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Microporous metal-organic frameworks (MOFs) represent a new family of microporous materials, offering potential applications in gas
separation and storage, catalysis, and membranes. The engineering of hierarchical superstructured MOFs, i.e., fabricating mesopores in
microporous frameworks during the crystallization stage is expected to serve a myriad of applications for molecular adsorption, drug
delivery, and catalysis. However, MOFs with mesopores are rarely studied because of the lack of a simple, effective way to construct
mesoscale cavities in the structures. Here, we report the use of a perturbation-assisted nanofusion technique to construct hierarchically
superstructured MOFs. In particular, the mesopores in the MOF structure enabled the confinement of large dye species, resulting in
fluorescent MOF materials, which can serve as a new type of ratiometric luminescent sensors for typical volatile organic compounds.

Introduction

Metal-organic frameworks (MOFs) are a new development on the
interface between molecular coordination chemistry and materials
science. They are hybrid inorganic—organic crystalline solids in
which secondary building units (SBUs) are assembled to form a
periodic and porous framework, which is strongly dependent on
the coordination preference of the metal ion and the length and
rigidity of the oligotopic organic linkers.'™ This new class of
porous materials has attracted a tremendous amount of interest
because of its fascinating structural topologies, high surface area,
and potential in applications such as gas storage, gas purification,
catalysis, and sensing.*

Despite the success of MOFs in gas storage and separation,
difficulties associated with the transport of large molecules across
narrow pores inside the MOF structure limit their applications for
anchoring molecular catalysts, impregnation with catalyst
precursors, or large molecule adsorption. Therefore,
hierarchically structured porous MOFs, created by embedding
mesopores in classical microporous skeletons, have become a
topic of intense interest because of the short diffusion pathways
resulting from the textural mesopores and more exposed
coordination metal sites.” However, the investigation of MOFs
with a hierarchical structure of micropores and mesopores is still
in its infancy, and the augmentation of their channel sizes to the
mesoporous range still poses a challenge. Significant efforts are
therefore being undertaken to construct MOF mesopores in
MOFs to confine functional species, especially for large
molecules, leading to specific behavior inside the defined pore
environments.*'* Previously, much effort has been devoted to the
synthesis of hierarchical MOFs. State-of-the-art MOF
hierarchical materials can be categorized into two types: those
prepared by ligand extension and those prepared using a template.
In the former case, MOF materials exhibit mesoporous behavior
as a result of intrinsic mesopores throughout their structures
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meticulously formed by extending linear organic linkers."
However, the development of such mesoporous frameworks by
ligand extension is challenging, because expanded frameworks
are often more fragile leading to a collapse of the framework
during removal of included guests molecules. At the same time,
attempts to construct mesoporous MOFs by ligand extension
often yield either interpenetrating structures, which dramatically
reduce the size of the pore aperture. The template method, which
uses organic molecules as templates, is widely used to prepare
various mesoporous metal oxides and silicas.'

An alternative method to fabricate mesopores in MOF
structures is to construct porous superstructures with nanocrystal
building units. Recently, MOFs with an extended mesoporous
superstructure were obtained through a cooperative template
method that uses a surfactant and a chelating agent. The
surfactant molecules form micelles, and the chelating agent
bridges the micelles, i.e., templating the mesopore formation and
directing the crystal growth.”> However, the template directing
strategy for preparation of hierarchical MOF superstructures has
the disadvantage of requiring removal of the template, which
might damage the implemented mesopores. Furthermore,
template-directing synthesis is somewhat cost- and time-intensive
because of the template, and it is not environmentally friendly.
Thus it is not only challenging but also important to build
hierarchically superstructured MOF materials without a
templating agent.

In the absence of a templating agent, the first question in
mesoporous superstructure construction is how to generate SBUs
that do not assemble into large single crystals. To accomplish this,
upon the addition of the organic ligand into the metal ion
precursor solution, the mixture was stirred vigorously. This
process avoids the formation of large MOF single crystals that
would occur without the perturbation. In detail, when the
deprotonation of the organic linkers was impacted, SBUs were
formed and further aggregated into nanosize MOF particles in
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which the scaffolding framework was fabricated by metal-ligand
coordination. The nanosize MOF crystals were potential sources
for the formation of mesopores through a “nanofusion”
mechanism, previously used to fabricate porous silica and
electrode materials: the discrete nanosize MOF crystals were
embedded in an amorphous matrix, and mesopores formed
spontaneously.'* The next question is how to balance the speed of
crystallization and nanofusion growth. This process is elusive and
difficult to control, because crystallization of the nanosize MOF
particles requires—in conjunction with other supramolecular
interactions such as hydrogen bonding and =m-m stacking—a
dissociation-recoordination force for forming the “interunit”
bridges on which the nanofusion technique depends. So it is
important to choose the proper solvent to control the speed of
crystallization. At the same time, strong stirring is beneficial to
nanofusion growth because it prevents the ordered growth of the
crystal. This perturbation-assisted methodology for fabricating
hierarchical superstructures of MOFs through critical control over
self-assembled nanosize building blocks was termed the
“perturbation-assisted nanofusion” technique (Scheme 1).

Nanofusion

== Organic ligand ()Metal ion () Nanosized MOF particle m Dye

Scheme 1. Schematic illustration of perturbation-assisted nanofusion
mechanism for the formation of hierarchical superstructure of MOFs,
with large dye molecules simultaneous entrapment. (I, initial state with
ligands and metal ions dispersed in the solution; II, big single crystals
with ordered structure obtained without any perturbation; III, hierarchical
superstructure fabricated under strong stirring).

Results and discussions

Herein, we demonstrated perturbation-assisted nanofusion to

prepare a series of MOF materials with hierarchical
superstructure: IRMOF-3  (Zn,O(NH,BDC);-(guest),, where
NH,BDC is 2-amino-1,4-benzenedicarboxylate);'> Cu-BDC

(Cu(BDC)-(guest),, where BDC is 1,4-benzenedicarboxylate);'®
Cu-BTEC (Cuy(BTEC)-(guest),, where BTEC is 1,2,4,5-
benzenetetracarboxylate)."” These include most of the known
MOF subfamilies and related mesopores fabricated in the
structures. In all cases, the hierarchical superstructured MOF
materials retain the excellent structures of the parent materials. In
particular, based on this template-free perturbation-assisted
nanofusion technique, RB@IRMOF-3 composite (RB
Rhodamine B) was fabricated with gram-scale product instantly.
Interestingly, the luminescence study suggested the dye@MOF
composite can serve as a new type of ratiometric luminescent
sensors for typical volatile organic compounds (VOCs).
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Figure 1. SEM (a, IRMOF-3; ¢, Cu-BDC; e, Cu-BTEC), TEM (b,
IRMOF-3; d, Cu-BDC; f, Cu-BTEC) images, and crystal structure of
related MOF with guests molecules omitted for clarity (inset).

The XRD patterns of these hierarchical MOF materials
matched well with patterns simulated for single-crystal data
(Figure S1, Supporting Information, SI). Figure 1 presents
typical SEM and TEM images of the resulting hierarchical
superstructures, in which pores are constructed from irregular
particles. As observed in the SEM image, continuous networks of
nanosize particles formed, with discrete nanosize crystals
embedded in an amorphous matrix with disordered mesopores, in
the range of 5-40 nm for IRMOF-3, Cu-BDC and Cu-BTEC. The
pore structure was also investigated through TEM analysis.
However, the pores are distributed randomly, giving wormhole-
like disordered mesostructures for IRMOF-3, Cu-BDC and Cu-
BTEC.

Further characterization by nitrogen physical adsorption
confirmed the surface areas, pore sizes, and pore volumes. A
typical type IV isotherm with an H2 hysterisis loop could be
observed for IRMOF-3, Cu-BDC and Cu-BTEC, indicating the
mesoporous nature of these samples. Pronounced desorption
hyteresis suggests the existence of mesopores in these materials.
The Barrett-Joyner-Halenda (BJH) pore-size distribution curves
(PSD) indicate the mesopores of these MOF materials
approximate in the range of 5-40 nm in diameter, well matched
with the detection of the TEM images. Compared with the
microporous parent MOFs, the BET surface areas of these
hierarchical MOFs are reduced (Figure 2 and Table S1, SI). This
is reminiscent of the amorphous nature of the pore walls or
collapse of the mesostructure upon the removal of guest
molecules. We note that, on the one hand, this method of
preparing mesoporous MOFs guarantees that the framework
structure is not altered, because the precipitated material is
composed of discrete nanosize MOF particles; and, on the other
hand, the hierarchical porous superstructure is obtained from the
self-assembly of highly monodispersed nanosize MOF particles
which are embedded in an amorphous matrix.'® Furthermore, the
perturbation played a predominant role in the formation of
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mesopores because it accelerated the growth speed of crystallites
to balance the speed of crystallization.
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Figure 2. N, —196 °C isotherms of IRMOF-3, Cu-BDC, and Cu-BTEC,
s and corresponding Barrett-Joyner-Halenda (BJH) pore-size distribution
curves (PSD) (b).

We envisaged that by dissolving dye molecules in one of the
precursor solutions before mixing, we should be able to extend
the perturbation-assistant nanofussion approach to achieve
simultaneous entrapment of large dye species inside the nanosize
pores of the superstructures. In fact, the introduction of
fluorescent dyes into MOF pore spaces always uses a time-
consuming diffusion or ion exchange method.' At the same time,
the encapsulation based on diffusion method will not be achieved
when the volume of the dye larger than the pores of the MOFs.
Therefore, our perturbation-assistant nanofussion technique
would enable the confinement of large molecules of the dye
species because the dye molecules can be physically encapsulated
in the mesopores during the preparation process.

o

»  Rhodamine B (1.6 nm molecular diameter)*® molecules were
used as a fluorescent dopant without any chemical modification
for covalent linking, providing for successful fixing of the large
dye molecules into the hierarchical MOF materials. RB is widely
used as a colorant in textiles and food stuffs and is a well-known
water tracer fluorescent because of its strong absorption and very
high fluorescence quantum yield.’ The XRD patterns of dye-
encapsulated MOF (RB@IRMOF-3) composite matched well
with patterns simulated for single-crystal data (Figure S2, SI).
The specific surface area of the dye-encapsulated composite was
30 also determined by N, adsorption—desorption measurement. The
rapidly increasing adsorption volume at very low relative
pressure and a typical type IV isotherm with an H2 hysterisis
loop in the high relative pressure were observed (Figure S3, SI),
indicating the presence of micropores in the crystalline nanosized
35 building blocks and the existence of textural meso/macropores
formed by aggregation the nanosized particles. Pronounced
micropores in the composite material (Table S1, SI), may be due
to the addition of RB molecules affects the speeds of
crystallization and nanofusion growth.
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Figure 3. Fluorescence spectra of RB@IRMOF-3 (a) and the emission
peak-height ratios between ligand and dye moieties in RB@IRMOF-3 (b).
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As shown in Figure S4, the RB solution in ethanol (10~ mol
L") exhibited the characteristic emission at 570 nm when excited
at 355 nm, while the dye-encapsulated MOF RB@IRMOF-3
simultaneously displayed the characteristic emissions of both the
RB dye and the MOF after excitation at 355 nm in the solid state.
The weak and broad band peaking at 450 nm in the emission
spectrum is attributed to the n-n* electron transition of the ligand,
while the red emission band around 605 nm originated from the
RB dye. The red-shift of the emission of RB in hierarchical
IRMOF-3 should be attributed to the increased polarity in
IRMOF-3. This indicates that that the large RB dye molecules
had been successfully encapsulated into the hierarchical IRMOF-
3, which is not possible instantly for the encouterpart
microporous IRMOF-3 which has substantially smaller pore
apertures (8 A).”> Other dye molecules, such as methyl orange,
methylene blue and perylene, were also tried to encapsulate in
hierarchically superstructured IRMOF-3. However, these dye
molecules always leak out from the MOF material, possibly
because of the weak interactions between the dye guest molecules
and the framework.

In order to study potential applications of the two-color
ratiometric emission of the RB@IRMOF-3 composite in sensors,
the luminescence was studied after treating with typical volatile
organic compounds (VOCs) such as orthodichlorobenzene,
chlorobenzene, benzene, toluene, p-xylene, methanol, and
ethanediol (Figure 3a). After exposure to orthodichlorobenzene,
the luminescence peak of the RB@IRMOF-3 at 450 nm and 606
nm exhibited a red-shift, while treated with chlorobenzene,
benzene, toluene, p-xylene, only the luminescence peak of at 606
nm exhibited a red-shift. As shown in Figure 3b, the values of
intensity ratio between ligand and dye moieties were 4.14, 4.45,
4.54, 4.63 and 6.35 for chlorobenzene, toluene, p-xylene, benzene,
orthodichlorobenzene, respectively, which increase compared
with RB@IRMOF-3. The RB@IRMOF-3 after exposure to
methanol and ethanediol, the emission intensity of ligand
increased, while the emission intensity of rhodamine moieties
decreased, and the values of intensity ratio between ligand and
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dye moieties has a significantly decrease, being 0.67 and 0.53,
respectively. However, treated with methanol, the luminescence
peak at 450 nm and 606 nm exhibited a red-shift, and treated with
ethanediol, the luminescence peak at 450 nm exhibited a blue-
shift and the luminescence peak at 606 nm exhibited a red-shift
(Figure S5, S6). The inclusion of different solvent molecules
within the MOF channels maybe affect the host—guest energy
transfer efficiency between the host matrix and the guest
molecules, suggesting that RB@IRMOF-3 composite can serve
as a new type of ratiometric luminescent sensors for VOCs.

Conclusions

We have presented and illustrated a perturbation-assisted
nanofusion technique for fabricating MOF materials with a
hierarchical superstructure. A key to this methodology for
designing the superstructure lies in the fabrication of ultrasmall
nanocrystals (a few nanometers in size) and the subsequent
assembly of these nanocrystal building units into interconnected
porous frameworks while preventing their growth into large
single crystals by perturbation—a synergistically coupled
nanocrystal formation and aggregation mechanism. More
importantly, this template-free methodology allows the
preparation of stable MOF materials with mesopores, which is
difficult to accomplish by organic ligand extension. Furthermore,
this method stands as an environmentally friendly and low-cost
alternative to hard or soft templating for the fabrication of
mesoporous materials beyond MOFs, thereby opening up new
avenues for the design of more sophisticated, hollow
superstructures, particularly for materials with lower chemical
and physical stability.

The mesopores in the MOF structure enabled the simultaneous
confinement of large molecules of dye species during the
formation of the superstructures, resulting in fluorescent MOF
composite materials. The luminescence studies suggested the dye
in the hierarchical superstructure can serve as a new type of
ratiometric luminescent sensors for typical volatile organic
compounds. This should facilitate the development and
exploitation of MOFs for numerous applications, including drug
delivery, pollutant removal, storage and separation, catalysis,
sensor technology, capsules, reactors, and highly complex
composites.
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Encapsulation of Large Dye Molecules in
Hierarchically Superstructured Metal-Organic
Frameworks

Yanfeng Yue, Andrew J. Binder, Ruijing Song, Yuanjing Cui,* Jihua Chen, Dale K.
Hensley, and Sheng Dai

Microporous metal—-organic frameworks (MOFs) represent a new family of microporous
materials, offering potential applications in gas separation and storage, catalysis, and
membranes. The engineering of hierarchical superstructured MOFs, i.e., fabricating
mesopores in microporous frameworks during the crystallization stage is expected to
serve a myriad of applications for molecular adsorption, drug delivery, and catalysis.
However, MOFs with mesopores are rarely studied because of the lack of a simple,
effective way to construct mesoscale cavities in the structures. Here, we report the use of
a perturbation-assisted nanofusion technique to construct hierarchically superstructured
MOFs. In particular, the mesopores in the MOF structure enabled the confinement of
large dye species, resulting in fluorescent MOF materials, which can serve as a new type

of ratiometric luminescent sensors for typical volatile organic compounds.
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