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Here we present our preliminary results on a novel approach to
encapsulate large guest molecules in nanoporous materials, metal—
organic frameworks (MOFs), via a newly discovered in situ crystal
formation. This method has exciting prospects not only in the
design of new organic/inorganic hybrids but also in capturing and
separating molecules that are significantly larger than the actual
pore size of the host MOF.

Molecular adsorption using porous materials, which is one of
the essential means of capturing molecules in a solid phase,
has been used in many applications such as gas separation and
storage." However, this method inevitably imposes a geometric
limitation on both the adsorbate (guest) and the adsorbent
(host): the size of the guest molecules should be smaller than
the pore size of the host. Therefore, the common notion is that
large molecules with bulky and complicated structures/conforma-
tions cannot be captured in nanoporous materials with nanosized
pore apertures. Recently, polymer adsorption within nanoporous
materials has been reported;> however, this phenomenon entails
the diffusion of polymer chains into the constricted pores and
imposes similar geometric limitations on the polymer shape.
Furthermore, the polymer infiltration rate is generally slow due
to large thermodynamic penalties.> Herein, we propose a new
strategy to entrap large molecules in nanoporous metal-organic
frameworks (MOFs); it involves in situ MOF formation as a key
process of molecular incarceration.

MOFs are emerging nanoporous materials with crystalline
lattice structures formed through coordination bonding between
organic ligands and metal ions.> MOFs are of significant interest
not only as adsorbents® but also as materials applicable in
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advanced catalysts,” sensing,® and mass transportation.” MOFs
are conventionally synthesized via solvothermal methods using
solvents that play an essential role in the homogeneous dissolu-
tion of the chemical reagents to facilitate crystal formation
reactions.® During the MOF crystal growth, solvent molecules
are enfolded in the nanosized pores of the framework.® In this
study, we envisioned that if macromolecules are present during
the MOF synthesis, they could be trapped and fixed in the MOF
framework during its formation.

Nanoparticles,'® inorganic clusters,"" and some biomacro-
molecules’ have been introduced into MOFs by the in situ MOF
formation method. In these cases, however, the guest species need
to be smaller than the pore size of the MOF, otherwise lattice
defects are generated to accommodate the oversized guests in the
crystalline framework."? Therefore, to date, the MOF crystallization
process has rarely been considered as a rational means for
capturing large polymeric molecules in the MOF nanopores.'* In
this study, we found that successful guest encapsulation occurs
when polymers are present during MOF crystallization. This
enables guest entrapment in the MOF crystal, where the polymer
chains are immobilized via physical entanglement with the MOF
grid structure without inducing defects in the crystal structure.
This unique mode of incarceration enables the permanent entrap-
ment of cyclic macromolecules in the MOF grid. Whereas linear
chains are prone to leach out of the MOF crystals, cyclic ones,
which are topologically interlocked with the crystalline lattice, are
retained intact even after rigorous washing procedures. The
proposed in situ encapsulation method affords a new paradigm
for capturing large molecules that cannot be introduced into
already-formed porous materials via conventional adsorption.

In this study, we used [Zn,(ndc),ted], (hereafter termed as 1,
ndc = 1,4-naphthalenedicarboxylate, ted = triethylenediamine,
Fig. 1a) as the host MOF. 1 has a three-dimensional (3D) grid
structure consisting of [Zn(ndc)], layers. It has a porous square
grid on the ab plane that is pillared by ted moieties along the ¢
axis to form a 3D lattice. The primitive pore has two different
apertures: the main aperture that directs to the ¢ axis has size A,
of ca. 5.7 x 5.7 A% and the side aperture that directs to the ¢ and
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Fig. 1 (a) Schematics of the crystal structure and pore apertures of 1.
PXRD patterns of the products obtained by growing 1 at (b) 120 °C and (c)
25 °C in the presence of the respective polymers. Reaction type: (red)
1+PEG, (brown) 1+PMMA, (green) 1+PVP, and (blue) 1 without the polymer
additive. Black line denotes the simulated PXRD pattern of the single
crystal of 1.

b axes has size Ay of ca. 3.8 x 3.5 A% (Fig. 1a)."* Initially, we
selected three common polymers, poly(methyl methacrylate)
(PMMA, M, = 7060 g mol '), poly(4-vinylpyridine) (PVP,
M, = 6940 g mol "), and polyethylene glycol (PEG, M, =
1960 g mol ') (Table S1, ESI{). The reactions conducted using
each of these as an additive in the synthesis of 1 are designated
as 1+PMMA, 1+PVP, and 1+PEG. In each reaction, the building
components, Zn(NOs),, Hpndc, and ted, were first mixed with
an excess of the polymer in a glass vessel and then solubilized
in a small quantity of N,N-dimethylformamide (DMF) (see
ESIt). A high polymer concentration (50 mg mL ") was used
to ensure that any MOF nucleus encounters the polymer,
leading to the enfolding of the polymer chains in the growing
3D grid of 1. After 24 h of reaction at 120 °C, white crystals were
formed. They were carefully washed with solvents to remove the
polymer adsorbed to the crystal surfaces (see ESIt).
Interestingly, powder X-ray diffraction (PXRD) patterns of
the products of 1+PMMA and 1+PEG indicated the successful
formation of 1 (Fig. 1b). On the other hand, significantly weak
diffraction peaks were obtained for 1+PVP, indicating the amor-
phous nature of the product. This could be due to the superior
metal-coordination ability of the 4-vinylpyridine monomer units
of PVP to that of the ndc carboxylate anions, which prevents the
preferential formation of the Zn paddle-wheel clusters of 1. The
crystals obtained from the 1+PMMA and 1+PEG reactions were
further analyzed using "H NMR spectroscopy after digesting them
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in an acidified deuterated solvent (DMSO-d¢/DCl, 9/1, v/v) to
investigate polymer inclusion in 1. Interestingly, the product of
1+PMMA showed no signals of PMMA, while that of 1+PEG
clearly exhibited the signals of PEG (Fig. S1, ESIf). From the
'H NMR data, the amount of PEG encapsulated in 1 was
determined to be 14 wt%.

The intriguing results obtained for the 1+PMMA and 1+PEG
products prompted us to investigate the effect of polymer addi-
tives on the crystal formation process. We therefore conducted
the same in situ encapsulation reactions at a significantly low
temperature (25 °C). The synthesis of 1 at 25 °C without any
polymer additive led to significantly deteriorated crystals of 1
(Fig. 1c). At 25 °C, the 1+PMMA and 1+PVP reactions also led to
the same results, whereas the 1+PEG system provided high-
quality crystals of 1. These observations indicate that PEG added
to the reaction system significantly facilitates the crystal for-
mation of 1, while the other two polymers do not.

Based on the low-temperature results, we infer that PMMA is
not involved in the formation of 1 due to its relatively inert
character and low compatibility with polar building components.
On the other hand, PEG has potential metal-chelating ability,'®
which is beneficial for stabilizing Zn>" ions to promote the MOF
nucleation process and thus enable the formation of 1 at a low
temperature. Furthermore, this reasoning explains the mecha-
nism of PEG encapsulation in 1. Owing to metal chelation at
multiple sites on the chain, PEG can be always present in close
proximity to Zn>" ions. This leads to the aggressive involvement
of PEG chains in the MOF lattice formation. In fact, the addition
of ethylene glycol, a low-molecular-weight analogue (single mono-
mer unit) of PEG, did not lead to crystals of 1 at 25 °C, because it
could not induce the multidentate chelation effect owing to its
short length (Fig. S2, ESIT)."

To better understand the in situ encapsulation mechanism,
we varied the PEG concentration in the 1+PEG reaction at
120 °C. The relationship between the encapsulated and added
PEG contents exhibited a non-linear trend (Fig. S3, ESIt). This
result underpins the above-mentioned phenomenon of specific
interaction between PEG and crystal nuclei of 1, leading to
preferential rather than stochastic involvement of the PEG chains
in the growing lattice. Remarkably, the reaction with a much
higher PEG concentration (1.0 g mL™"), where PEG almost acts as
a solvent, also resulted in the successful formation of 1 (Fig. S4,
ESIt). In this case, the amount of encapsulated PEG was found to
be 27 wt%, which agrees well with the previously reported
maximum capacity of 1 (30 wt%).'® We further investigated the
product with maximum PEG loading using differential scanning
calorimetry (DSC) (Fig. S5, ESIT). The shift of the melting peak of
PEG (~54 °C) to a lower temperature suggests that the PEG
chains are entirely encapsulated in the MOF phase and none of
them are present outside of the MOF crystals."” It should be
noted that the enhanced crystal growth of some MOFs in
poly(ionic liquid)s has been reported.'® The detailed and com-
prehensive investigations of the PEG-aided MOF formation
mechanism will be pursued in our future study.

Solid-state HETCOR 2D NMR measurements on the product also
supported the PEG impregnation of the pores of 1 (Fig. S6, ESIt).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 SEM images of (a) 1 prepared without any additive, (b) 1> PEG, and
(c) 1> PEG;,s. 10 PEG was obtained by the in situ encapsulation of PEG
during the formation of 1, while 15PEG;,s was obtained by the post-
incorporation of PEG in pre-synthesized 1.

These observations indicate that the in situ crystallization
method facilitates successful entrapment of PEG in 1. To
represent this, the product of the 1+PEG reaction is hereafter
denoted as 1DPEG. The crystal morphology of 15PEG was
investigated using scanning electron microscopy (SEM) (Fig. 2
and Fig. S7, ESIt). The crystal size of 1D PEG (28.1 &+ 15.0 pm)
was almost comparable to that of 1 prepared using DMF as the
solvent instead of PEG (31.6 &+ 22.1 pm), although the latter
sample showed wider size distribution biased by the contam-
ination of large particles of >100 pm (Fig. S8, ESIT).

Next, we investigated the nanoscopic structure of the
1DPEG composite by FT-IR spectroscopy (Fig. S9, ESIT). The
FT-IR profile in the range of 1550-1650 cm ™" provides information
about the coordination bonding of the Zn paddle-wheel cluster in
1."° The FT-IR spectrum of 1D PEG presented a dominant peak at
1637 cm™ ', suggesting that the coordination bonding network in
the crystal of 1 has limited defects (Fig. S9, ESIt). N, adsorption
measurements on the composite washed with tetrahydrofuran
(THF) to remove the PEG guest (Fig. S10, ESIt) resulted in a Type
I isotherm, which suggested no appreciable presence of meso-
pores. These observations suggest that PEG in the reaction mixture
does not disrupt the growing MOF lattice while being incorpo-
rated, despite its sterically congested conformation. This is in
stark contrast to the biomimetic mineralization of MOFs."* The
embedment of large biomacromolecules often generates lattice
defects in the MOF crystal.

Furthermore, the effect of PEG entanglement in the 3D grid
of 1 on PEG release was investigated by washing experiments to
investigate if the topological restrictions impede PEG diffusion out
of the MOF grid. For comparison, we prepared another PEG-loaded
composite (denoted as 15 PEGyy,s) using the post-synthetic insertion
method.'® In brief, PEG (M, = 1960 g mol ") was mixed with crystals
of 1 and heated at 120 °C for 18 h to facilitate the spontaneous
infiltration of PEG chains into the nanopores of 1 (see ESI}). It
should be noted that we used host 1 crystals with a narrow size
distribution (29.2 + 14.0 pum) for the 1DPEG;,s preparation to
minimize any potential bias of the size differences in the results (see
ESLt Fig. 2 and Fig. S7 and S8). PEG infiltration is known to occur
predominantly along the c-axis using the main aperture because of
the diffusional preference."®*® The PEG loading amount in the
resultant 15 PEG;,s composite was determined to be 26 wt%.
The FT-IR and PXRD data of 15 PEG;,s were comparable to that
of 1DPEG, suggesting no appreciable difference between the
coordination structures of the 1>PEG and 15 PEG;,s compo-
sites (Fig. S9, ESIf).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Amount of residual PEG in 1 for the (red) 1>PEG, (blue)

15 PEG;,s and (green) 15 CPEG composites after repeated washing. Error
bars indicate standard errors (N = 3). Schematics of the plausible mode of
polymer encapsulation for (b) 15 PEG, (c) 15 PEG;,s, and (d) 1> CPEG.

For washing, the composites were soaked in an excess of
THF and ultrasonicated for 10 min at 25 °C. Then, the amount
of PEG in 1 was determined using "H NMR spectral analysis of
acid-digested samples (see ESIt). The washing process was
repeated thrice to monitor the progressive decrease in the
residual PEG amount in 1 (Fig. 3a). The initial PEG loading
amounts of both the 1> PEG and 15PEG;,s composites were
comparable. However, the residual PEG amounts differed
appreciably after the washing process. 1 DPEG preserved 20%
of the initially loaded PEG after three washing cycles, while
1D PEG;,s retained only 11%. The comparable particle sizes of
both composites rule out the size effect (Fig. S8, ESIt). Thus,
1> PEG;,s permitted easier PEG elution than 15 PEG, indicating
that the method of PEG introduction affects the PEG chain
configuration in the porous lattice of 1. That is, PEG chains in
1DPEG and 1DPEG;,s may have different impregnation char-
acteristics (Fig. 3b and c). 1D PEG adopts an entangled form of
PEG, with the chains penetrating the pores in all three directions
because the MOF formation and PEG enfolding occur simulta-
neously in a random manner (Fig. 3b). On the other hand, 1 5 PEGiys
has an aligned form of PEG chains because PEG diffusion occurs
predominantly along the c-axis of 1, resulting in a less-entangled
configuration of PEG in the framework (Fig. 3c). This geometric
feature of the aligned PEG aids facile diffusion, resulting in the rapid
release of PEG molecules from 1 compared to that of the entangled
form. We also found that the molecular weight of PEG affects the
guest encapsulation efficiency and retention behavior (see ESIT).
PEGs with larger MW showed stronger retention in 1 after the
washing cycles, while extremely larger MW (> 200 kg mol ) resulted
in low encapsulation efficiency due to the potential volume exclusion
effect (Fig. S11 and S12, ESIY).

The new guest-entrapping mode in the MOF prompted us to
examine the encapsulation of cyclic macromolecules. Although
it has been demonstrated that cyclic PEG cannot be introduced
into 1 by the direct insertion method owing to size limitation
and diffusional issues,>! we envisioned that it could be achieved
using the present in situ encapsulation method. Furthermore,
this would realize another class of MOF/polymer hybrids, in
which cyclic chains are topologically interlocked with the 3D
crystalline lattice (Fig. 3d). We synthesized a cyclic PEG sample
(CPEG) via the end-to-end cyclization reaction of linear PEG
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(M, = 1960) as reported earlier (Fig. S13, ESIT).”" The in situ
formation of 1 using CPEG as the additive was performed under
conditions identical to those of 1>PEG formation (see ESIT).
The reaction successfully afforded the 1> CPEG composite, as
confirmed by PXRD, DSC, solid-state HETCOR 2D NMR, SEM,
particle size distribution, and FT-IR analyses (Fig. S4-S9, ESI¥).
The amount of CPEG loaded in 1 was determined to be 24 wt%,
comparable to those of the 1D PEG and 1> PEG;,s composites.
Notably, washing experiments revealed a remarkably higher
retention ability of 1D>CPEG than those of 1D>PEG and
1DPEG;,s, although they are chemically identical species
(Fig. 3a). 1D CPEG retained 85% of the originally loaded PEG
even after three washing cycles, whereas the other two lost most
of it. These results confirm the interlocked nature of cyclic PEG
in 1 (Fig. 3d), resulting in the permanent immobilization of the
PEG chain in the MOF crystal through mechanical bonding.**

Finally, considering the principle of the MOF-based topolo-
gical guest entrapment, we anticipated the discrimination of cyclic
and linear chains (Fig. S14, ESIt). In general, the separation of
cyclic and linear polymers is considered highly difficult and often
entails arduous procedures because they have almost identical
physical attributes.”® To demonstrate the separation of the cyclic
polymer, a crude product of the conventional PEG cyclization
reaction, which contains a complex mixture of the cyclic product,
linear precursor, and extended linear by-products (see ESLT and
Fig. S15), was used in the synthesis of 1. When the crystalline
product formed was rigorously washed through repeated sonica-
tion/decantation cycles, the linear chains were completely washed
off, whereas the cyclic products remained entrapped in the MOF
lattice. Indeed, only cyclic PEGs were detected in the MOF phase in
the comprehensive analyses of the digested sample using
MALDI TOF-MS, C NMR, and size-exclusion chromatography
(Fig. S15-S17, ESIt), highlighting the potential of this method in
hitherto difficult molecular separation.

In summary, we demonstrated a new method to encapsulate
large molecular species in MOFs by leveraging the in situ crystal
formation process. This method allows the successful incorporation
of macromolecules that cannot be directly introduced into the
nanopores of MOFs via conventional adsorption. Owing to this
feature, cyclic polymers are topologically trapped in the grid of the
MOF lattice, resulting in a newly defined interlocked form of a
polymer/MOF hybrid, in which the polymer is permanently immo-
bilized. The proposed method is expected to expand the horizon in
the design of organic-inorganic hybrids, which often face the
fundamental issue of the easy release of the guest molecules from
the host during practical solvent treatment and washing processes.
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