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A combined IR absorption and first principles modelling study of zeolite imidazolate frameworks

(Z1Fs) filled with hydrogen is presented. It is shown that hydrogen physisorbed in a ZIF results in a
number of absorption lines at around 4131, 4121, 4480, 4700, 4880, 5100, and 5280 cm™ !, which are
assigned to the Q(0), Q(1), S1(0), S1(1), 2S;(0), S1(0) + S;(1), and 2S;(1) ro-vibrational transitions of
physisorbed H,, respectively. The latter three modes represent simultaneous excitation of molecular
pairs, which implies that hydrogen physisorbed in ZIF occurs at a density close to that of the liquid
and/or solid state. The adsorption onset temperature defined as the maximum temperature at which

localized adsorption occurs was found to be around 80 K.

1 Introduction

At present, zeolitic imidazolate frameworks (ZIFs)—a novel
class of metal organic frameworks (MOFs)—are considered to
be promising materials for hydrogen storage applications.! The
crystal structure of ZIFs is based on the aluminosilicate zeolite
nets, whereby the tetrahedral Si(Al) sites are replaced by
transition metals Zn(11), Co(11), or In(ii) tetrahedrally coordi-
nated by imidazolate ligands.?

Molecular hydrogen consists of two protons with nuclear spin
1/2. According to the Pauli principle, the total wave function of
the system has to be antisymmetric with respect to the
permutations of the nuclei. Because of the symmetry require-
ments for the total wave function, for the nuclear spin 7 = 1
(ortho state, 0-H,) only odd values of the rotational quantum
number J are allowed, whereas for I = 0 (para state, p-H,) J has
to be even.® A large magnetic field gradient is needed to transfer
ortho to para hydrogen. As a result, under ‘normal’ conditions
(low pressure gaseous phase, non-paramagnetic host, etc.) the
two states do not thermalize and, once formed, remain
independent.

The transitions of interest here are those associated with the
vibrational (Av = 1) H-H excitation. Selection rules for Raman
scattering demand that AJ = 0, +2, which at low temperatures
results in the appearance of only four Q(0), Q(1), S1(0), and S;(1)
modes in the spectra. In the case of isolated H,, these are to be
found at around 4161, 4155, 4500, and 4715 cm™ !, respectively.4
The notation Q(J) denotes a transition between states with the
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same rotational quantum number, whereas those with AJ = 2 are
labeled as S;(J).

Due to the symmetry of the electron distribution, an isolated
hydrogen molecule has a zero dipole moment, which implies that
its vibrational transitions are infrared inactive. Physisorption of
H, causes IR absorption, since the equivalence of the two
protons breaks up. Interaction with the host weakens the H-H
bonds, resulting in enhancement of the bond length, as well as
anharmonicity of the molecular vibrations. This manifests itself
in the red-shift of the vibrational transitions as compared to
those of isolated H,. The Q(J) modes of H, physisorbed in
MOF-5,> MOF-74,%" and CuBTC (also known as HKUST-1)?
were found to be red-shifted by 27, 65, and 64 cm ™!, respectively.

Apart from the H-H vibration, physisorbed H, is character-
ized by the translation motion, which can be detected in IR
absorption. The translational potential is highly anharmonic and
requires a numerical solution of the quantum mechanical
problem.”!® The translation frequency for H, trapped in
MOF-5 and MOF-74 was found to be 84 and 123 cm™ !,
respectively.>® This is to be compared with the translation
frequency of H, in a Cg lattice,'! 127 cm ™.

Additionally, the interaction of H, with the host raises the
degeneracy of the rotational states and results in splitting of the
ro-vibrational modes. The value of splitting provides a direct
insight into the rotational barrier as well as the preferential
alignment of physisorbed H,: either an axially symmetric
orientational barrier confining the molecule to rotation in two
dimensions (2D rotor) or an axially confining potential restrict-
ing the molecule from rotating (1D vibrator). Typically, H,
bound to the organic linker reveals the properties of a 2D
rotor,'? whereas the metal site results in 1D vibrator beha-
vior.'*!* The rotational barriers for H trapped in MOF-5 were
estimated'® to be 142 and 83 cm ™.

Ro-vibrational modes of physisorbed H, are very sensitive to
the details of interaction with a specific trapping site, each of
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which exhibits a unique IR signature and dependence on
pressure, temperature, hydrogen load efc. For example, two
strong IR doublets, due to the Q(1) and Q(0) modes at around
4130 and 4140 cm ™', were observed for H, trapped at MOF-5
and assigned to ‘primary’ and ‘secondary’ adsorption sites,
respectively.” Similar findings were reported for MOF-74 and
CuBTC, providing important insight into the effect of the
unsaturated metal sites on the adsorption of H, in these
materials.®”!12

The intensities of the IR lines can also contribute to our
understanding of the adsorption process. The intensity ratio of
the Q(0) and Q(1) modes as a function of time reveals directly the
rate of the ortho—para conversion process. For H, in MOF-5 it
was found to be several hours, whilst in MOF-74 it takes
20-30 min to convert o-H, to p-H,.>® The isobaric temperature
dependence of the corresponding integrated intensities is then
utilized to estimate the binding energy (in terms of the binding
enthalpy or enthalpy of adsorption) of the adsorption side by
means of the variable temperature infra-red (VTIR) spectro-
scopic method.'>!®!” Employing the VTIR method for MOFs,
the following values of the binding enthalpy have been obtained:
—3.5and —7.4 kJ mol ™! (for ‘primary’ and ‘secondary’ sites) in
MOF-5;'* —10.1 kJ mol™! (at the Cu?* site) in CuBTC;'? and
—8.2 kJ mol ™' (main site) in MOF-74.°

It is clear therefore that IR absorption spectroscopy is a tool
that provides a wealth of important information about the
details of hydrogen adsorption in porous materials, which
cannot be obtained from the adsorption isotherm—typically
employed in qualitative experimental analysis. IR absorption
studies of H, were reported for such porous systems as Cep,'°
clathrates,18 zeolites, 71921 MOF-5%1215 MOF-74,%7
CuBTC,%'??? and other MOFs,'>?32* a5 well as first principles
calculations of IR activity of H, trapped at different MOF
systems.”>2® In particular, an accurate theoretical description of
the internal rotation—vibration—translation motion of H, was
carried out for the fullerene® ''*” and clathrate'®?%% hosts.

Here we report the results of a combined IR absorption and ab
initio investigation of hydrogen trapped in ZIF-8. A one cage-
type structure of ZIF-8 (sodalite topology) contains an organic

linker 2-methylimidazolate (mIM).> Previous studies indicate
two possible adsorption sites for hydrogen (see Fig. 1A) with the
imidazolate linker as the primary adsorption center.’* >

Finally, we note that the selection rules of IR absorption and
Raman scattering are complementary and that the latter can be,
in principle, also applied to probe the properties of H, in
MOFs.** However, MOFs in the form of powder employed in
our study result in a strong background scattering of the
excitation laser light, which makes Raman investigation of weak
H, vibrational transitions an extremely challenging task.

The paper is structured as follows. In sections 2 and 3 we
describe the experimental and theoretical methods. In section 4
the experimental results of the IR study are presented, which are
analyzed in section 5 on the basis of DFT and MP2 calculations.
Some discussions and conclusions are offered in sections 6 and 7.

2 Experimental setup

The ZIF-8 metal organic framework (commercial name
Basolite@Z1200) in the form of powder supplied by Sigma-
Aldrich was employed in this study. For IR absorption
measurements, the samples were placed in a precision cell made
of SUPRASIL® provided by Hellma Analytics with sizes of
5 x 5 x 33 mm>. IR absorption spectra were recorded with a
Bomem DA3.01 Fourier spectrometer equipped with a CaF,
beam splitter, a Globar light source, and a liquid nitrogen cooled
InSb detector. The spectral resolution was 1 cm™'. The
measurements were performed in an exchange-gas cryostat
equipped with ZnSe windows. Three different gases or gas
mixtures were studied: pure He and a mixture of He with H, or
D, in a ratio of 1 : 1. The pressure of the exchange gas was
0.6 bar at room temperature.

In the cases of the H, and D, ambients, He was employed to
reach temperatures below that of the liquefaction of hydrogen.

During the measurements, the precision cell was open on the
top end so that the contact gas could freely penetrate into the
ZIF powder. The measurements took place as follows. First, a
sample was cooled down from room temperature to 10 K, which
took approximately 15 min, and an IR absorption spectrum was

(-

Fig. 1 (A) Two main adsorption sites of H, on a large fragment of ZIF-8. (B) A smaller fragment of ZIF-8 containing Site 1 (see text for details).
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obtained. Subsequently, IR spectra were recorded while the
sample temperature rose via natural warming up of the cryostat

at a rate of approximately of 0.9 K min~".

3 Theoretical methods

To study the full periodic ZIF-8 system using reasonably high ab
initio methods is prohibitively expensive at the current technical
level accessible to us. In the case of the cluster presented in
Fig. 1A we could not afford to use even the MP2 level of theory.
As a compromise between computational costs and accuracy we
applied the MP2/CC-TZPYV level of theory to the smaller cluster
B (see Fig. 1) only. The MP2 method in conjunction with the
CC-TZPV basis set is known to provide appropriate values for
the interaction between H, and the host in case of aromatic
systems.*** Our previous study®' as well experimental work by
Wu er al*® showed that the interaction between the hydrogen
molecules and the ZIF structure occurs mainly with the organic
linker. Along these lines, in the MP2 calculations we consider
only the interaction between H, and the imidazole linker.

In order to characterize the spectroscopic properties of H
adsorbed on ZIF-8, we have performed the following calcula-
tions: (i) a DFT-based frequency analysis of two H, molecules
adsorbed on the fragment of ZIF-8 shown in Fig. 1A using the
GGA DFT method in conjunction with the PBEPBE/cc-pVDZ
level of theory as implemented in the GAUSSIAN-03 program
package:*° (i) a reconstruction of the interaction energies and
dipole moments of the system H@ZIF-8 as functions of the
rotational and vibrational (H-H) degrees of freedom with MP2/
aug-cc-pVTZ for the reduced cluster shown in Fig. 1B
(GAUSSIAN-03). The structure of the ZIF-8 fragment as well
as the positions of H, were taken from ref. 31, where they were
obtained through molecular dynamics (MD) simulations. The
DFT-based frequency analysis (i) produced all the fundamental
frequencies and the corresponding intensities for the cluster
shown in Fig. 1A, including the vibrational modes of the
structure as well as the translational, rotational, and vibrational
modes of the two H, molecules adsorbed at two sites. In our
MP2 calculations (ii) each interaction energy Ep,@zir.s Was

estimated as the difference between the total energy of the system
consisting of one H, molecule and a ZIF-8 fragment (Fig. 1B)
and the sum of the energies of the corresponding fragments.
The calculated interaction energies were corrected for the basis
set superposition error (BSSE) using the counterpoise (CP)
method.’

4 IR absorption

Fig. 2 shows sections of IR absorption spectra of ZIH-8 in the
range typical for the pure vibrational Q(J) transitions of H,.*
Three types of contact gases were employed in order to obtain
the spectra presented in the figure: He, H, + He, and D, + He.
For simplicity we will refer to these as ZIH-8:He, ZIH-8:H,:He,
and ZIH-8:D»:He, respectively. The lines seen in the spectra are
overtones of the 2-methylimidazole linker comprising ZIH-8. No
significant difference for all three ambients is visible for
temperatures above 76 K. We take this as an indication that
no physisorption of He, H,, and D, on 2-methylimidazole occurs
above 83 K. At lower temperatures, however, IR spectra strongly
depend on the ambient employed.

In the case of He (left panel in the figure), the absorption
spectra do not change substantially down to 30 K. At 10 K,
however, most of the IR lines experience a blue-shift of
2-3 cm~!. We interpret this behavior as an adsorption of He
onto the surface of the 2-methylimidazole linker. The shift of the
overtone frequencies originates from the non-resonant interac-
tion of the He atoms with the linker, which results in distortion
of the host structure. This interpretation is supported by the
drop in He pressure in the cryostat at 10 K, which correlates with
the temperature at which IR absorption lines experience the
blue-shift. Based on the results presented in the figure, we
conclude that He adsorption under the conditions employed in
our experiment takes place at 20 + 10 K.

The results obtained for the ZIH-8:H,:He sample are
presented in the middle panel of Fig. 2. Two new signals at
4131 and 4121 cm™! appear in the spectra for temperatures
below 80 K. These can be assigned to the Q(0) and Q(1) modes of
H, physisorbed on the 2-methylimidazole linker, respectively.
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Fig. 2 Sections of the IR absorption spectra of a ZIF-8 powder obtained in the He, H, + He, and D, + He ambients.
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The temperature at which these lines show up is then an
‘adsorption onset temperature’ (7,) of hydrogen, defined as the
maximum temperature at which the localized adsorption occurs
(see discussion in ref. 12). Note that the value of 7, ~ 80 K
observed for ZIF-8 is comparable to those reported for MOF-5
(105 K) and CuBTC (110 K)."?

In order to corroborate our suggestion about the nature of the
Q(J) modes, similar experiments were performed in the mixture
of D, and He. The corresponding spectra are shown in the right
panel of Fig. 2. As expected, the 4121 and 4131 cm ™! features do
not appear after the replacement of hydrogen with deuterium.
Nonetheless, the spectra taken at 7 < 83 K in the D, + He
ambient differ from those of pure He. In particular, the feature
at 4130 cm ™' does not reveal a ‘camel back’ structure. We
interpret this behavior as a physisorption of D,, which results in
changes of the overtone frequencies of the linker.

The Q(J) modes of physisorbed D, are expected to shift by a
factor of approximately V2 down to 2990 cm ™, compared to
those of H,. We could not, however, detect any significant difference
in the IR spectra taken for all contact gases in the corresponding
spectral region. A possible explanation for this behavior is the
overlapping of the D, modes with the dominant absorption features
of the linker related to the C—H and/or N-H units (see for example
ref. 38 and 39).

The ZIH-8:D,:He spectra can serve as a background signal to
separate the vibrational modes of physisorbed hydrogen from
those of the perturbed linker, since the adsorption process of D,
and Hj; is similar (see for example ref. 23). Fig. 3 represents the
result of subtraction of the ZIH-8:H,:He and ZIH-8:D,:He
spectra recorded at 10 K where the Q(0) and Q(1) modes are
clearly seen. The insert shows the frequencies of these modes as a
function of temperature. The temperature dependences of the
Q(J) modes are non-monotonic with a minimum at around 50 K.
It also follows from the figure that the frequency difference
between the Q(0) and Q(1) modes (ortho—para splitting) equals
10.5 cm ™! and is independent of the temperature. Note that the
values of the ortho-para splitting for H, bound onto or in
different hosts reported in the literature are somewhat smaller,
around 6-8 cm '.***? This increase in the Q(0) and Q(1)

Wave number (cm™1)

Absorbance (arb. u.)

|
4180

| . I . |
4120 4140 4160

Wave number (cm™1)

Fig. 3 Section of the IR absorption spectrum of ZIP-8:H,:He taken at
10 K. A ZIH-8:D;:He spectrum was used as a background. The inset
shows the temperate dependencies of the Q(1) and Q(0) lines. The solid
lines are a guide for the eye.

separation can be attributed to the stronger anharmonicity of the
vibrational H-H potential of the adsorbed molecule compared to
that of free hydrogen. Indeed, in the first approximation the
Q(0)-Q(1) separation equals 2o, where 20, is the rotational—
vibrational coupling constant. The latter is given by*’

BZ Ne“e
B “”1], M)

Ole =
We

B,

when the Morse oscillator** is used to model the H-H
interaction. Here B., @., and @.x. are the rotational, harmonic,
and anharmonic constants, respectively. It follows from eqn (1)
that the larger the Q(0)-Q(1) separation, the larger the o,
constants and therefore the anharmonic constants @gx,.
Alternatively, this behavior of H, in ZIH-8 can also be caused
by the interaction between the ro-vibrational modes of hydrogen
and the combinational modes of the linker (see section 6 for
more details).

The Q(0) and Q(1) modes are not the only new signals
observed in ZIH-8:H,:He. Fig. 4 shows extended sections of the
IR spectra presented in Fig. 2. Additional groups of lines
centered at approximately 4480, 4700, 4880, 5100, and
5280 cm™! appear in the ZIH-8:H,:He sample. Note that the
5280 cm~! feature is not shown due to its weak intensity
compared to the other signals. Based on the spectral positions of
these lines, we assign the 4480 and 4700 cm ™' features to the
ro-vibrational transitions S;(0) and S;(1), which in the case of the
free molecule occur at 4500 at 4720 cm '.* The frequency
differences between the S;(J/) and Q(J) modes are equal to
350 (J = 0) and 580 cm ™' (J = 1), which is very close to the pure
rotational transitions of free H, So(0) and So(1).* The splitting of
the S;(J) modes is explained by the interaction of the molecule
with the ZIH-8 host, which reduces the spherical symmetry of
the interatomic potential and lifts the degeneracy of the
rotational states.

We assign the bands at 4880, 5100 and 5280 cm~! to the
double rotational 2S;(0), S1(0) + S;(1), and 2S;(1) transitions of
the molecular pairs, respectively. These modes are typical for the
IR spectra of liquid and solid hydrogen (see for example ref. 45
and 46), which strongly indicates that hydrogen confined in the
pores of ZIF-8 occurs at high densities. Similar multi-excitation

Q(0,1) 10 K

o~

5:(0) S1(0)+51(1)

Absorbance (arb. u.)

| L | L | |
4250 4500 4750 5000
Wave number (cm™1)

Fig. 4 IR absorption spectra of ZIF-8 filled with He, H, + He, and
D, + He taken at 7= 10 K.
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transitions were also reported in the inelastic neutron scattering
study of hydrogen adsorbed in Cg and CuBTC.*7%,

The Q(J) and S(J) transitions observed in the spectra of ZIH-
8:H,:He are red-shifted by approximately 20-30 cm ™! compared
to the values of free H,. This is a typical behavior of physisorbed
H,, which originates from the weakening of the H-H bond due
to the interaction with the linker.*® These values detected for
ZIH-8 can be compared to those reported for other MOFs:
27 ecm™! (MOF-5),° 65 cm™! (MOF-74),° and 64 cm™'
(CuBTC).® We discuss the origin of the Q(J) and S;(J) modes
in more detail in section 6.

5 Calculations
5.1 Trapping sites

There are two possible trapping sites for hydrogen on ZIF-8,
both of which are indicated in Fig. 1A.3%3-% We believe that the
IR features presented in Fig. 4 are due to H, trapped at the
primary adsorption site (referred to as Site 1). Our arguments are
as follows. Site 1 is the imidazolate organic linker and expected
to induce stronger polarization and thus a stronger dipole
moment compared to the secondary site (Site 2). This has been
confirmed by our DFT-based frequency analysis (see below).
Indeed, we found that H, adsorbed at Site 1 (referred to as
H,(1)@ZIF-8) is characterized by a vibrational intensity that is
five times stronger than that at Site 2 (referred to as H(2)@ZIF-
8), namely 32.1 km mol™! vs. 6.5 km mol ™!, respectively. This
should correspond to a more than twice as strong dipole moment
contribution (i.e. first derivative with respect to the H-H
distance) of H,(1)@ZIF-8. Apart from this, the number of
adsorption Sites 1 and 2 are in the ratio 3 : 1, and each instance
of Site 1 exhibits a larger contribution to the adsorption capacity
than Site 2, as follows from our most recent MD simulations,>!
which all point to Site 1 as the primary source of IR absorption
of H,. The hydrogen molecules are weakly bonded at both sites.
We estimated the adsorption energy of H, located over the
imidazolate ring to be 8.6 kJ mol ™! (Site 1), while H, in the pore
channel (Site 2) has the adsorption energy of 6.2 kJ mol™'.

Relatively small shifts of the hydrogen IR features observed
support our theoretical findings that the metal (Zn) site does not
play an important role here (see also ref. 17).

5.2 Ro-vibrational transitions

From a DFT frequency analysis (see section 3) performed for two
hydrogen molecules adsorbed at two different adsorption sites
simultaneously, we obtained IR features at 4071 and 4064 cm™!
corresponding to the adsorption of Hy(1)@ZIF-8 and H»(2)@ZIF-
8, with vibrational intensities of 32.1 and 6.5 km mol !,
respectively. These features represent the fundamental vibrational
transitions v =0 — v = 1 and can be compared to the experimental
vibrational Q(0) transition at 4131 cm ™' (see absorption spectra of
ZIF-8:H,:He presented in Fig. 2). Assuming that this transition
corresponds to adsorption Site 1, our theoretical prediction is off
by 60 cm ™ !. However, the theoretical value of the red shift, Avg)
=43 cm™ !, is in a better agreement with the experiment (30 cm ™).
Here Avq o) is evaluated as the difference between the frequency of
Hy(1)@ZIF-8 and that of free H,, computed using the same level of
theory (PBEPBE/cc-pVDZ). It should also be noted that the

strongest intensities obtained with DFT for this system correspond
to the N-H modes of the host structure (3630-3644 cm ™!, up to
657 km mol ™).

In order to evaluate the dependence of the potential
(interaction) energy Em,@zir-s and dipole moment of the system
H,(1)ZIF-8 on the vibrational and rotational modes, we
performed a number of MP2/aug-cc-pVTZ calculations for the
reduced cluster shown in Fig. 1B. Varying the interatomic
distance H-H at the optimized position,52 we reconstructed both
the potential energy V(R) and dipole moment u(R) functions
shown in Fig. 5 and 6. Here R is the H-H distance. The
computed interaction energies for seven interatomic distances
H-H around the equilibrium are shown in Fig. 5, also compared
to the ab initio potential function of the free hydrogen
molecule.’’ Our MP2 potential of H, adsorbed on ZIF-8 is only
slightly more anharmonic. Assuming that the larger Q(0)-Q(1)
splitting of 10.5 ecm™! in Fig. 3 is caused by the larger
anharmonicity of the H-H interaction potential, from eqn (1)
we obtain the anharmonic constant @.x, ~ 270 cm™!, which
is about 2.2 times larger than that of free hydrogen, @.x. =
121.3 em™" with o, = 3.062 cm ™' and @, = 4401 cm™ ">

With the value of @.x. we can estimate the frequency of D,
from

e (D2) = (Hy)/V2—20cxe(H;)/2=3033em ™" (2)

which is higher than the vibrational transition of free D, at
2994 cm ™ !. We inspected the IR spectra of ZIH-8:D,:He for the
presence of Dj-related signals. A very weak feature at about
3085 cm ™! could be associated with the Q(0) mode of D,. Its
intensity, however, is too weak for an unambiguous assignment.

The induced dipole moment (Fig. 6) exhibits a rather strong
dependence on R, linear to a very good approximation with the
first derivative with respect to R at R = R, is equal to 0.12 D
A~!. This results in the dipole Q(J) (AJ = 0) transitions of H,
observed, assuming that the dipole moment of the system
H,(1)@ZIF-8 can be factorized into the induced dipole moment
of H, and the dipole moment of the host.

The rotational motion of the adsorbed H, can be described as
a hindered rotation, which is illustrated in Fig. 7, where the

1000
800 L
A
g
S 600 L
5
5 400 L
g
3
200 L
0' T T T a
0.65 0.70 0.75 0.80 0.85

R A

Fig. 5 Potential energy (MP2/aug-cc-pVTZ) of the system Hy(1) ZIF-8
as a function of H-H distance (squares) and its interpolation using a
Morse oscillator (solid line). The potential energy curve of free
hydrogen®' is shown by the dashed line.
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Fig. 6 Electric dipole moment (MP2/aug-cc-pVTZ) of the system H,(1)
ZIF-8 as a function of the H-H distance (squares) and its interpolation
using a linear function 3.758 + 0.12(R — R.) (solid line).

dependence of the interaction energy on the polar angle 0 is
shown. Here 6 = 0 corresponds to the equilibrium orientation of
H,, which is approximately perpendicular to the organic linker
(Fig. 1A).2"* The rotational barrier (in terms of the polar angle 6)
is found to be about 270 cm™'. This can be compared to the
barriers of Hy@MOF-5, 142 and 83 (of the primary and secondary
absorption sites),!® and to that of H,@CuBTC, 660 cm™1.*® The
dependence on the azimuthal rotation is essentially less pro-
nounced both in our case and in cases of the systems mentioned, in
the range 1040 cm ™ !. The effect of the internal hindered rotation
on the profile of the IR spectra is discussed below.

The translation motion of H, in MOFs is also known to play an
important role. For example in the cases of H,@MOF-5,
H,@MOF-74, and CuBTC the translational modes were found
to be of about 80-120 cm ™!, which resulted in the corresponding
IR lines appearing blue-shifted relative to the vibrational Q(0)
feature.>® We expect the translational mode of H, in ZIF-8 to be of
the same order of magnitude. Employing the Morse approxima-
tion to the potential functions of Hy@ZIF-8 reported in ref. 52, we
obtain the translation frequency of about 110 cm™'. However, we
could not see any evidence of the translation—vibrational transi-
tions in our IR spectra of Hy@ZIF-8, which is probably because of
the limitations of our current experimental approach.

300 I 1 I L I L L L

~
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Energy (cm
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Fig. 7 Potential energy of the system H,(1)ZIF-8 as a function of the
orientation of H; relative to the host (squares) and its interpolation using
a Fourier series (solid line).

5.3 Hindered rotation

The rotational barrier induced by the interaction with the host
structure removes the m-degeneracy of the H, rotational states.
This results in splitting of the ro-vibrational levels and the
transition frequencies with J > 0. In the case of H,@MOF
systems, this effect is especially pronounced for the S(0) and S(1)
features. Such splittings in the S(0) and S(1) bands were observed
for Hy@MOF-5 (42 cm ™! and 59 em ™!, respectively) associated
with |m| < 2.% In fact, the Q(1) splitting (Am = +1) was also
reported for H@MOF-5 to be about 65 S

6 Discussion

The results of our experiments and calculations reveal that H,
physisorbed on the surface of ZIH-8 gives rise to IR absorption
lines which match the Q(J) and S;(J) ro-vibrational transitions of
the molecule—in agreement with the IR absorption of H,
reported for different MOF materials. It should be mentioned,
however, that this assignment suffers from a number of
inconsistencies failing to explain the following issues. (i) The
spectra presented in Fig. 4 clearly show that the intensities of
the S;(J) and Q(J) modes are comparable. On the other hand, the
Si(J) transitions with AJ = 2 are forbidden in the dipole
approximation and should not be IR inactive. (ii) The ortho—para
splitting between the Q(0) and Q(1) modes is significantly larger
than those reported for other MOF systems: 7 cm ™' (CuBTC),'?
8 cm~! (MOF-74),5 9 cm™! (MOF-5).!°

A possible solution for these puzzles could be an alternative
explanation for the nature of the 4121, 4131, 4480, 4700, 4880,
5100, and 5280 cm ™! lines. Fig. 4 shows that the expected ro-
vibrational transitions of H, occur either at or very close to the
combinational modes of the linker. This implies that even a weak
anharmonic term coupling the two systems should result in a
significant shift of both vibrational modes and, more impor-
tantly, in the appearance of forbidden IR transitions of the
molecule in the IR spectra (Fermi resonance).>* The latter results
from the mixing of the wave functions of physisorbed H; and the
linker so that the molecule “borrows” some intensity from the
host.

It follows from here that apparent intensities of the ro-
vibrational modes, as well as their positions in the spectra, also
depend on the details of the interaction between the molecule
and the linker, rather than on the properties of physisorbed H,
alone. Fermi resonance also implies that the number of IR lines
may not coincide with the number of split-off components of a
degenerate J state, which makes interpretation of the IR
absorption spectra extremely challenging.

7 Conclusions

Combined IR absorption and a first principles modeling study of
zeolite imidazolate frameworks (ZIFs) filled with hydrogen is
presented. It is shown that hydrogen physisorbed in ZIF results
in a number of absorption lines at around 4131, 4121, 4480,
4700, 4880, 5100, and 5280 cm ™", which are assigned to the Q(0),
Q(1), S1(0), S1(1), 2S1(0), S;(0) + Sy(1), and 2S;(1) ro-vibrational
transitions of physisorbed hydrogen, respectively. The adsorp-
tion onset temperature, defined as the maximum temperature at
which localized adsorption occurs, was found to be around 80 K.
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