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Abstract: An approach to transforming amorphous organic
networks into crystalline covalent organic frameworks (COFs)
with retention of the colloidal nanosize and uniform morphol-
ogy is presented. Specifically, Fe;O, nanoclusters are encapsu-
lated by a disordering polyimine network via the Schiff-base
reaction. The formed imine bonds could be reconstructed
under thermodynamic control to reform the polyimine net-
works into imine-linked COFs in situ. Such a core—shell
microsphere exhibits the uniform size and spherical shape,
controllable COF shell thickness, accessible surface modifica-
tion, and improved solution dispersibility as well as main-
tenance of high surface area, periodic micropores, and superior
magnetic responsiveness. Additionally, the photothermal con-
version effect is demonstrated for the first time on the
nanoCOF layers upon exposure to near infrared light, provid-
ing convincing evidence for potential use in phototherapy.

Covalent organic frameworks (COFs) are two- or three-
dimensional crystalline porous polymers that originate from
the topological polymerization of building blocks with
predesigned geometry and symmetry by virtue of dynamic
covalent bonds (e.g. imine,'!! enamine,” hydrazine,! azine,
B-ketoenamine, and boronate ester!!). This emerging family
presents high and regular porosity, tunable pore size and pore
wall chemistry, and structural predictability and stability.!
These characteristics endow COFs with outstanding perform-
ances for a wide-range of applications, such as gas storage,”!
heterogeneous catalysis,” luminescence,'"”! optical sensing,!''!
proton conduction,”” and photoconduction.!®! Against this
backdrop, there has been significant interest very recently in
the miniaturization of COFs to the nanometer scale,' for the
sake of extending the applicability and enhancing the proper-
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ties of COFs. Indeed, the nanoCOFs can overcome, to some
extent, the poor solution properties of the corresponding bulk
materials, and they have been developed into nanocarriers for
biomedical applications, such as drug delivery™ and enzyme
immobilization."*! However, most of the materials described
were not very compatible with biomedical and pharmaceut-
ical applications, and, with few exceptions, they were not
engineered as dispersible nanoparticles to enable in vivo
circulation by intravenous administration. As far as is known,
the COF assemblies are prepared with no way of controlling
size and morphology under solvothermal conditions. It is
often seen that different morphologies and grain sizes are
mixed and very difficult to isolate from each other. The early
studies have demonstrated that the modulation of molecular
conformation!"** or assembly evolution via the Ostwald
ripening process!'*! could create the hollow spherical nano-
COFs, but either the structural regularity is ill-defined or the
formed particle body is short of uniformity both in terms of
size and shape. Therefore, controlled synthesis of high-quality
nanoCOFs remains largely challenged. In the context,
motivated by the self-healing ability of dynamic covalent
bonds, we imagined a scenario of disorder-to-order transition
from amorphous organic networks to crystalline COFs, unlike
the traditional bottom-up synthesis that requires the starting
from building blocks. It is more feasible than directly
modulating the colloidal properties of the nanoCOF during
its growth.

Photothermal therapy, which employs photosensitizers to
generate heat from light absorption giving rise to photo-
ablation of cancer cells and subsequent cell death, has been
shown to be a promising technique in cancer therapeutics.'
Materials currently under investigation with efficient photo-
thermal conversion mainly include metal plasmonic nano-
structures, semiconductor nanoparticles, ferromagnetic nano-
particles, and conjugated polymers.!'”) Beyond that, graphene
is also a promising photothermal agent that possesses a high
absorption intensity in the near-infrared (NIR) region and
excellent heat generation efficiency.'" COFs with distinct
two-dimensional atomic structure could be comparable to
graphene in some sense, because of their similarity in
structure. Also, COFs allow for the rapid dissipation of
generated heat to the surroundings by circulating the heat-
transfer medium through the opening pore channels, which is
distinct from the closed-cell porous systems restricting heat
flow for thermal resistance.”) We recently demonstrated that
the open structure of conjugated microporous polymers
facilitate heat conduction in water for a quick change of
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system temperatures.”” As such, it could be anticipated that
the use of COFs is a novel and attractive pathway toward the
development of organic photothermal agents. To our knowl-
edge, this is the first time that the potential of nanoCOFs for
phototherapy has been evaluated.

To achieve this goal, we applied a template-mediated
precipitation polymerization on an Fe;O, nanocluster to give
a core-shell microsphere containing an Fe;O, nanocluster
core and an amorphous polyimine network as the shell. We
then performed the disorder-to-order reformation under
solvothermal control to re-organize the polyimine network
into the imine-linked COF as the shell. As shown in Scheme 1,

I. Core@Shell
Formation

Il. Amorphous-to-Crystalline
Transformation

& i BuOH/DCB (1:9)

Pyrrolidine,
120°C, 3d

on Fe,0,@Polyimine

Crystalline COF(TpBD)

Amorphous Polyimine

Scheme 1. The preparation of imine-linked COF composite micro-
spheres through the amorphous-to-crystalline conversion process.

citrate-stabilized Fe;O, nanoclusters were solvothermally
synthesized according to a reported method.”!! Abundant
carboxylate groups on the particle surface not only offer the

dispersion stability in solution, but also help initiate the
coverage by the polyimine network due to the H-bonding
interaction, by which the monomer benzidine (BD) was
preferentially anchored to the template particles. Then the
polyimine network shell was created through the template-
controlled precipitation polymerization of BD and 1,3,5-
triformylphloroglucinol (Tp) in THF by the Schiff-base
reaction. The obtained polymers were amorphous in texture
but had the intrinsic imine linkage, which could be subjected
to a dynamic covalent chemistry under conditions of equilib-
rium control achieving a structural transformation from
disorder to order. Very recently, Dichtel et al. investigated
the growth kinetics of imine-linked COFs, which showed the
significant difference with boronate ester COFs that were
formed during the simultaneous polymerization and crystal-
lization.””! The evolution of imine-COFs involved the rapid
initial formation of amorphous networks and then gradual
crystallization for the 2D topological structure. In light of the
two-stage growth of imine-COFs, we employed the typical
solvothermal method to rearrange the shell network structure
of the Fe;O,@Polyimine microspheres in the mixed solvent of
n-BuOH and o-dichlorobenzene (1:9 vol/vol). Pyrrolidine
was used as the catalyst and the reaction proceeded at
120°C for 3 days in a sealed and degassed Pyrex tube. High-
resolution transmission electron microscope (HR-TEM)
images displayed the size and shape of the products (Fig-
ure 1a—c). It can be seen that after the initial polymerization,
the polyimine network deposited on the Fe;O, particles,
forming a 100 nm thick organic shell with continuous and
smooth appearance (Figure 1b). Upon exposure to the
conditions that facilitated the imine exchange, the reformed
shell seemed to be assembled by many grains, while had
almost the same thickness (Figure 1c¢). Both before and after
the solvothermal treatment, the microspheres evidently
exhibited the well-defined core—shell structure, the narrowly
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Figure 1. a—d) HR-TEM images of Fe;O, nanoclusters (a), Fe;O,@ Polyimine (b), Fe;O,@COF (TpBD) (c), and expanded view of the crystalline
area (d). ) PXRD patterns of Fe;O,@Polyimine and Fe;O,@COF(TpBD). f-h) N, adsorption—desorption isotherms (f), pore size distributions (g),
and TGA curves (h) of Fe;O, nanoclusters, Fe;O,@ Polyimine, and Fe;O,@COF (TpBD). The scale bars in a)—c) are 200 nm and in d) 5 nm.
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distributed particle size, and the uniform spherical shape,
without observation of any impurities. Mappings of Fe, O, C,
and N atoms showed the distribution strictly according to the
form of core—shell structure (see Figure S1 in the Supporting
Information). Then the view on the edge of the COF shell was
expanded to examine the ordering of molecular alignment.
Figure 1d shows the representative crystalline domain, arising
from the stacking of parallel 2D sheets with an average
separation of 0.32 nm, again, which had been determined by
the selected area diffraction (Figure S2). Characterization of
the microspheres by FT-IR spectroscopy provided evidence
for the imine formation through the condensation of amine
and aldehyde groups and the successive interconversion from
enol to keto forms on the frameworks (Figure S3).%%!

PXRD patterns of Fe;0,@COF(TpBD) microspheres
(Figure 1e and Figure S4 for a larger view) showed the
most intense peak at 3.4° corresponding to the (100)
reflection plane, with the other diffraction peaks at 6.0°
17.9°, and 26.4° assignable to the (200), (210), and (001)
reflection planes as same as the reported data,”® and at 30.0°,
35.3°,43.1°,53.3°, 57.0°, and 62.6°, which were indexed to the
cubic structure of Fe;O, crystals, according to JCPDS 75-1610.
In contrast, Fe;0,@Polyimine microspheres had only a very
weak shoulder at about 3.4°, implying that the polyimine
network is amorphous in nature.

To evaluate the porous structure, N, sorption measure-
ments were carried out at 77 K. For the Fe;0,@COF(TpBD)
microspheres, the isotherm sorption profiles were observed
with the typical type I characteristics. In accordance with the
IUPAC classifications, it is indicative of a micropore character
(Figure 1f). The Brunauer—-Emmett-Teller (BET) surface
area and pore volume were calculated to be as high as
1346 m?’g! and 0.25cm’g™!, respectively. Because of the
loose compact and rough texture in Fe;O, and
Fe;O,@Polyimine, they showed a certain of BET surface
areas, that is, 255 m?g~" for Fe;0,@Polyimine and 123 m*g™"
for Fe;0,, but both were far less than that of the COF-based
microspheres. The pore size distributions of the three samples
were calculated by the nonlocal density functional
theory method (Figure 1g). Fe;0,@COF(TpBD)
had the pore size predominated from 1.3 to
2.0 nm, which also agreed with the bulk COF-
(TpBD).?!

Thermogravimetric analysis (TGA) revealed

the thermal stability and mass ratios of
different components (Figure 1h). For the
Fe;0,@Polyimine and Fe;0,@COF(TpBD)

microspheres, they had the almost similar weight
losses of 42 wt% and 40 wt %, respectively. It
implies that the amorphous-to-crystalline conver-
sion is high yielding, and the crystallization might
proceed in a step-by-step manner without
destruction of the whole shell. According to the
residual weight, the loading content of COF-
(TpBD) in the microspheres was estimated to be
36 wt%.

Zuschriften

often requires acidic activation of the carbonyl compound
and/or irreversible water removal. However, in our case, the
acidic catalysts severely affected the formation of core—shell
structures in the process of disorder-to-order transformation.
It was observed that the Fe;O, core was partially etched by
acid over 3 days (Figure S5), although the crystallization
occurred on the polymer shells (Figure S6). Pyrrolidine has
been reported to have catalytic ability for the imine forma-
tion.’”! This kind of base catalyst not only maintains the
inorganic component within the hybrid body, but also greatly
improved the BET surface area of the bulk COF(TpBD)
(1883 m*g !, Figure S7a), which is close to the theoretical
value (2319 m?g~!, Figure S7b) and far larger than that
obtained by the acid-catalysis method (620 m?’g !, Fig-
ure S7a). This unprecedented system is an interesting and
competitive alternative to the conventional synthesis of
imine-COFs. The study into the aminocatalytic mechanism
is currently ongoing.

The two-step method reported herein could prepare the
COF-based microspheres not only with uniformity in colloi-
dal size, shape, and structure, but also with flexible controll-
ability in the thickness of COF(TpBD) shell. By varying the
monomer concentrations for the polyimine polymerization,
the amorphous shell was formed with different thickness.
Because of little change in the shell reconstruction, the
resulting sizes of COF(TpBD) shells coincided with those of
the corresponding polyimine shells. HR-TEM images showed
that the rough thickness of COF(TpBD) shell varied from
20 nm, 50 nm to 100 nm by increasing the initial monomer
concentrations (Figure 2a—c), while the particles fused
together at the higher concentration under otherwise identi-
cal conditions (Figure S8). This is also unparalleled because
so far, there has been no method reported for modulation of
the grain sizes of nanoCOFs. An insight was made into the
evolution of the COF(TpBD) shell. When the structural
reconstruction was carried out over 24 h, 48 h, and 72 h, the
shell morphology and size were barely changed (Figure S9),
but simultaneously, the crystallinity and BET surface areas
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Figure 2. a—c) HR-TEM images of the Fe;O,@COF (TpBD) microspheres with the
shell thickness of 20 nm (a), 50 nm (b), and 100 nm (c). d,e) Photographs of the
dispersion of PEG-grafted Fe;O,@COF (TpBD) microspheres in water (d) and their
attraction to a magnet (e). f) The magnetic hysteresis curves of Fe;O, and

Fe;O,@COF(TpBD) microspheres. All of the scale bars in a)—c) are 50 nm. The

To our knowledge, acetic acid aqueous solu-
tion is the only catalyst used for the synthesis of
imine-linked COF because the imine formation
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aqueous solution in (d) was diluted to clearly show the dispersion stability of
microspheres, and that in (e) is cloudy because it contains a high concentration of
microspheres.
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were both largely enhanced
as the reaction progressed
(Figure S10,S11). The results
imply that the crystallization
is a process of the internal
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modified COF hybrid micro-

spheres exhibited largely Figure 3. Calculated atomic structures of hexagonal macrocycles of COF (TfBD) (a) and COF(TpBD) (b),

improved solution properties
(Figure 2d), ensuring their
ability to be stable for long-
term circulation in body.
Also, they could be rapidly
attracted to a magnet and re-
dispersed in aqueous solution without any remanent magnet-
ism. The saturation magnetization of the composite micro-
spheres was estimated to be as high as 32 emug™'. Compared
with the pure Fe;0, (64 emug '), the magnetic content in the
COF-based microspheres reached 50 %.

It has never been reported whether the imine-COFs have
photothermal conversion ability, although they feature a large
n-electronic conjugation and strong m—m interaction between
the interlayers, both of which might allow them to behave as
dipole antennae within broad absorption spectra and release
vibrational energy to produce localized heat. We commenced
the study on calculating the interlayered packing efficiency of
imine-linked COF(TfBD) and COF(TpBD) (Figure 3a,b). It
was found that COF(TfBD) had an interlayer distance of
3.47 A which was considerably larger than that of COF-
(TpBD) (3.15 A). The interlayer distances correspond well
with the n—m stacking energy, meaning that the closer packing
has the higher stacking energy. As expected, the n—m stacking
energy of COF(TpBD) (—794 kJmol ') was larger than that
of COF(TfBD) (—529 kJmol !; see Supporting Information
for the detailed calculation). The results imply the fact that
the keto forms sitting on the nodes of COF(TpBD) facilitate
the intralayer planarity via the NH---O hydrogen bonds and
promote the m-electronic conjugation and transportation
within the intralayer itself and between the neighboring
sheets as well.

exposure to 785 nm laser for 7 min at a power density of 5 Wem™.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which contain different central cores. c¢) UV/Vis-NIR spectra of core-shell COF composite microspheres
dispersed in PBS at a concentration of 200 ppm, with shell thicknesses of 20, 50, and 100 nm. d) Elevated
temperature change for the dispersions of different microspheres (200 ppm) and PBS as control upon

2

The photothermal conversion performance of COF
microspheres in water was evaluated for the potential of use
in therapeutic applications. Prior to the light irradiation
experiments, the optical properties of the aqueous dispersion
containing 200 ppm of the hybrid microspheres were exam-
ined by using UV/Vis-NIR spectroscopy. As displayed in
Figure 3¢, all of samples have no evident absorption peak,
while exhibit the broad absorption over a wide range from the
visible to NIR region. Compared with the microspheres with
polyimine shells, the NIR absorbance of COF(TpBD) was
largely enhanced due to the well-organized stacking in shell,
which also could modulate the absorbance by varying the
COF shell thickness. The NIR absorption capability of the
Fe;0,@COF(TpBD)-100 microspheres was evaluated by
calculating the molar extinction coefficient (see Supporting
Information for the detailed calculation). The obtained value
was as high as 4.2x 10" 'cm™! at 785 nm, which indicates
their great potential of photothermal conversion. As shown in
Figure 3d, the temperature elevation of the aqueous disper-
sions containing different microspheres was measured under
785 nm laser irradiation with a powder density of 5 Wcm ™2
The control experiment indicated that the PBS aqueous
solution just showed a little temperature change. With
addition of the different microspheres, the system temper-
ature reached a maximum temperature in only 7 min. The
temperature change was remarkable on the COF(TpBD)-

Angew. Chem. 2016, 128, 14185-14190
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based microspheres, and was more significant with increase of
the shell thickness. The greatest heat was generated on the
Fe;0,@COF(TpBD)-100 microspheres (200 ppm), giving
a temperature rise of 25°C, indicating that they could rapidly
and efficiently covert the 785 nm laser energy into thermal
energy. Also, the photothermal conversion efficiency was
measured by the time constant method (Figure S13a,b).”
Following the Roper’s report (See Supporting Information
for the detailed calculation), the photothermal conversion
efficiency for the Fe;0,@COF(TpBD)-100 was calculated to
be 21.5% at 785 nm, about 2-3 times higher than that of the
Fe;O, nanoclusters used alone (Figure S13c—f). This is com-
parable to some of the well-established photosensitizers, such
as Au nanoshell (13-25% at 808 nm),”’**<! Au nanorod (21—
50% at 808 nm),”’**<l Cu, Se nanoparticles (22% at
808 nm),*™ and Cu,S; nanoplates (25.7% at 980 nm).”’¥
Moreover, for the COFs, there is still room for great
improvement because such a 2D organic materials offer
a great variety of functionalization through molecular design
and reticular polymerization.

In summary, we have developed a general method for the
precise construction and functionalization of nanoCOFs by
a disorder-to-order dynamic process, which allows for rear-
rangement of amorphous polyimine networks into crystalline
imine-linked COFs without a change of morphology and size.
The resulting nanoCOFs are employed to construct a well-
defined core—shell nanostructure while retaining crystallinity
and periodic micropores, and could be further modulated with
a shell of controllable thickness via a template-mediated
polymerization and in situ crystallization. The efficient pho-
tothermal conversion is found for the Fe;O,@COF(TpBD)
microspheres, which allows the quick transduction of NIR
energy to local heat by strengthening the m-electronic
conjugation within the stacking 2D layers. This strategy is
general and, in principle, can be used to generate a large pool
of COF-based nanomaterials with applicability and function-
ality that can be deliberately and finely tuned through the
design of the organic/inorganic components. Looking for-
ward, this work should also facilitate the coating of COFs
onto structurally tailorable supports, opening up a promising
pathway for realizing porous organic polymers with applica-
tions spanning bio-imaging, phototherapy, and drug delivery.
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