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The hollow and tubular TpPa-COF structures have been
synthesized by template-assisted replication of nanometer sized
ZnO-nanorods. The hollow structures composed of microporous
TpPa shell have high periodicity, moderate porosity, chemical
stability and capsule shaped morphology as revealed from X-ray
diffraction, porosity measurements, SEM and TEM analyses.

The synthesis of micron and nanometer sized low density hollow
structures have received considerable attention in recent years.1
These hollow structures have been successfully utilized for their
applications in drug delivery, catalysis, sensing and confined-space
chemical reactions, etc.” Although self templated synthesis of
hollow structures have been attempted to some extent, the
synthesis of hollow structures by templating strategies provide
significant advantages in size and shape control as well as freedom
of template variability.3

In recent years, hollow nanostructures composed of porous and
crystalline materials such as zeolites, metal oxides and metal
organic frameworks (MOFs) have been synthesized by molding
these materials on various removable organic/inorganic templates.4
However, the toxic nature of such hollow materials arising from
constituting metals and other hazardous components with very
limited stability in aqueous, acidic and basic mediums restricts their
usages for specific bio-compatible applications such as drug storage,
drug delivery, tissue-engineering, etc.’ Hence, bio-compatible
materials synthesized from purely organic substituents and high
chemical as well as thermal stability are desired for such
applications. Although the synthesis of hollow structures composed
of purely organic materials viz. polyanhydrides and conjugated
microporous polymers have been attempted, their limited chemical
stability in aqueous, acidic and basic mediums and amorphous
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nature brings limitations to their applications.6 In this regard
crystalline covalent organic frameworks (COFs) may be useful .c.
constructing such hollow structures.” Recently, we and others have
explored the synthesis of porous and crystalline COFs ..

exceptional chemical stability.8 Since these COF crystallites ho. *
internal defects, the long-range growth or construction of CO™
hollow structures using these chemically stable COFs has not bee

explored much.’ Herein, we for the first time, report the synthes :
of chemically stable hollow TpPa COF™ nanostructures with capsule
shaped morphology via template assisted synthesis (Fig. 1a).

The hollow structures of TpPa COF have been synthesized
through template-assisted replication of nanometer sized Zn( -
nanorods (Fig. 1b). The synthesis of hollow TpPa nanostructures
was carried out in two steps. In the first step the synthesis of hybr 1
structures with ZnO-nanorods as a core and TpPa COF as a shel!
(ZnO@TpPa) has been performed by the reaction of 1,3, -
triformylphloroglucinol (Tp) with p-phenylenediamine (Pa) in 1:1
mesitylene/dioxane solvent in presence of pre-synthesized and -
dispersed ZnO-nanorods (Fig. 1a), using acetic acid in catalytic
amount (3 M, 50 uL).10 In the second step these hybrid structures
were subjected to the acid treatment (1N HCI) for 24 h to achiev-
the selective and complete removal of the ZnO-nanorods and t.
obtain the hollow TpPa nanostructures in quantitative yield. Th»
PXRD profile of ZnO@TpPa matches well with corresponding peaks
of simulated XRD patterns of TpPa COF (eclipsed stacking model) ~
and ZnO-nanorods (JCPDS 89—1397)11 indicating the self-assembly « 1
both materials (Fig. 1c; Section S7, ESI). The broad peaks at 4.7
(100 plane), 8.3°, 11.1° and 27° (001 plane) corresponds to TpF 4
COF; whereas the sharp peaks at 32.2°, 34.8° and 36.7° represent.
the presence of ZnO in nano-form. The selective and comp' :e
removal of ZnO-nanorod from ZnO@TpPa was confirmed by P. RD
analysis (Section S4 and S5, ESI). The well maintained PXRD patterns
of hollow TpPa with intact peaks for (100) and (001) plancs
appearing ~4.7°(26) and ~27°(26) demonstrated the selecti\ :
removal of the ZnO-nanorods with retention of TpPa COF hollow
structure integrity and minimal loss of crystallinity (Fig. 1c). 12

The FT-IR spectra of ZnO@TpPa indicate the presence of all the
characteristics peaks of TpPa verifying the formation of TpPa CC -
on the surface of ZnO-nanorods (Fig. 1d). Similar FT-IR spectrum
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Fig. 1 Synthesis and characterization of COF nanostructures. (a) Scheme of synthesis of highly stable and hollow COF structures via templating strategy by ..
situ solvothermal reaction of 1,3,5-triformylphloroglucinol (Tp) and p-phenylenediamine (Pa), in presence of ZnO-nanorods in mesitylene-dioxane solven*
(b) The structure and packing diagram of TpPa COF showing microporous architecture. (c) Comparison of the experimental PXRD patterns of hollow Tp} °
nanostructures, ZnO@TpPa and pristine TpPa COF with simulated PXRD patterns of TpPa-COF and ZnO-nanorods (JCPDS 89-1397). (d) Comparison of tf 2
FT-IR spectra of hollow TpPa nanostructures, ZnO@TpPa with the pristine TpPa COF.

observed for hollow TpPa nanostructures confirmed that even after
strong treatment with 1N HCI for 24 h, the chemical composition of
the COF framework remained intact (Fig. 1d). The appearance of
strong representative peaks for C=C (~1578 cm’l) and C-N (~1251
cm’l) stretching for TpPa in ZnO@TpPa and hollow TpPa confirmed
the formation of COF on top of ZnO-nanorods and selective removal
of ZnO from hybrid ZnO@TpPa without disturbing the basic TpPa
architecture. The formation of imine bond and the existence of
TpPa COF in the enol form was further confirmed from the B¢ cp-
MAS solid-state NMR spectrum (Fig. 2a). These 3¢ CP-MAS data
showed the similar location of the imine carbon peaks (~145 ppm)
and carbonyl carbons peaks (~183 ppm) of the TpPa COF and
ZnO@TpPa, which indubitably confirms the formation of COF on
the surface of ZnO-nanorods. The matching 3¢ cP-MAS spectrum
for hollow TpPa structures with the pristine TpPa substantiates the
intact chemical composition in enol form even after treatment with
1N HCl for 24 h (Fig. 2a)."

In order to assess the porosity of the as-synthesized hollow TpPa
nanostructures, we have collected the N, adsorption isotherms of
the ZnO-nanorods, ZnO@TpPa, hollow TpPa nanostructures and
pristine TpPa COF synthesized by solvothermal methods. As shown
in Fig. 2b, the ZnO-nanorods have very low surface area (31 ng'l);
due to the less porous architecture as a result of “oriented
attachment” of ZnO-nanoparticIes.11 ZnO@TpPa shows an increase
in the surface area (180 ng’l) due to loading of microporous TpPa
shell on the surface of ZnO-nanorods. Further, the N, adsorption
analyses performed for hollow TpPa nanostructures and pristine
TpPa COF showed typical Type-I isotherm. The surface area of TpPa
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COF (479 ng'l) and hollow TpPa (447 ng'l) structures found to be
almost identical (Fig. 2b). The pore size distribution plots sugge «
the matching pore size distribution profiles for both hollow TpPa
structures and TpPa COF (Fig. S11, ESI). The increased surface are 1
of hollow TpPa (447 ng'l) as compared to ZnO@TpPa (180 ng")
confirms the removal of less porous ZnO-nanorods from the pare t
structures, leaving behind the hollow TpPa nanostructures
composed of microporous TpPa COF. Although, hollow T-~.
nanostructures have large free voids in the core, the surface area
and pore size distribution remains almost identical, as these voids
are very large in size (60—100 nm wide and 700—-1500 nm long) fr

the adsorption of N, gas molecules with a small kinetic diamete

(3.64 A) and cross sectional area (0.162 nmz).

The SEM and TEM analyses of the ZnO-nanorods synthesized |,
reported procedure showed that these ZnO-nanorods ar .
assembled in flower shape originating from high aspect rat’
nanorods of diameter of 70-130 nm and length ranging fror
0.7-1.5 um (Section S3 and Fig. S3, ESI)." Further, the morpholog,
of the hybrid ZnO@TpPa nanostructures synthesized by in-- tu
loading of TpPa on the surface of ZnO-nanorods has been analy ‘ed
by SEM and TEM analyses. ZnO@TpPa hybrids have adopted the
same morphology of ZnO-nanorods (Fig. 3a). It is clear that the: 2
nanostructures with thick COF shells have the capsule or tuk 2
shaped morphology with the width of 200-300 nm and 750-150u
nm length adopted for individual nano-sized structures (Fig. 3b—3c .
Further, these nanostructures are observed to be assembled at
common centre creating the flower shaped assemblies (Fig. 3k .
The close observations of these flower shaped structures at high
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Fig. 2 Characterization of COF nanostructures. (a) Comparison of the **C CP-
MAS solid-state NMR spectra of hollow TpPa nanostructures, ZnO@TpPa
with the pristine TpPa COF. (b) N, adsorption analyses of pristine TpPa COF,
hollow TpPa, ZnO@TpPa and ZnO-nanorods.

resolution illustrates that these structures are composed of the
individual petals, which are assembled at one end (Fig. 3c). The
uniform loading of TpPa layer of 80—100 nm thickness on the top
on ZnO-nanorods have been observed from the TEM analyses (Fig.
3d). The SAED patterns and EDAX analyses performed for the
ZnO@TpPa have further confirmed the presence of ZnO-nanorods
as core (Fig. 3d; Fig. S5-S7, ESI).

In order to achieve the hollow TpPa structures, the removal of
Zn0 this
spontaneous process should happen in selective manner, wherein
during the core removal the morphology and chemical composition

core from ZnO@TpPa is necessary. Moreover,

of basic shell should remain unaffected. Since, ZnO is soluble in
dilute acid solution and TpPa COF is highly stable in 1N HCI for
several days, we have treated the ZnO@TpPa with 1N HCl for 24 hrs
in order to accomplish the selective removal of the ZnO-nanorods
(Fig. 3e).12'13 The samples collected after washing with water (3 X 10
ml) were analyzed by SEM and TEM analyses in order to confirm the
complete removal of ZnO from ZnO@TpPa and determine the
physical appearance of synthesized materials. The SEM and EDAX
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Fig. 3 Morphological analyses of COF nanostructures. a) SEM image of ZnU-
nanorods showing flower shaped morphology. b), c), d) TEM images of .
synthesized ZnO@TpPa at different resolutions showing wrapping of Znf
nanorods with TpPa shell (SAED pattern in Fig. 3d showing the ring patte-
resembling with nano-ZnO). e) SEM image of hollow TpPa nanostructure-
after acid treatment. f), g), h) TEM images of hollow TpPa nanostructur s
obtained after acid treatment for 24 h showing formation of hollow COF
structures and selective removal of ZnO with maintained morphology (S .cD
pattern in Fig. 3h showing absence of ring pattern).

analyses performed for hollow TpPa nanostructures showed th >
complete removal of ZnO from the core with maintaine 1
morphology (Fig. 3e; Fig. S8-S10, ESI).” As showed in Fig. 3e, the
flower shaped hollow TpPa nanostructures with maintained shay 2
and size were visible after the compete removal of ZnO core.
Further, we have performed the TEM analyses, wherein we hav 2
observed the hollow TpPa structures have capsule or tube shaped
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morphology similar to ZnO-nanorods and ZnO@TpPa (Fig. 3f—3h).
Although it has been observed that in template assisted synthesis of
porous polymers, during the removal of the core template from the
hybrid structures, the shell collapses and decomposition of the
hollow structures appears, herein we have not observed such
Instances due to the high stability of TpPa COF." The flower shaped
morphology observed for ZnO-nanorods and ZnO@TpPa found to
be maintained in hollow TpPa nanostructures as well (Fig. 2f). The
close observations of hollow TpPa structures at high resolution
have confirmed that the hollow capsule shaped nanostructures are
having the dimensions of 0.7-1.5 um in length and 200-300 nm
wide (Fig. 3g). The outer walls of the hollow TpPa nanostructures
are found to be 60—100 nm thick, whereas the inner hollow cavity
measures 70—-130 nm matching ideally with size of ZnO-nanorods
(Fig. 3h). The inner hollow capsule shaped cavity present into TpPa
nanostructures found to be completely free without any traces of
ZnO and other impurities (Section S4 and S5, ESI).

In summary, for the first time, we have synthesized the
nanometer sized hollow TpPa nanostructures through template-
assisted replication of ZnO-nanorods. The hollow TpPa structures
were synthesized by two step protocol, wherein first step involves
the synthesis of parent ZnO@TpPa hybrids, which in second step
after treatment with dilute acid solution yields hollow TpPa
nanostructures, by the selective removal of ZnO-template. As
synthesized hollow nanostructures composed of microporous TpPa
shell have high surface area and these structures are highly stable in
aqueous as well as acidic environment. The hollow TpPa structures
have very large void space (60-100 nm wide and 700-1500 nm
long) confined into the COF shell of 60-100 nm thickness. The
nanometer sized hollow structures composed of microporous COF
shell holding high stability and large scale synthesis capability might
be beneficial for its imminent applications as a drug, protein and
enzyme delivery materials currently being tested in our laboratory.
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The high stability of TpPa COF which has been synthesize
via combined reversible and an irreversible organic reactior.
in aqueous, acid and base mediums arises from the
irreversible nature of the enol-to-keto tautomerism acquire 4
during the COF synthesis.

The attempts to remove the ZnO-nanorods from ZnO@TpP.
to generate hollow TpPa nanostructures in less than 24
time interval were unsuccessful, as the TEM and EDAX
analyses performed for the samples treated with 1N HCI fi r
18 h have showed the presence of ZnO-nanorods to some
extent (Section S6, ESI).
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