 per f.u. ﬁ l work Zr?t cations®

8 H2 per fu \ f In assigning the spectra of hydrogen adsorbed in these
o materials, summarized in Table 1, we have borne in mind the

—-4 H2 perf.u.

chemical similarities between them and hypothesized that
adsorption may be strongest at sites on the inorganic cluster,
which become filled with loading followed by population of
sites around the organic links. This hypothesis is supported by
other studies recently reported in the literature, including
computations of KHin IRMOF-1* and low-temperature single-
crystal diffraction analyses of argon and dinitrogen adsorbed
in this material'> In the computational report, second-order
Mgller—Plesset perturbation theory was used to compare the
binding energies of Kto organic and inorganic fragments of

T T the IRMOF-1 structure. In combination with adsorbate density
16 20 analysis using Monte Carlo simulations of  a unit cell of
IRMOF-1, it was concluded that at low temperatures the
strongest binding sites were found in the corners of the large

S(Q,E)

4 8 1I2
Energy Transfer (meV)

Figure 6. Inelastic neutron scattering spectra for IRMOF-8 at various pores, on faces of the Z0(0.C—)s clusters.

loadings of H. Our conclusions on the identities of the adsorption sites for

hydrogen have been corroborated experimentally by Rowsell

spectrum at 4 bl per formula unit, but two seemed most : . . . s
. et al. in variable-temperature X-ray diffraction studies of argon
probable based on comparisons to the data collected from the - S
) - : and dinitrogen adsorbed in single crystals of IRMOE-The
other materials. In the first case, the peaks corresponding to

. . . o remarkable localization of electron nsity attributable t
sites | and Il in the IRMOF-1 spectra (see Figure 3) are similarly a?jsglrb:(? gtogcsain ?hi(s) str(l)JctﬁreeCWZs a(tjtlzeai:eé/ e?( el?itlrztr:t?all 0at
shifted to higher energies (11.5 and 12.8 meV), and in contrast P y

o the IRMOF-1 specira, “site I” at 11.5 meV has the higher temperatures as low as 30 K using novel low-temperature X-ray

. ) ) - instrumentatiort® We briefly recall the results obtained in ref
occupancy in IRMOF-8 and gives rise to the more intense peak. 15 to provide further details on the likely binding sites for
A second possibility is that “sites | and 11" in IRMOF-8 have P y g

- - . . " hydrogen in th MOFs. Although dir mparison of th
very similar rotational barriers and thei+-Q transitions are both ydroge these MOFs ough direct comparison of these

contained in the relatively broad band at 11.5 meV. The peak results on Ar and hlwith the behavior of ki adsorbed in the

at 12.8 meV would then be attributed to a third site that is also pores may not be rigorous, th? stru_ctgral _detail; obtained_ in
occupied at the lowest loading, and it is this site that shows athat study have granted us additional insight in the interpretation

loading dependence similar to that of the other materials. of the INS spectra. The principal binding site fog ahd Ar in

) . . IRMOF-1 is at a position equidistant from three carboxylates,
Support for the second interpretation may be provided by the . . !
. on one of the two independent faces of the octahedral inorganic
presence of a small shoulder at 10.8 meV at a loading of 4 H

) ) cluster. This site, denotem(CO,); and illustrated in Figure 7,
per formula unit, and the fact that this broad band at 11.5 meV showed the maximum extraframework electron density calcu-

develops noticeable structure when the loading is increased tolated from diffraction data collected from IRMOE-1 in the
8 He pe_r formula ‘f”'t' presence of N or Ar. Despite the weaker van der Waals
Al h|gh§r loadings, the spectral TeZ.itUIje.S observed for jieraction of H with the IRMOF-1 surface, we hypothesize
hydrogen in IRMOF-8 reveal some similarities to the other ¢ this position is also the principal binding site fos &hd
materials. As the amount of hydrogen is increased, the peak atyjyeq rise to the ©1 transition at 10.3 meV in the INS spectra

12.8 meV increases in intensity similar in behavior to the 11.7 ¢ | rMOF-1 (see Figure 3). There are four of these sites per
meV peak in MOF-177 and the 11.2 meV peak in IRMOF-11 ¢ 13 unit, and so the observation of an additional peak at

(see Figure 6). We therefore assign this peak te& 0ansition 15 1 mev at this loading indicates that only a small difference
for a site around the link, with a notably smaller rotational barrier ;, binding energy exists between this and a neighboring site.
(0.17 kealimol, 2 transition appearing at 3 meV,—2 During cooling, multiple sites are sampled by #iffusing on
appearing at 15.7 meV). A broad feature also develops at 14.4y,q grface until the point at which their motion is frozen out,
meV, with asymmetry that also implies it is composed of several ot necessarily at the global minimum in energy. This observa-

overlapping peaks, which we attribute to weakly interacting sites {ion has been made previously in extensive studies of H
on the link similar to those discussed above for IRMOF-11, adsorbed in zeolites.

having very small barriers to rotation 6f0.03 kcal/mol. This A total of five primary binding sites were identified for gases
is consistent with the higher carbon content of these wider links, ;, \rRMOE-1 including three on the inorganic cluster and two
and the observation of small rotational barriers on carbonaceousSme'y on thé phenylene lif¥.These are shown schematically
materialsi*~t> A sharper feature in this region agpears_at the iy Figure 7. By refining the adsorbate site occupancies as a
highest loading, 32 Hper formulg unit £7.0 wt %), which function of temperature, the relative binding energies were
may be due to the formation of solid hydrogen or a second layer
in the pore. In addition, there is a weak and broad peak that (14) sagara, T.; Klassen, J.; GanzJEChem. Phy2004 121, 12543-12547.
appears at 8.1 meV that does not correspond teattansition (15) Rowsell, J. L. C.; Spencer, E. C.; Eckert, J.; Howard, J. A. K.; Yaghi, O.

L. L M. Science2005 309, 1350.
for the other features. As the relative intensity is small and does (16) Goeta, A. E.; Howard, J. A. KChem. Soc. Re 2004 33, 490.
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¢(CH), & .

B(ZnO), &’

between neighboring sites and the tendency fotoHbe stranded
on adjacent sites after their diffusion is thermally quenched.

Summary

We have obtained remarkably detailed information on the
k— 8(Cy) primary binding sites of hydrogen in a series of metaiganic
frameworks composed of Z0(0,C—)s secondary building

k’ y(zno)2 units with the use of inelastic neutron scattering from the

hindered rotations of the adsorbed molecule. Despite their

i

\ chemical similarities, the variation in peak positions associated
;f &( o(CO,), with sites | and Il of each MOF is significant and clearly
. indicates that the organic links play an active role in defining
the nature of the adsorption sites fox. Fihis is reasonable given
the variety of links employed in these materials, which strongly
affect the local structure of the Z40(0,C—); clusters and thus
the charge transfer between the?Ziand the aryl carboxylates.

In contrast, features assigned tg bbund to primarily organic

. - 4 bindi os ¢ i IRMOF-A and related sites cover a more narrow energy range and show low barriers
frgrlrl]fwo‘rks inr(;ré?:z?danclz vl\/r:t% tf}lee;ec(;rrozr']-llinensity attributaartl)le ;g 2desorbedto rotathn consistent with the V_Veaker blﬂdlng On thOS§ SIte_S'
argon (purple spheres) detected by X-ray diffraction analysis at 30 K. 1hese sites show much larger increases in INS intensity with
These areo(COy)s above one face of the octahedral inorganic cluster, higher H loading as their capacity for adsorption at the low
equidistant to three carboxylate8(ZnO)s above the face of a ZnO  temperature of these experiments is significantly higher. This

tetrahedrony(ZnO)- above the edge of a Zn@etrahedrond(Cg) on the lusi derli h d | loai
CeHa phenylene face, and(CH); on the phenylene edge. Atom colors: ¢~ conclusion underlines the need to explore new topologies,

black, H white, O red, Zn blue tetrahedra. composed of novel secondary building units from metal cations
that have received less attention to increase the binding energies

concluded to be in the order(CO,); > B(Zn0O)3 > y(Zn0O), for H, on all sites. In particular, the use of more polarizing

> 0(Ce) ~ €(CH).. It was found, however, that the occupation centers or the installment of open metal sites should enhance

of the y(Zn0O), site was preferred ovef(ZnO); at lower hydrogen physisorption by this class of materials.

temperatures, most likely due to the greater multiplicity of that  acknowledgment. Funding was provided by the NSF, DOE,
site and the resultant increase in packing efficiency on the clustergnq BASE. We thank NSERC Canada and the Link Foundation
surface. Eack(CO;)s site is surrounded trigonally by(ZnO). for fellowships to J.L.C.R. We thank Kyo Sung Park for the
sites at 4 A, and so each cluster can accommodate at most 1&reparation of 4,5,9,10-tetrahydropyrene-2,7-dicarboxylic acid,
adsorbed molecules per formula unit. In the INS spectra, we yjrich Miiller for providing the IRMOF-8 sample, and Robert
therefore expect two unique-Q transitions for these sites, in  connatser for experimental assistance on the QENS instrument.
a 1.3 intensity ratio, saturating at approximately 16 p&r \ve would also like to thank Alberto Albinati for helpful
formula unit. Aside from variance in peak positions, and possible giscussions. The low-temperature data collections (ref 15) and
overlap in the case of IRMOF-8, this is what is observed in e insights these provided to this study would not have been
this study, and we conclude that sites | and Il a(€0,)s and possible without the collaboration of Judith A. K. Howard and
7(Zn0)2. At higher loadings, we expect the faces and edges of g|inor . Spencer (Durham University, UK) and funding of
the organic links to become occupied, and this is signified in a equipment by EPSRC, UK. Work at Los Alamos National
more narrow spectral range by the appearance of new peakSLaboratory was supported by the Office of Science, U.S.
specifically, one strong peak around 12 meV and several pepartment of Energy. The work has benefited from the use of

overlapping peaks in the range-116 meV (including 6-2 facilities at the Intense Pulsed Neutron Source, a national user
transitions), which are characteristic of the link. In the case of facility funded by the Office of Science, U.S. DOE.

IRMOF-1, and perhaps IRMOF-8, this appears to coincide with
site Il giving the impression of fewer sites, or greater equiva- N . .

lence of neighboring sites. As noted above, exact correspondenc?r:[?tilr'?}b'ssaévi'rlable free of charge via the Internet at
between the INS spectral intensities and the expected site p-/lpubs.acs.org.
occupancies is rarely observed because of the low energy barriedA0542690
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