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The adsorption behavior of GHand N, (298 K, 30 bar) in a series of isoreticular metakganic
frameworks (IRMOFs) was investigated by Raman spectroscopy. Fgrtka+, vibrational mode shifted
to lower frequency by 7.6, 8.4, 11.0, 10.3, and 10.1 £from 2917 cm* when adsorbed to IRMOF-1,
-6, -8, -11, and -18, respectively. Along this same series, the adsogb&delch exhibited smaller shifts
of 2.7, 3.1, 4.2, 4.1, and 3.7 cth These shifts arise because of interactions within the framework pores,
and not with the outer crystal surface. In all cases, Raman spectra at pressures up to 30 bar showed that
saturation of the sorption sites does not occur. The observed shifts of the vibrational modes for each gas
indicate different chemical environments within different IRMOFs, pointing to the important role the
linkers play in the adsorption of gases.

1. Introduction it is important to develop an understanding of the adsorbate/
adsorbent behavior in the pores, an area that remains largely
unexplored in MOFs. Within each framework, there are two
distinct sites where the gas molecules may adsorb: the metal
cluster and the organic linker. A series of low temperature
and pressure inelastic neutron scattering (IN@nd X-ray
diffraction’ experiments have implicated the metal cluster
as primary binding sites. Computational stuéiés have
corroborated these observations and led to the prevailing
Pelief that adsorption to the linkers is a minor contributor to
gas uptake. Here, we investigate this hypothesis with Raman
spectroscopy at room temperature and elevated pressure to
determine if this behavior holds under conditions more
relevant to storage applications. This analysis method is a
powerful technique for probing the adsorbate/adsorbent
interactions offering facile detection of perturbations to the
vibrational modes of the gaseous guest created by interactions
with the framework? In the present paper, we investigate
the Raman spectra of GHnd N, adsorbed in samples of
IRMOF-1, -6, -8, -11, and -18 (Figure 1). This series, which

is built from a common metal cluster motif, offers a range

Metal—organic frameworks (MOFs) are extended crystal-
line porous structures with extraordinary surface areas that
enable unprecedented adsorption phenomeh& MOF
consists of a metal ion or metal cluster linked together by
organic units to give a well-defined periodic structtPdBy
systematically varying the organic linker, we can synthesize
a series of MOFs with controlled chemical and physical
properties without altering the underlying topology. Such a
series has been created on the basis of the cubic topology o
MOF-5, wherein a Z§O cluster is used in conjunction with
the linear organic linker benzene-1,4-dicarboxyfaggying
rise to isoreticular metalorganic frameworks (IRMOFs).
As the parent structure, MOF-5 is designated as IRMGF-1.

The high surface areas and tunable porosities exhibited
by IRMOFs make them attractive for adsorption processes.
The application of IRMOFs as media for gas storage has
become especially appealing because of the possibility of
these serving as hosts to alternative fuels such ag &€H
H,. The difference in adsorption affinities of IRMOFs for
these and other gases has been repdfie@iven the
emerging applications of IRMOFs as gas storage materials, ) gosi N. L.; Eckert, J.; Eddaoudi, M.; Vodak, D. T.; Kim, J.; O'Keeffe,

M.; Yaghi, O. M. Science2003 300, 11271129.
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Figure 1. Dicarboxylic acid forms of the linkers used for the synthesis of IRMOF-1, -6, -8, -11, and -18.

of pore sizes, surface areas, and chemical environments

across which to compare the binding of gases to determine 30000
if the linker contributes substantially to gas sorption behavior.
IRMOF-1, -6, and -18 are similar in the dimensions of the
pores, but differ in the nature of functional groups adorning
the interior: hydrogen atoms on the benzene ring in IRMOF-
1, methyl groups for IRMOF-18, and a cyclobutenyl group 10000-
for IRMOF-6. The influence of expanded pore size is
investigated with the remaining two IRMOFs, which relate

to IRMOF-1 by substitution of the benzene ring with [ e
naphthalene (IRMOF-8) or 4,5,9,10-tetrahydropyrene (IR- 2940 2925 2910 2895 2880
MOF-11). Wavenumber (cm™")

Figure 2. Raman spectrum of CH(298 K, 30 bar) adsorbed in
IRMOF-1.
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2. Experimental Section

IRMOF-1, -6, -8, -11, and -18 were synthesized as detailed Corporation (www.vticorp.com) at 298 K and pressures up to 90
earlier2® Microcrystalline samples were placed in a high-pressure bar. The dosing manifold was isolated from the sample cell and
Raman cell (HPRC) containing a chamber capable of simulta- maintained at 318 K, whereas the sample cell temperature was
neously holding multiple samples. The HPRC was evacuated to maintained at 298 K via a recirculating bath. Prior to sorption
<1 x 107 bar prior to charging with a fixed pressure (typically ~measurements, IRMOF-1 was activated as previously descibed,
30 bar) of the gas to be investigated and the internal pressure wascharged into the sample cell, and then evacuated ox 10°°
monitored during the experiment with a liquid-filled gauge. Raman bar. The void volume of the cell was determined by expansion of
spectra were collected at room temperature through a glass windowa known amount of He gas from the dosing manifold into the
located above the chamber platform. sample cell. Accurate gas-phase compressibility fac@ss Zn,)

A Renishaw inVia Raman microscopy system equipped with a are required to calculate the correct number of moles of gas since
785 nm diode laser and a 1200 lines/mm grating was used for Z(p,T) is a function of temperature and pressure. Incorporated
spectrum collection through an Olympus SLMPlan<26bjective into the HPA software are the equations of state from the NIST
(0.35 numerical aperture). The slit width of the collection reference fluid thermodynamic and transport properties (REFPROP
aperture was kept at 50m. All spectra were obtained in extended version 7.0), which allow the determination of the compression
scan mode in the range of 3206000 cnt! for analysis of factors of the gas both in the dosing manifold and in the sample
framework bands, 30562750 cnt? for analysis of the/; band of cell. A N, isotherm was then constructed from adsorption data
CH,, and 2506-2200 cnt? for monitoring the N stretch. Calibra- collected from 0 to 90 bar and from desorption data from 80 to 4
tion of the laser was performed in static scan mode using a silicon bar.
standard.

For assignment of peak positions, spectra were obtained for four 3. Results and Discussion
samples of each IRMOF, all under the same conditions, and
analyzed with the Peak Fitting feature in ACD/SpecManager version ~ Globally, IRMOFs have two very chemically different
8.11 (ACD/Labs). The peak shape was determined by a Gaussian sites: namely, the zinc oxide unit and the organic linker.
Lorentzian function, with width limits in the range @0 cnr?, For IRMOF-1, inelastic neutron scattering (INS) at 10 K has
depending on peak broadness. Each spectrum exhibited two peaksshown that H adsorbs to both sites, with the zinc cluster
one belonging to the free gaste) and the second arising because gjte being preferred at lower partial pressureSimilar
of adsorbed gas/fqsorbed (Figure 2). The difference in frequency behavior was demonstrated for both IRMOF-8 anti18
e e o o, Sle-crystl X2y difracton stucies performe at 30 K

“for N, and Ar in IRMOF-1 have also proven that adsorption

This shift in frequency was found to be independent of laser power .
(see the Supporting Information). Gk99.999%, Matheson Trigas) takes place at both sitéddowever, for CH, the preferred

and N (99.999%, Cryogenic Gases) were used without additional sorption sites have not been determined. Raman spectroscopy

purification. provides a viable way to investigate adsorption interactions
Adsorption isotherms were measured via the static volumetric by analyzing the vibrational modes of both the gas and the

method in an HPA-100 (high-pressure analyzer) from the VTl adsorbent. Furthermore, if connections between spectroscopic
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features and gas sorption strength or capacity can be drawn
Raman spectroscopy has the potential for being an effective
analytical method for nondestructively screening new MOFs
on the microscale.

CH, has four fundamental vibrational modes in the gaseous ,

state, two of which are Raman active: (1) the-i&
symmetrical stretching mode at 2917 cm?, and (2) the
out-of-plane degenerate deformatienat 1526 cm?. The
N, stretch can be found at 2330 cinUpon adsorption, the

intermolecular interactions between adsorbent and gas altel
the intramolecular potential of the gas molecules, causing

displacements of the vibrational modés?These shifts may
occur either to higher frequency (upshift: negative) or

to lower frequency (downshift: positivey). A positive Av

is indicative of bond strength weakening within the gas
molecule'>1® A number of studies have established that;CH
and CQ adsorption in NaA, CaA, and NaX zeolit€s,’CH,

in ion-exchanged ZSM zeolité& andp-xylene in ZSM-56

all produce positiveAv’s.

The adsorption behavior of GHind N in IRMOFs was
investigated by monitoring the vibrational modes of the
gases. When CHis in the pores of IRMOF-1, the high
intensity v, vibrational mode is perturbed to lower
frequency by 7.6 cmt (Figure 2). Comparison of the two
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Figure 3. Room-temperature Raman spectra of (a) IRMOF-1, (b) IRMOF-
6, (c) IRMOF-8, (d) IRMOF-11, and (e) IRMOF-18.

bands observed for adsorbed R IRMOF-1 are the result
of the interaction between the gas and the inside walls of
the frameworks and not with the outer surface of the
IRMOF 23

The characteristic Raman frequencies of IRMOF-1 were
also monitored throughout the addition and removal of gas,
to ensure framework integrity as well as to determine the
nature of the adsorption process. Addition of the gas did not

bands reveals that the adsorbed gas peak is broader than in@ffect the framework peaks significantly, an indication that

free gas peak, suggestive of multiple sorption sites participat-

ing in gas binding??° Adsorption of N in IRMOF-1

revealed smaller shifts in the stretching frequency of the gas

(Av = 2.7 cm}) than were observed for GHPrevious work

with zeolites has also revealed smaller shift magnitudes for

N2_13

physisorption dominates rather than chemisorption. Previous
powder X-ray diffraction studies and multiple cycles of
adsorption and desorption have unequivocally proven that
at low pressures, inclusion and evacuation of guests does
not alter the IRMOF scaffoldsAt high pressures, integrity

of the framework has been verified for fith IRMOF-1 1424

but little data exist for the more strongly adsorbing, Wr

The possibility that the observed shift is due to interactions CH.. A reversible adsorption process was confirmed by
between the gas and the IRMOF-1 crystal surface, as ha%nspection of the framework Raman spectra (Figure 3), before

been implicated in IR spectroscopic studies gfddsorbed

in this MOF?2! was ruled out by exposing samples of the
dicarboxylic acid form of the linker, as well as crystals of a
chemically similar but nonporous zinc compound {@fO,-
CGCsHs)e)?? to 30 bar of CH gas. Raman spectroscopy of
these samples in the range 36@B00 cmt is marked by

the singular presence of the free gas. This suggests that th

(13) Cohen de Lara, BRhys. Chem. Chem. Phyk999 1, 501—505.

(14) Centrone, A.; Siberio-Pez, D. Y.; Millward, A. R.; Yaghi,
O. M.; Matzger, A. J.; Zerbi, GChem. Phys. LetR005 411, 516—
519.

(15) Hansen, S. B.; Berg, R. W.; Stenby, E.Abpl. Spectrosc2001, 55,
745-749.

(16) Huang, Y. N.; Leech, J. H.; Havenga, E. A.; Poissant, R.
Microporous Mesoporous Mate2001, 48, 95—-102.

(17) Cohen de Lara, E.; Delaval, ¥. Phys. Chenil974 78, 2180-2181.

(18) Yamazaki, T.; Watanuki, |.; Ozawa, S.; Ogino,Dangmuir1988§ 4,
433-438.

(19) For IRMOF-1, the orientation of the benzene rings results in pores of
two sizes, with the hydrogen atoms pointing into the center of the

R.

and after gas exposure, which revealed the absence of both
significant shifts and of new peaks.

Raman spectra collected at various pressures for both CH
and N, showed that the intensities of the free and adsorbed
bands increased with pressure, indicating that saturation of
the adsorption sites does not occur below a pressure of 30
%ar. This observation was confirmed by high-pressuse N
sorption experiments carried out at 298 K. A typical N
isotherm is shown in Figure 4 for IRMOF-1. The adsorption
branch clearly shows that saturation uptake @f Which
would manifest itself as a plateau in the isotherm, is not
achieved even at pressures of 90 bar. The Raman spectra
collected at various pressures also demonstrated that the
difference in frequency between free and adsorbed gas
remains fairly constant as a function of pressure (see the
Supporting Information).

For IRMOF-8, thev, vibrational band of Chlis displaced

smaller set of pores, whereas the faces of the benzene rings surroundby 11.0 cnmit in the same direction as in IRMOF-1, followed

the larger pores. This may provide multiple sorption sites (i.e., the
edges of the linker in the smaller pores, and the faces of the linker in

the larger pores) as suggested by crystallographic studies of Ar (23) Further support for the notion that binding to the internal surface of

adsorbed at 30 K in IRMOF-1. See ref 9.

(20) Buda, C.; Dunietz, B. OJ. Phys. Chem. B00G 110, 10479-10484.

(21) Bordiga, S.; Vitillo, J. G.; Ricchiardi, G.; Regli, L.; Cocina, D;
Zecchina, A.; Arstad, B.; Bjorgen, M.; Hafizovic, J.; Lillerud, K. P.
J. Phys. Chem. R005 109 18237-18242.

(22) Clegg, W.; Harbron, D. R.; Homan, C. D.; Hunt, P. A,; Little, I. R,;
Straughan, B. Plnorg. Chim. Actal991 186, 51—-60.

the MOF rather than the outside of the crystals comes from estimating
the relative surface area ratio for crystals of the average size used in
the experiments. A 15@m cubic particle would have an external
surface area of 1.3& 10° um? and an internal surface area of 66 900
x 10° um?.

(24) Wong-Foy, A. G.; Matzger, A. J.; Yaghi, O. M. Am. Chem. Soc.
2006 128 3494-3495.
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Figure 4. High-pressure gas adsorption isotherm for iN IRMOF-1,
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Figure 5. Normalized room-temperature Raman spectra of, (30 bar)
adsorbed in IRMOF-1, -6, -8, -11, and -18.

Table 1. Raman Frequencies of the Vibrational Transitions
of N> and CH4 Adsorbed on IRMOF-1, -6, -8, -11, and -18 at
30 bar (Av = viee — Vadsorbed; Peak Positions are Accurate to

within 0.1 cm™?

CH4 N2
sample/sorbent v;(cm™)  Avi(cm™)  v(emb)  Av(cm)
IRMOF-1 2909.9 7.6 2327.0 2.7
IRMOF-6 2909.2 8.4 2326.7 3.1
IRMOF-8 2906.9 11.0 2325.8 4.2
IRMOF-11 2907.5 10.3 2326.0 4.1
IRMOF-18 2907.8 10.1 2326.4 3.7

by IRMOF-11, -18, and -6, with shifts of 10.3, 10.1, and
8.4 cn! respectively (Table 1, Figure 5). For each of these

SiberitrPeet al.

Recent data suggest that IRMOF-8 may exhibit interpen-
etration?® whereas it is known that IRMOF-11 is doubly
interpenetrated.Interpenetration has long been perceived
as a hindrance to transport and adsorption of molecules
within porous media. However, it is now recognized that
interpenetration can be beneficial by providing a higher
density of adsorption sites with enhanced affinity,
conditions that are ideal for adsorption of small molecéfes.
The Raman spectroscopy data presented here support this
notion, as evidenced by the higher shifts experienced by CH
molecules when adsorbed in both IRMOF-8 and IRMOF-
11. In turn, because IRMOF-8 has shorter linkers, and
therefore smaller pores, a molecule adsorbing to interpen-
etrated IRMOF-8 will be more confined than if adsorbing
to IRMOF-11. It should then be expected that the looser
association experienced by this same molecule in IRMOF-
11 will result in less interaction with the framework and
smaller shifts to the vibrational modes of the gas. Experi-
mentally, this is borne out.

It has been determined for,HD,, N,, and Ar that both
the metal oxide unit and the organic linker can serve as
adsorption sites for gas molecules. Although this has not been
determined for Clj the same type of adsorption behavior
might well be expected. In the limiting case of dominant
adsorption to the zinc oxide unit, the Gitould experience
the same\v; shift independent of the IRMOF being studied.
At room temperature and high pressure, conditions that are
relevant to storage systems, adsorption is clearly not domi-
nated by the metal clustéf.The disparate shifts observed
for a series of IRMOFs, built with the same metal cluster
but with chemically different linkers, leads to the conclusion
that the CH is in dramatically different chemical environ-
ments; similar behavior has been observed in a series of
ZSM-5 zeolites, where the presence of different counterions
allowed for the adsorbed gas to be perturbed uniquely,
indicating adsorption of the gas in the vicinity of the catién.
Thus, in the IRMOF series, the linkers are important sites
of adsorption.

Adsorption of N in these same IRMOFs reveals that the
perturbations to the Nstretch are much smaller (Table 1).
However, as observed for GHRMOF-8 is still able to more
strongly perturb the vibrations of JNas evidenced by the
greaterAv (4.2 cnt?), followed in magnitude by IRMOF-

11, -18, -6, and finally IRMOF-1.

4. Conclusions

compounds, saturation of adsorption sites was not observed

below 30 bar, and integrity of the framework was

confirmed during adsorption and desorption processes.
g P P P cpy Raman spectroscopy. The shifts in these frequencies yield

to the energy of interactioff;*8it can be concluded that GH
molecules are able to more strongly bind to IRMOF-8 than
for all other samples. This also implies that the £H
IRMOEF-1 interaction is the weakest of all, with IRMOF-11,
-18, and -6 having intermediate binding strengths, in

descending order. The frequency shift, however, does not

imply that the CH capacity in the IRMOFs will follow this

same trend because binding strength is not related to ultimat

capacity?*

The perturbations in the vibrational modes of £&hd
N, adsorbed in a series of IRMOFs have been investigated

information on the type and the strength of the adsorption
interaction. Shifts for Chiranged between 7 and 11 cin
with IRMOF-8 inducing the greatest shift. A larger shift

(25) Rowsell, J. L. C. Hydrogen Storage in Met&rganic Frameworks:
An Investigation of StructureProperty Relationships. Ph. D. Dis-
sertation, University of Michigan, Ann Arbor, MI, 2005.

(26) Rowsell, J. L. C.; Yaghi, O. MAngew. Chem., Int. EQR005 44,
4670-4679.

é27) In the case of IRMOF-18, the orthogonal orientation of the pendant

methyl groups with respect to the carboxylates hinders adsorption to
the ZnO clusters. See ref 6.
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indicates that the interaction between £ihd IRMOF-8 is selection of the appropriate linker with the highest affinity
greater than for the other IRMOFs. Fos,Nhe shifts were ~ for gases will provide an optimal storage material.
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