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Abstract: Compositions as well as morphologies and struc-
tures of particles are vital factors that define their properties
and applications. However, the morphology and structure
changes associated with the composition change of metal-
organic frameworks (MOFs) are barely studied. Herein, we
report the morphology and structure changes of MOF particles
associated with the ratio of two organic linkers incorporated
within MOF particles, when they are constructed from the
reactions of In(NOj3); in the presence of isophthalic acid
(H,IPA) and/or 1,4-benzenedicarboxylic acid (H,BDC). Two
tendencies—the tendency of BDC and In’* to form porous
crystalline hexagonal rods, and the tendency of IPA and In’" to
form non-porous amorphous spherical particles—compete
during the formation of MOF particles. Eventually, the
incorporated ratio of BDC and IPA within the MOF particles,
and thus their morphology and porosity, are controlled by
altering the relative amounts of H,BDC and H,IPA used
during the reactions.

Micro- and nanoparticles constructed from atomic or
molecular building blocks are of great interest because of
their broad applications in catalysis, optics, sensing, and
medical diagnostics.! Not only the compositions of micro-
and nanoparticles, but also their morphologies and structures
are important factors that define their properties and
applications. Therefore, understanding changes in the mor-
phology and structure of particles in response to change in the
composition is critical for the controlled formation of
particles. On the other hand, metal-organic frameworks
(MOFs) or coordination polymers (CPs) have fascinating
properties such as a high surface area, well-developed pores,
and tunable compositions, and are therefore widely applied in
gas storage, separation, catalysis, and sensing applications.”
In these days, several micro- and nanosized MOFs and CPs
have been developed for the production of advanced
materials with enhanced properties and extended applica-
tions.”! Moreover, MOF materials containing more than two
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kinds of metal ions or organic linkers have received a great
deal of attention because they have extraordinary proper-
ties.! However, the morphological and structural changes
related to the compositional change of MOFs have not been
well studied. Herein, we report the interesting morphological
and structural evolutions of MOFs according to the degree of
contributions of two organic linkers, isophthalic acid (H,IPA)
and 1,4-benzenedicarboxylic acid (H,BDC), during the MOF
particle construction. Highly crystalline porous MOF par-
ticles were generated when the contribution of BDC linkers
within the framework was dominant; however, amorphous
non-porous MOF particles resulted when the contribution of
the IPA linkers was superior. We also found that the resulting
morphological feature of MOF particles as well as their
porosity and structure were closely related to the relative
amounts of the two organic linkers incorporated within MOF
particles (Scheme 1).
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Scheme 1. Morphological evolution of MOF particles constructed from
the solvothermal reactions of In(NO;); in the presence of H,IPA and/
or H,BDC.

The solvothermal reaction of In(NOs); and H,IPA in N,N-
dimethylformamide (DMF) resulted in the formation of
amorphous spherical particles with rough surfaces (Fig-
ure 1a). However, crystalline hexagonal rods were generated
from a similar reaction between In(NO;); and H,BDC instead
of H,IPA (Figure 1b), as reported before.” Such hexagonal
rods are known to have a well-defined three-dimensional
hexagonal structure of In-MIL-68.) However, we obtained
a featureless powder X-ray diffraction (PXRD) pattern for
spherical particles, indicating the formation of amorphous
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organic linkers used during the reactions was monitored by
scanning electron microscopy (SEM). In general, as the
relative amount of H,BDC used during the construction of
MOF particles was increased from 33 to 87 %, the morphol-
ogy of MOF particles changed from spheres to ovals,
angulated ovals, and finally almost hexagonal rods (Figure 2).

In detail, when a small amount of H,BDC (5 mg) and
a large amount of H,IPA (10 mg) were used during the
reaction, only spherical particles were produced (Figure 2a).
Spherical particles may be produced because of the dominant
contribution of IPA linkers during the construction of MOF
¢ d particles. When the amount of H,BDC used during the

reaction was increased slightly to 7.5 mg and the amount of

Spheres H,IPA was reduced to 7.5 mg, a small proportion of oval-

F} shaped MOF particles (designated as ovals) and a large

% e proportion of spherical parti.cles were produced (Figure 2b).
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Figure 1. SEM images of a) spherical particles constructed from In*"
and H,IPA, and b) hexagonal rods constructed from In*" and H,BDC.
c) PXRD patterns of spherical particles (top), hexagonal rods (middle),
and the simulated pattern of In-MIL-68 (bottom). d) N, sorption
isotherms of spherical particles (red) and hexagonal rods (black)
measured at 77 K. Solid symbols are adsorption and open symbols are
desorption.

materials (Figure 1c¢). Infrared (IR) spectra of both spherical
particles and hexagonal rods revealed the coordination of the
carboxylate groups of IPA and BDC linkers to In**, as
indicated by the characteristic shift of the CO stretching
bands to 1609 and 1558 cm™" after particle formation from
1693 and 1690 cm™' for uncoordinated H,IPA and H,BDC,
respectively (see Figure S1 in the Supporting Information).
Hexagonal rods of In-MIL-68 constructed from In(NOs); and
H,BDC are known to be a quite porous material, as shown in
N, sorption isotherms; however, the N, sorption isotherms of
spherical particles constructed from In(NO;); and H,IPA
revealed the formation of poorly porous materials (Fig-
ure 1d). The Brunaure-Emmett-Teller (BET) surface area
and total pore volume of the hexagonal rods were 1506 m*g ™"
and 0.73 cm®g~', respectively; however, the BET surface area
and total pore volume of the spherical particles were only
69 m’g ! and 0.25 cm®>g !, respectively.

Porous and crystalline hexagonal rods were constructed
from the reaction of In*" and H,BDC, while poorly porous
and amorphous spherical particles were generated from In*"
and H,IPA. An additional curiosity on the morphological and
structural changes of MOF particles associated with the
incorporated ratio of the two organic linkers (H,IPA and
H,BDC) within MOF particles prompted us to conduct
further study. Within such a curiosity, a series of reactions in
the presence of In*" and various ratios of H,IPA to H,BDC

Figure 2. a—f) SEM images showing the morphological evolution of
MOF particles constructed from the solvothermal reactions of In-
(NOs); in the presence of various ratios of H,IPA and H,BDC. The
have been carried out. First of all, the morphological ratios of H,IPA:H,BDC (w:w) used during the reactions were (a) 10:5,
evolution of MOF particles according to the ratio of the two  (b) 7.5:7.5, (c) 6.5:8.5, (d) 5:10, (e) 3.5:11.5, and (f) 2:13.
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formation of spherical particles occurred as the amount of
H,BDC was increased to 10 mg and the amount of H,IPA was
decreased to 5 mg (Figure 2d). When the amount of H,BDC
used was increased to 11.5 mg and the amount of H,IPA used
was decreased to 3.5 mg, angulated ovals were the only
product (Figure 2¢). Increasing contribution of BDC linkers
within MOF particles possibly induce the formation of
particles with morphology closer to hexagonal rods than
spheres. Finally, when a very large amount of H,BDC (13 mg)
and a small amount of H,IPA (2 mg) were used during the
reaction, nearly hexagonal rods with a slightly inflated portion
in the middle of rods were obtained (designated as inflated
hexagonal rods, Figure2f). Based on these results, we
concluded that the morphology of intermediate MOF par-
ticles constructed from the reaction of In** in the presence of
both H,IPA and H,BDC is dependent on the relative amounts
of the two organic linkers used during the reactions. MOF
particles constructed in the presence of large amounts of
H,BDC resembled hexagonal rods, because the dominant
incorporation and significant contribution of BDC linkers
were involved during the particle formation. However, MOF
particles constructed in the presence of large amounts of
H,IPA resembled spherical particles because of the dominant
contribution of IPA linkers in the particle formation.

The chemical compositions of a series of MOF particles
were determined by energy dispersive X-ray (EDX) and
"H NMR spectroscopy. First, EDX spectra of a series of MOF
particles revealed that all products consisted of metal ions and
organic linkers, as confirmed by detection of indium, carbon,
and oxygen atoms (Figure S2). Second, the exact ratios of the
amounts of both IPA and BDC linkers incorporated within
particles were determined by '"H NMR spectra of the digested
MOF particles in [D,]acetic acid and [D4]DMSO (Figure 3).
The ratio of IPA and BDC linkers within the inflated
hexagonal rods was determined to be 1:5.76 by integrating
the peaks in the spectrum (Figure 3 f). It should be remained
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Figure 3. a—f) 'H NMR spectra of differently shaped MOF particles
digested in [D,Jacetic acid and [Dg]DMSO. The ratios of H,IPA:H,BDC
(w:w) used during the reactions to construct MOF particles were
a) 10:5, b) 7.5:7.5, ¢) 6.5:8.5, d) 5:10, e) 3.5:11.5, and f) 2:13. a'-
f) PXRD patterns of MOF particles.
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that the inflated hexagonal rods were constructed from the
reaction of In*" in the presence of 1:6.5 of H,IPA:H,BDC
(w:w). The relative amount of IPA to BDC within the
angulated ovals was 1:2.95 (Figure 3¢) when these particles
were constructed in the presence of 1:3.29 of H,IPA:H,BDC.
'HNMR spectra of the digested spherical particles con-
structed from the reaction of In** and 1:0.5 of H,IPA:H,BDC
revealed that they consisted of 1:0.5 of IPA:BDC (Figure 3 a).
These results indicated that the relative amounts of IPA and
BDC linkers incorporated within MOF particles were fairly
consistent with those of H,IPA and H,BDC used during the
reactions, as shown in Figure 3.

The PXRD patterns of inflated hexagonal rods (Fig-
ure 3f'), angulated ovals (Figure3e’,d’), and ovals (Fig-
ure 3¢’) were almost identical to those of pure hexagonal
rods of In-MIL-68. Even though IPA linkers in addition to
BDC linkers were present in MOF particles, MOF particles
constructed from the dominant contribution of BDC linkers,
such as inflated hexagonal rods, angulated ovals, and ovals,
were highly crystalline materials that had a three-dimensional
hexagonal structure similar to that of pure In-MIL-68.
However, spherical particles (Figure 3a’), which contained
a relatively high proportion of IPA linkers, had amorphous
characteristic similar to particles produced from pure IPA
linkers. Based on these results, we concluded that highly
crystalline MOF particles were produced when the contribu-
tion of BDC linkers to MOF particles increased, while
amorphous MOF particles were obtained when the contribu-
tion of IPA linkers to MOF particles increased. A plausible
reason for the structural transition from crystalline to
amorphous can be found from the different degree of
disorders of the two organic linkers. Many possible disorders
of IPA linkers within the MOF structure likely resulted in the
formation of amorphous materials during the rapid synthesis
of MOF particles. Several crystalline MOFs containing IPA
linkers have been reported;”) however, these crystalline
MOFs were usually constructed slowly to ensure sufficient
time for the construction of a well-ordered crystalline
structure.

The porosities of a series of MOF particles were obtained
from their N, sorption isotherms. In general, the BET surface
areas and total pore volumes of MOF particles increased with
increasing the amounts of BDC linkers incorporated within
MOF particles, thereby increasing the contribution of BDC
linkers within the framework (Figure 4). Hexagonal rods
constructed from In** and pure H,BDC were highly porous,
while spherical particles constructed from In*" and pure
H,IPA were almost non-porous (Figure 1d). In detail, spher-
ical MOF particles (see Figure 2a) consisting of 1:0.50 of
IPA:BDC were non-porous materials (12m’g™' and
0.03cm’®g™") while the BET surface area and total pore
volume (79 m?’g~" and 0.12cm’g™") of products containing
a major proportion of spherical particles with a minor
proportion of ovals (see Figure2b) were slightly higher
than those of spherical particles because of the contribution
from small amounts of oval particles. As the contribution of
BDC linkers within MOF particles increased, the BET
surface areas and total pore volumes of MOF particles
steadily increased (Figure 4). The BET surface areas and total
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Figure 4. a) N, sorption isotherms measured at 77 K and b) CO,
sorption isotherms measured at 195 K of differently shaped MOF
particles constructed from the reactions of In(NO;); in the presence of
various ratios of H,IPA and H,BDC. The ratios of H,IPA:H,BDC (w:w)
used during the reactions were 10:5 (cyan), 7.5:7.5 (blue), 6.5:8.5
(green), 5:10 (orange), 3.5:11.5 (purple), and 2:13 (brown). Solid
symbols are adsorption and open symbols are desorption.

pore volumes (860 m?g "' and 0.40 cm®g™') of the mixture of
angulated ovals and small amounts of spherical particles (see
Figure 2d) were slightly lower than those (933 m*’g™" and
0.44 cm®g ") of pure angulated ovals (see Figure 2¢) because
of the small contribution of non-porous spherical particles.
The values for BET surface areas and total pore volume
(1208 m*g ! and 0.55 cm*g ') of inflated hexagonal rods (see
Figure 2 f) located between those of pure hexagonal rods and
angulated ovals. Pore size distributions of a series of the
resulting MOF particles were calculated using the non-local
density functional theory (NLDFT) method (Figure S3). CO,
sorption isotherms of MOF particles were also measured at
195 K (Figure 4b). The trend of the CO, uptake ability of
a series of MOF particles was similar to that of their N,
sorption properties. Overall, there was competition between
the tendency of BDC linker and In*' to form crystalline,
porous, and angulated hexagonal rods, and the tendency of
IPA linker and In*" to form amorphous, non-porous, and un-
angulated spherical particles. The incorporated ratio of these
two linkers within MOF particles determined the morpho-
logical and structural features of the resulting MOF particles.

In conclusion, we have characterized the morphological
and structural evolutions of MOF particles driven by different
degrees of contribution of the two organic linkers (H,BDC
and H,IPA) during the MOF particle construction. Highly
porous hexagonal rods with a well-developed, three-dimen-
sional hexagonal structure were generated from the reaction
of In** and H,BDC; however, poorly porous spherical
particles with amorphous features were produced from the
reaction of In** and H,IPA. The morphological features of
MOF particles constructed from the reactions of In*" in the
presence of both H,BDC and H,IPA located somewhere
between hexagonal rods and spheres. Specifically, MOF
particles constructed from a relatively large amount of BDC
linkers and a small amount of IPA linkers resembled
a hexagonal rod, while MOF particles created from a rela-
tively small amount of BDC linkers and a large amount of
IPA linkers were close to a sphere. The porosities of the
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resulting MOF particles increased steadily as the contribution
of BDC linkers within MOF particles increased. The incor-
porated ratio of BDC and IPA linkers within MOF particles,
and thus the morphology and porosity of particles, were
controlled by changing the relative amounts of H,BDC and
H,IPA used during the reactions.

Keywords: hybrid materials - metal-organic frameworks -
microparticles - morphological evolutions - porosity
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