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Hierarchical Metal Organic Frameworks (MOFs) are a type of MOF
material with both micropores and mesopores. In this work, we
demonstrate heterometallic hierarchical MOF particles formed by
intergrowth of pillared MOFs. Pillared MOF M';(ndc),(dabco)
(M'=Co, Ni, Cu, Zn, ndc=naphthelenedicarboxylic acid, dabco=1,4-
diazabicyclo[2.2.2]octane) particles were synthesized with various
morphologies, on which M';(ndc),(dabco) (M"=Co, Ni, Cu, Zn)
particles were intergrown. The intergrown particles preserved the
structure, crystallinity, and morphology of their respective primary
particles, while creating additional mesoporosity for gas
adsorption. Adsorption of hydrocarbons (CH,;, ethane, ethene,
propane, and propene) at pressures up to 10 bar (absolute) was
performed on the MOFs. The hierarchical MOFs have shown
increased adsorption of hydrocarbons at low pressures, and IAST
selectivity of propane/methane as high as 53 were observed (total
pressure 1 bar, CH, mole fraction: 0.8), suggesting the hierarchical
materials can be used for adsorptive removal of natural gas liquids
from crude natural gas.

Metal-organic frameworks (MOFs) are three-dimensionally
ordered porous materials consisting of metal nodes and organic
linkers. The tunable chemistry of MOF materials gives them
opportunities in applications involving molecular recognition, such
as gas separation['®l gas storage,®'d catalysis,''l and
sensing.['213 The combination of two or more MOF structures in
one crystal can further broaden their applications, where the
precision of molecular recognition can be optimized. For example,
Deng et al. introduced the multivariate MOFs (MTV-MOFs) for
adsorptive CO,/CO separation, in which multiple linkers are
included in one unit cell with tunable linker distribution within one
particle.[' Functionalization of MOFs pioneered by Cohen et al. is
another straightforward method to modify existing MOFs to include
additional features.['® In addition to modifying the linkers, post-
synthesis exchange of linkers and ions brings two or more features
into one MOF framework.!['8l Above the molecular level, intergrowth
of two or more MOF crystals combines their chemistry in one
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particle at the nanoscale and microscale. Intergrown MOF particles
with various configurations, such as core-shell (isotropic)!'’-2% and
intergrowth on specific crystal facets (anisotropic), have also been
prepared.l'®-22 However, the above studies have shown that
although additional features can be prepared in one MOF particle
by intergrowth, the gas adsorption capacity and selectivity were not
significantly increased becauase the MOF pore sizes are
unchanged in those studies. It is therefore conceivable that
introducing larger pores is one way to increase gas adsorption
amount beyond this limit, with the additional opportunity of
capturing and recognizing larger molecules. Recitular synthesis is
a systematic way to control and extend MOF pore size.[?3-23
However, the synthesis of their linkers usually requires dedicated
organic synthesis labs. The large pore reticular MOFs also have
the potential to partially lose porosity upon solvent removal.l:2l
Introducing stable hierarchical porosity by intergrowth is another
method to broaden the pore size distribution.l?”l There have been
very few reports on extending MOF pore size distribution only by
intergrowth. The existing works on MOF intergrowth mainly focus
on limited systems exclusively on the micron-scale,!'7-18.2" and the
dissolution of seed particles remains a common issue.[28-29 |n this
work, we show a general procedure to synthesize intergrown
hierarchical pillared MOF nanoparticles by controlling synthesis
conditions only. 2,6-di-tert-butylpyridine (DTBP) was used as a
(Bregnsted) base to facilitate intergrowth at room temperature,
where the weak Lewis basicity of DTBP resulting from steric
hindrance would not lead to individual nucleation or modify the
structure of MOF seed particles by coordination. In addition, we
show that the mesoporosity created by hierarchical features from
intergrowth MOF led to increased adsorption amount of methane,
ethane, ethene, propane, and propene pure gases compared to
pillared MOF seed particles at pressures ranging from 10°-10 bar
(absolute). Results from adsorption have shown that the
hierarchical MOFs not only adsorbed more gas comparing to the
seed particles, they have also shown high selectivity in C,/CH, and
C3/CH,4 adsorption (according to IAST calculations at total pressure
1 bar and CH4 mole fraction 0.8).

The hierarchical MOFs were synthesized based on a typical
seeded growth approach: seed particles with metal center M' are
placed in a seeded growth solution for M'" MOF to achieve
intergrowth. The seed particles were chosen to be the pillared MOF
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Figure 1. TEM micrograph of representative M"-on-M' MOF, (a) Cu-on-Zn; (b) Ni-on-Zn;
(c) Ni-on-Cu

M's(ndc).(dabco) (M'=Co, Ni, Cu, Zn), due to their highly tunable
chemical structure, anisotropic crystalline structure, and robust
synthesis conditions. The syntheses of the seed particles were
achieved based on previously reported methods 2031 (detailed
procedure included in the experimental section). The different
metal centers give the seed particles distinct morphologies: Cu
MOF particles are plates, Zn MOF and Co MOF particles are rods,
and Ni MOF particles are needles (Figure 1). Powder XRD has
shown that all the seed particles have the pillared MOF structure, 3%
variation in peak widths are from the small dimensions of some
seed particles (Figure S1). Rietveld refinement of powder XRD
patterns have shown (Figure S13-S15) that the structures of Zn, Ni
and Co MOFs are isomorphous to Cuy(ndc),(dabco). ['7]

The anisotropic intergrowth of MOF'"-on-MOF! is attributed to
the electronic structures of respective metals and their asymmetric
coordination with linkers 3234, The anisotropic coordination leads
to different growth rates along axial (z) and equatorial (x,y)
directions. When coordinated with linkers, d® Cu(ll) as paddle wheel
center shows faster coordination on the equatorial plane (x,y) than
along the axial (z) direction. Contrary to Cu(ll), d'© Zn(Il) and d8
Ni(ll) show faster axial coordination. Further, the slowest growing
direction dominate the growth morphology of the crystal B3 In
agreement with the theory, the following relations have been
experimentally observed from the morphologies of the seed
particles: axial growth rate: Ni>Zn>Cu and equatorial growth rate:
Cu>Zn>Ni. Specifically, Zn and Ni MOF' grow faster along metal-
dabco direction which result in rod shaped particles. However, Cu
MOF!' grow faster along metal-ndc direction and result in 2D sheets.

2| J. Name., 2012, 00, 1-3
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& MOF! (seed) + H* [R1]
Metal' + Acid Linker + Base Linker + Additional base +MOF'
<> MOF'-on-MOF! (intergrowth) + H* [R2]

Scheme 1. Reactions involved in the synthesis of M' MOF seed particles (R1) and

intergrowth of M MOF on M' seeds. The reactions are hypothesized to be reversible.

The anisotropic growth theory also applies to secondary
growth: the attachment rate of M" (of MOF") on the surface of MOF!
determines the orientation of the secondary growth. For example,
Cu MOF'"-on-Zn MOF' secondary growth is initiated by the
preferential bonding between Cu and ndc linkers at the equatorial
directions of the Zn paddlewheel, which leads to growth of Cu MOF"
along the equatorial plane (Figure 1a). While Ni favored coordinate
with dabco (axial direction) for Ni-on-Cu and Ni-on-Zn, which leads
to dominating growth of Ni MOF" along the axial direction (Figure
1b and 1c). As a result, MOF" attached on MOF' along their
preferred directions and remain their individual morphologies.
Seeded growth of heterometallic MOFs combines features of both
seed and secondary particles, where their respective distinct
morphologies were preserved. For example, Ni-on-Zn particles
show needle-shaped Ni MOF perpendicularly grown onto rod-
shape Zn MOF. The morphology of this particular intergrowth is
also shown in Figure 2b and 2c. Electron diffraction patterns were
taken on the seed particle and the secondary growth on Ni-on-Zn
MOF as an example (Figure 2d and 2e), in order to investigate the
crystalline orientation of these two parts. Diffraction spots with the
same orientation from both the seed particle and the secondary
growth show that secondary MOF particles are aligned and bound
with seed particles, and that the two parts are not loosely attached.
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Figure 2. Structure and morphology of Ni-on-Zn intergrowth. (a) XRD patterns of Ni-
on-Zn, Ni seed and Zn seed showing that the intergrowth is crystalline; (b) SEM image
of Ni-on-Zn showing the intergrowth morphology; (c) TEM image of the intergrowth
showing two distinct features in one particle. (d-e) TEM and electron diffraction from
the seed and the secondary MOF within one Ni-on-Zn particle.

This journal is © The Royal Society of Chemistry 20xx
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Interparticle spaces in Fig. 2(c) between the Ni MOF needles,
indicating the presence of additional porosity formed by the seeded
growth. This existence of the additional porosity is confirmed by
consistently increasing cumulative pore area over a pore width of 2
nm — 20 nm calculated from Ar adsorption (Figure 3, S6).

Syntheses of all 12 permutations of heterometallic intergrowth
involving Cu, Ni, Co, and Zn were achieved using this seeded
growth method. The intergrowths are denoted as M'"-on-M', where
M' is the metal in the seed particle, and M" is the metal in the MOF
secondary growth. The representative micrographs of all 12
intergrowths are shown in Figure 1 (details shown in Figures S2).
Different metals are shown in different colors to differentiate the
primary (seed) particles and the secondary particles. Powder XRD
patterns from all 12 intergrowths are shown in Figure S1. This
proves that no additional phases were formed during the
intergrowth. Presence of peaks from pillared MOF of both metal are
due to minor mismatches of lattice parameters, that are shown not
to prevent intergrowth from occurring.l'’! In addition, the variations
in peak widths are due to the presence of small dimensions, such
as nanosheets and needles.

Scheme 1 shows the reactions for seed particle formation and
secondary growth. We believe the successful secondary growth
was due to careful control of reaction conditions.

Although it is well known that the presence of H* in MOF
synthesis eventually can lead to dissolution of MOF, and that this
situation can be remediated by adding base to the synthesis
systeml3®l, we believe in the case of seeded growth, a careful
choice of base is critical to ensure the growth rate is faster than the
dissolution rate. As a result, the morphology of MOF' seed particles
were preserved and MOF" grew on MOF! In reaction R1, the
presence of H* results from the deprotonation of acid linker and the
incorporation of the anions into the MOF framework. Following
seed synthesis step, residual H* can be brought to mix with
secondary precursors by addition of the seed dispersion. As the
reaction proceeds, accumulation of H* on the product side can lead
to the dissolution of MOF' and prevent MOF'"-on-MOF' from
formation. Removal of H* and other soluble products by washing
with solvent after the synthesis is one option to reduce the H* level
at the end of the synthesis. However, we believe that controlling the
level of H* during synthesis is the best option. Amines and its
derivatives have been utilized by others to prevent dissolution of
MOF back to precursors during secondary growth, for instance, N-
ethyldiisopropylamine  (EDIPA) prevents IRMOF-1  from
degradation.l?9 Contrary to EDIPA mentioned above, 2,6-di-tert-
butylpyridine (DTBP) captures H* effectively but will not act as a
strong Lewis base, because its Lewis basicity is sterically hindrance
by the tert-butyl groups. Therefore, DTBP was used in all systems

This journal is © The Royal Society of Chemistry 20xx
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igure 3. Cumulative pore surface area 2-20nm measured by Ar adsorption at 87K for: (a) Cu-on-Zn, Cu and Zn seed, (b) Ni-on-Cu, Ni and Cu seed, (c) Ni-on-Zn, Ni and Zn seed.

to prevent dissolution of MOF particles, and was shown to be
applicable to all 12 intergrowths.

Polar aprotic solvents were chosen for seed and secondary
synthesis of MOF particles. A solvent for MOF synthesis should
have relatively good solubility of metal ions and linkers. Polar
solvent is chosen due to its large dipole moment enabling it to
dissolve precursors. Different solvent has different ability to
distinguish the acidity of different acid linkers.[3"] Aprotic solvent can
keep the concentration of H* at relatively low levels comparing to
highly protic solvents such as methanol. Acetone is selected as
solvent since they are polar aprotic solvent with relatively good
solubility for linkers. Therefore, seeded growth is facilitated by
controlling H* and preventing seeds from dissolution with a polar
aprotic solvent.

The concept of hierarchical MOFs in this study was conceived
based on the expectation that the hierarchical features created from
the additional porosity will increase adsorption amounts of
hydrocarbons. Three hierarchical intergrowths were chosen for the
study of hydrocarbon adsorption (Figure.3,4). The adsorption of
methane, ethane, ethene, propane, and propene were tested on
the hierarchical MOFs. The isotherms of hydrocarbon adsorption
on the intergrowth MOF are shown in Figure S3, S4 and S5, as a
representative set of isotherms of intergrown MOFs. Firstly, there
are no differences in the adsorption amount of alkane and alkene
of the same carbon number, indicating that the increased
adsorption amount is not due to chemical adsorption on
unsaturated metal sites (such as the case of alkene adsorption on
MOF-74). The adsorption amounts of hydrocarbons on the
heterometallic intergrowth MOFs M'-on-M' are greatly increased
compared to the primary microporous M! MOF especially Zn MOF.
In order to understand the origin of the increased gas adsorption
amount, the mesopore volume and area of these materials were
studied by Ar adsorption. We observe that there are higher
cumulative mesopore volume and mesopore area created by the
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Figure 4. Calculated gas adsorption amounts from mixtures on Ni-on-Zn intergrowth
based on IAST (ideal adsorbed solution theory): (a) ethane/methane mixture, (b) 3
ethene/methane mixture, (c) propane/methane mixture, (d) propene/methane mixture.
Calculations were performed for 294 K and a total pressure of 1 bar (absolute).
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intergrowth (Figure 3, S6). We believe polarizability effect dominant
in adsorption process which indicates MOF with larger polar
surface area is a good adsorbent candidate.*® The naphthalene
ring from ndc and N atom from dabco provide a polar environment
through conjugated T electron reservoir.3® The following
polarizability trend: propane, propene > ethane, ethane >
methanel'l explains the favorable adsorption of C; and results in
selective adsorption. Also, the intergrown MOF created easily
accessible mesopore surface that exhibits polarity. The higher
polar surface area and volume compare to seed MOF explains
improved adsorption capacity. The above led us to believe that the
additional mesopores created by the hierarchical features are
responsible for the increased amount adsorbed of all molecules,
especially the C, and C; hydrocarbons investigated in this study.

Inspired by the different amount of gases adsorbed at low
pressures, as well as the steep isotherms of C, and C;
hydrocarbons, we expect that the materials could be used for
removing C, and C; hydrocarbons (natural gas liquids) from natural
gas by adsorption (such as pressure-swing adsorption or vacuum-
swing adsorption). We calculated mixed gas adsorption selectivity
using the IAST (ideal adsorbed solution theory) from single gas
adsorption data.l*?l Predicted Ci/methane adsorption selectivity
was shown to be approximately 50 with a 101.3 kPa total pressure
and 20% C; and 80% methane gas phase. Additional predicted
selectivities are shown in Supporting Information (Figures S7-S11,
Table S1).

Conclusions

In conclusion, we have demonstrated that the heterometallic
intergrowth of two pillared MOFs can be achieved among Cu,
Zn, Ni and Co. A general strategy involving controlling the
Brgnsted acid, Lewis base, and solvents for synthesis was the
key to successful intergrowths of the MOFs. The intergrowths
show hierarchical morphology and porosity. The 2-20 nm
mesopores were responsible for adsorbing increased amounts
of light hydrocarbons. The materials also showed high
adsorptive selectivity for light hydrocarbon/CH, separation.
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