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ABSTRACT: The role of low binding energy sites on the
adsorption of H, in metal—organic frameworks (MOFs)
with unsaturated metal centers has not been identified. For
instance, the importance of the benzene sites on H,
adsorption at the metal site in MOF-74 has not been
established. We report here experimental evidence that
unambiguously shows that the internal mode of H, ad-
sorbed at the metal site undergoes both a frequency shift and
a marked change in its dynamic dipole moment when H, is
adsorbed at the next nearest neighbor “benzene” site in
MOF-74-Co. The effect of loading (i.e,, occupation of all
benzene sites) also induces spectroscopic shifts in H, at the
metal site. These interactions highlight the role of lower
binding energy sites in H, adsorption.

he weak H, binding energy (BE ~4 kJ/mol) of H, in
Metal—Organic Frameworks (MOFs) is a major drawback
in their use for onboard H, storage, requiring a BE of ~20—25k]J/
mol." Strategies targeting the increase of H, BE in these systems
include postsynthetic modification,” * incorporation of reactive
metal centers,” and exploration of spillover mechanisms.® One of
the routes to increasing the binding energy is the incorporation of
unsaturated metal centers in their structure.” '® For instance,
MOF-74 (M,(dhtp)), dhtp = 2,5-dihydroxyterephthalate) char-
acterized by a 1-D pore structure of ~12 A in diameter with
unsaturated metal centers connecting the benzenedicarboxylate
ligands has shown an enhanced adsorption of H, at 77 K.”'*"
The adsorption sites of H,, determined by neutron scattering,7
are from highest to lowest binding energy: metal, oxygen,
benzene, and pore-center sites. Enhanced adsorption at 77 K
is possible because of the proximity of H, in neighboring sites
(e.g, metal and oxygen) (~2.9 A for D,—D, at 4 K).” This
results in noticeable H, —H, interactions as evidenced by large
variations of H—H stretch frequencies and dynamic dipole
moments in MOF-74-Zn (or Mg).14 Results associated with
such pairing interactions between neighboring H, molecules
are summarized in Figure S1, along with an illustration of the
four adsorption sites.
Theoretical calculations have predicted signatures of next
nearest H, neighbor interactions, such as variations of both
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H—H stretch frequencies and dynamic dipole moments of H,
adsorbed at the metal site when the benzene sites are occupied in
MOF—74-(Zn,Mg).14 There has however been no experimental
evidence of such long-range interactions. Yet MOF-74 with Co
and Ni differ from MOF-74 with Zn and Mg in that the binding
energy of H, at the metal site is stronger and the H,—metal
distance is shorter.” Focusing on the H, molecule adsorbed on
the metal site in MOF-74-Co, we show spectroscopic evidence
for next-nearest neighbor interactions.

The spectral location of the H—H stretch mode for an isolated
H, molecule at the highest binding site is best obtained from IR
absorption measurements at room temperature and moderate
H, pressures (24—SS bar). Under these conditions, the total
loading does not exceed ~1 wt % (see Figure S2), ensuring that
H, is mostly located at the metal site. Figure 1 (bottom) shows
that the H, internal vibration occurs at 4125 cm ™', i.e. is shifted
by ~—30 cm ' from the unperturbed ortho-H, band at
4155 cm'.'® This shift is similar to what was observed for
MOF-74-M (M = Zn, Mg, and Ni)."* The sidebands at 4060 and
4223 cm ', not observed in MOF-74 (Zn, Mg), may be
associated with rotational and frustrated translational modes
(possibly due to the H,—Co distance ~2.13 A)" and are not
the focus of the present work.

A dramatic shift occurs in the H, internal mode at higher H,
loading, achieved at 77 K as shown in Figure 2. The strongest
mode is now located at 4041 cm™ ' at low pressures, ie.
~—121 em ' away from the unperturbed para-H, at
4161 cm™ ' (at 77 K, most H, undergoes an ortho to para
transition). Similar large shifts have been observed for MOF-74-
Ni'” and weaker shifts (~ —70 cm ") for MOF-74 (Mg, Zn)."*
The shifts have been shown to arise from H,—H, interactions for
the Mg and Zn systems using vdW-DFT calculations'* but could
not be calculated for Co or Ni because of the magnetic nature of
these metals. For H, in a paired configuration, the mode of H, at
the oxygen site (expected at ~4120 cm ™ ')'* is weak as shown in
Figure 2 and discussed in the Supporting Information (Figure
S3). While the frequency of isolated H, is very similar in many
systems with both saturated and unsaturated metal centers'* with
no correlation between H, frequency shifts and binding
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Figure 1. IR absorbance spectra at 300 K of (top) activated MOF-74-

Co pressed on a KBr pellet referenced to KBr in vacuum, and (bottom)

difference spectra of hydrogen referenced to deuterium (subtraction is

necessary to minimize variations in the MOF infrared absorption when

guest molecules are introduced).
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Figure 2. IR absorbance spectra of H, adsorbed into MOF-74-Co at 77
K as a function of pressure (0.4—610 Torr). The spectra are references
to the MOF sample in vacuum.
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Figure 3. Integrated areas of 4133 and 4041 cm ™' bands normalized to
their maximum obtained value at t = 0 min at 77 K (integrated in the
range 4086—4155 cm ™ ') as a function of time in the desorption process.
A faster decrease of the bands centered at 4133 cm ™ is observed.

energies,' the frequency of paired H, in MOF-74 is affected by
the H,—metal distance.

As more H, is loaded into the MOF, the intensity of the
4041 cm ' band decreases markedly as that of the 4133 cm ™'
band increases, as shown Figure 2, and was confirmed by time-
dependent measurements at constant pressure (Figure $4). The
dependence of the integrated areas on pressure is summarized in
Figure S5 showing that the population of the site giving rise to the
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Figure 4. (Top) IR absorbance spectra of H, adsorbed at 30 K as a
function of pressure (0.5—897 Torr) and (bottom) differential absor-
bance measured at t = 120 min after lowering the pressure to 0.04 Torr,
referenced to the initial absorbance at ¢ = 0 min, highlighting changes
occurring over time.

4133 cm™ ' band leads to a decrease of the dynamic dipole
moment of H, at the metal site. The assignment of the band
centered at 4133 cm ™ is established by evacuating MOF-74-Co
after loading at 900 Torr at 77 K and measuring the time
dependence of the IR absorption (Figure 3). The fast decrease
of this band intensity indicates that ~90% of the band is related
to H, at the low binding-energy benzene site. The remaining 10%
is most likely associated with H, adsorbed at the oxygen site. In
contrast, the band at 4041 cm ™" decreases very slowly as H, is
removed from the oxygen site, i.e. as H, pairs are broken. These
findings are consistent with theoretical predictions for MOF-74
(Mg, Zn) and from previous observations that H,—H, pairing
effectively stabilizes H, at the oxygen site.'*

Although kinetic limitations restrict H, penetration into the
MOF at low temperatures (T < 50 K) even after 2 h (Figure S6),
large loadings can be achieved in the periphery of the crystallites,
as shown in Figure 4 at 30 K as a function of pressure. Indeed, the
appearance and growth of IR bands in the 4125—4133 cm ™'
range can be associated with H, adsorbed at the lower binding
energy sites (i.e,, benzene or center sites), consistent with a larger
local loading at 30 K than what can be achieved at 77 K. Even
though the local loading in the periphery is higher than that at 77
K, the total integrated area of all the H, absorption bands is less
than that at 77 K, precisely because the regions deep inside the
crystallites are not accessible at 30 K.

Figure 4 (top) shows that the 4041 cm ™' band shifts by an
additional —9 cm ™' and saturates upon further loading (P > 10
Torr). This observation indicates that this additional shift is
associated with the complete occupation of all benzene sites
within the pore (ie., all metal and oxygen sites are occupied as
well). That is, the frequency of H, at metal sites is affected by the
cooperative effect of H, at benzene sites. To test the dependence
of this change on loading, IR spectra were taken as a function of
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time (over a2 h period) at 30 K after evacuation (0.04 Torr). The
overall change is summarized in the bottom part of Figure 4. The
decrease in intensity of the band at 4133 cm ™ is attributed to the
removal of H, adsorbed at the benzene site. The IR band at
4030 cm ™" blue shifts back ~+8 cm ™" with the partial removal
of H, at the benzene site. A small increase in absorption at
4122 cm ™' is attributed to variations (increase) of the dipole
moment of H at the oxygen site.

This same —9 cm ™' shift is observed at the largest pressure
(900 Torr) as a function of time (for a 2 h period) for samples at
77 K (Figure S7). A red shift is observed in the IR band
corresponding to H, adsorbed at the metal site (4041 cm™ ')
as the benzene site is occupied (increase in the band at
4133 cm™"). This observation indicates that this shift can only
occur when all of the benzene sites are occupied in the unit cell.
However, the magnitude of this effect is small, indicating that
only a very small fraction of the unit cells have full benzene site
occupation under these conditions.

In summary, by focusing on the H, internal mode frequency of
H, located at the metal site in MOF-74-Co, we have shown that
next-nearest neighbor interactions with H, at lower binding
energy sites are important. Specifically, the occupation of the
benzene site affects H, at the metal site, and the full occupation of
all benzene sites further modifies the frequency of H, at the metal
site. It is possible that the long-range H,—H, interactions
observed in MOF-74-Co are mediated by the open d-shell nature
of the cobalt metal center. This could occur if the second H,
adsorption would change the crystal field and thus the d-orbital
splitting sufficiently to affect the partial hybridization between
the Co and the adsorbed H, (see Supporting Information
section 8). These results show that, even though the binding
energy of H, adsorbed at the benzene sites is small, there
are interactions that affect hydrogen adsorbed at the higher
binding energy sites that need to be taken into consideration
when a material is considered for hydrogen storage and gas
separation.
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sorption sites in MOF-74, isotherms of H, adsorption at 300 K
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pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
Chabal@utdallas.edu

B ACKNOWLEDGMENT

This work is supported fully by the Department of Energy
(DOE Grant No. DE-FG02-08ER46491).

B REFERENCES

(1) Satyapal, S.; Petrovig, J.; Read, C.; Thomas, G.; Ordaz, G. Catal.
Today 2007, 120, 246-256.

(2) Mulfort, K. L; Farha, O. K; Stern, C. L.; Sarjeant, A. A.; Hupp,
J. T. J. Am. Chem. Soc. 2009, 131, 3866-3868.

(3) Yu-Fei, S; Leroy, C. Angew. Chem., Int. Ed. 2008, 47, 4635-4637.

(4) Wang, Z; Cohen, S. M. Angew. Chem, Int. Ed. 2008,
47, 4699-4702.

(S) Proch, S.; Herrmannsdorfer, J.; Kempe, R.; Kern, C.; Jess, A,
Seyfarth, L.; Senker, J. Chem.— Eur. J. 2008, 14, 8204-8212.

(6) Liu,Y.-Y,; Zeng, J.-L.; Zhang, J.; Xu, F.; Sun, L.-X. Int. ]. Hydrogen
Energy 2007, 32, 4005-4010.

(7) Liu, Y.; Kabbour, H.; Brown, C. M.; Neumann, D. A; Ahn, C. C.
Langmuir 2008, 24, 4772-4777.

(8) Rosi,N.L,; Kim,J.; Eddaoudi, M.; Chen, B.; O’Keeffe, M.; Yaghi,
O. M. J. Am. Chem. Soc. 2008, 127, 1504-1518.

(9) Dinca, M.; Long, J. Angew. Chem., Int. Ed. 2008, 47, 6766-6779.

(10) Dietzel, P. D. C.; Georgiev, P. A.; Eckert, J.; Blom, R.; Strassle,
T.; Unruh, T. Chem. Commun. 2010, 46, 4962-4964.

(11) Dietzel, P. D. C,; Panella, B.; Hirscher, M.; Blom, R.; Fjellvag,
H. Chem. Commun. 2006, 959-961.

(12) Rowsell, J. L. C; Yaghi, O. M. J. Am. Chem. Soc. 2006,
128, 1304-1315.

(13) Dinca, M,; Dailly, A,; Liu, Y.; Brown, C. M.; Neumann, D. A;;
Long, J. R. J. Am. Chem. Soc. 2006, 128, 16876-16883.

(14) Nijem, N.; Veyan, J.-F. o.; Kong, L.; Wu, H; Zhao, Y.; Lij, J;
Langreth, D. C.; Chabal, Y.J. . Am. Chem. Soc. 2010, 132, 14834-14848.

(15) Zhou, W.; Wu, H,; Yildirim, T. J. Am. Chem. Soc. 2008,
130, 15268-15269.

(16) Nijem, N.; Veyan, J.-F.; Kong, L.; Li, K; Pramanik, S.; Zhao, Y;
Li, J.; Langreth, D.; Chabal, Y. J. J. Am. Chem. Soc. 2010, 132, 1654-1664.

(17) Vitillo, J. G;; Regli, L.; Chavan, S.; Ricchiardi, G.; Spoto, G.;
Dietzel, P. D. C.; Bordiga, S.; Zecchina, A. J. Am. Chem. Soc. 2008,
130, 8386-8396.

4784 dx.doi.org/10.1021/ja2010863 |J. Am. Chem. Soc. 2011, 133, 4782-4784



