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Isoreticular 3D covalent organic frameworks with
non-interpenetrated pcu-derived dia topology:
pore regulation from micropores to mesoporesy

Xilin Li, Tongyi Zhao, Fengzhen Wang, Wenxuan Wu, Yali Sun, Hao Ren
and Fuxing Sun@®@*

Three-dimensional (3D) covalent organic frameworks (COFs) offer tremendous potential for a range of
applications due to their unique structural and porous features. However, achieving the reticular
synthesis of 3D COFs with regulated pores through isoreticular expansion remains a significant
challenge, primarily due to the occurrence of interpenetration. In this study, we present a novel strategy
that utilizes high-coordinated building blocks, acting as a binodal group of tetrahedral nodes, to
synthesize isoreticular 3D COFs (JUC-300 to -302) with tunable pore sizes and uncommon non-
interpenetrated pcu-derived dia topology. The pore sizes of these COFs were successfully tuned from
1.6 to 5.2 nm. The mesopores with a size of 5.2 nm in JUC-302 are the largest reported among 3D
COFs to date and demonstrated the effective incorporation of a large protein, myoglobin. The strategy
provides a new pathway for synthesizing isoreticular 3D COFs with reduced interpenetration, enabling
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Introduction

Covalent organic frameworks (COFs) are a remarkable class of
porous materials that could be created by designing linking
organic building units based on reticular chemistry.* These
materials usually exhibit good crystallinity and tunable pores
and have widespread potential for various applications,
including gas storage and separation,®* catalysis,>® sensing,’
etc.® Over the past decade, most efforts in new COFs have been
devoted to two-dimensional (2D) COFs, which are laminar
structures.” Three-dimensional (3D) COFs have recently
received attention owing to their high structural diversity,
complicated pore morphology, and increased pore accessibility,
offering an expansive platform for tuning their pore features
and functions.'®'* However, there are several obstacles in the
pursuit of designing and synthesizing new 3D COFs: the few
available geometry-specific organic monomers as building
blocks,"”** the challenge in determining their accurate struc-
tures,"'® and the difficulties in expanding their topological
structures and tuning their pore apertures based on reticular
chemistry."”

One fundamental challenge and advantage in the reticular
synthesis® of crystalline porous frameworks including metal-
organic frameworks (MOFs) and COFs is to alter their
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applications that depend on various pore sizes.

composition, functionality, and pore dimensions systemati-
cally.”?® The tunable pore size of isoreticular porous frame-
works could be suitable for adsorption-based applications for
different kinds of molecules. In particular, large pores above 2
nm are scarce and highly desirable in crystalline porous mate-
rials, which are useful for the inclusion of large guests such as
dyes, biomolecules, etc.>* However, when researchers attempt to
alter their pore sizes through isoreticular expansion, which
involves elongating the linkers without changing the underlying
topology and is considered the most effective method in retic-
ular chemistry, interpenetration often occurs for three-dimen-
sional (3D) frameworks.”»** The interpenetration generally
restricts the pore size, although it can also enhance the
robustness of the framework.>*

To suppress interpenetration and obtain large pores, several
strategies have been developed in MOF synthesis, such as
control of reaction conditions, use of templates, steric
hindrance of ligands, etc.?*® However, the applications of these
strategies for COFs are relatively rare. A limited number of
studies have demonstrated the interpenetration isomerism of
3D COFs through precise control of reaction conditions.”” >
Additionally, a few studies have reported the strategy of steric
hindrance utilized in the synthesis of 3D COFs to suppress
interpenetration and achieve large pores.**** Despite these
efforts, the limitation of these strategies makes them generally
ineffective for expanding pore size through isoreticular expan-
sion. Another key approach to tune and push forward the pore
sizes through isoreticular expansion and to reduce the inter-
penetrating degree is the precise choice of the target
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framework's topology. Generally, frameworks with one-
dimensional (1D) pores are less prone to interpenetration.
This strategy is highly effective for achieving pore regulation
and large pore size, as seen in MOFs constructed from rod-
shaped secondary building units* and 2D COFs.*® For
instance, Li et al. reported the isoreticular series of 2D COFs
with kgd topology with pore sizes tuned from 0.67 to 1.2 nm.**
The largest pore in COFs to date was also achieved by the iso-
reticular expansion of 2D COFs which are TD-COF-1 to 3 with
hceb topology and the record pore sizes ranged from 7.7 to
10.0 nm.*” 3D frameworks with cage-like nets can reduce the
interpenetrating degree effectively. Isoreticular MOFs with
tunable and ultra-large pores synthesized using this strategy are
not uncommon.** By precisely selecting topologies with 1D
pores or cages, 3D COFs with large pores can also be achieved,**
such as stp COFs like JUC-564," Trip-COF-1 and -2,** HFPTP-
TAE and HFPTP-DMeTAB,** and TUS-64 (ref. 45) with pore
sizes ranging from 2.9 to 4.4 nm and bor COFs like DBA-3D-
COF* and 3D-bor-COF-1, -2 and -3 (ref. 47) with pore sizes from
2.8 to 3.8 nm. Recently, RICE-3 with pto topology was reported,
and its pores reached 4.6 nm which is the record for 3D COFs so
far.*®

Despite these advancements, such studies are still limited
due to the scarcity of suitable and available topologies and
building blocks. What's more, the pore regulation and synthesis
of isoreticular 3D COFs are even more difficult and infrequently
reported.””*=* In this work, we focused on the synthesis and
pore-size tuning of isoreticular 3D COFs with dia topology. Our
strategy involves designing high-coordinated building blocks
that can be regarded as multi-nodal units, thus enabling the
desymmetrization of targeted underlying nets and yielding
distorted nets for isoreticular expansion to tune their pore sizes
through reducing or even avoiding interpenetration. Using this
strategy, we synthesized three isoreticular 3D COFs, named JUC-
300 to -302 (JUC = Jilin University, China) with uncommon non-
interpenetrated pecu-derived dia topology. The pore sizes of JUC-
300 to -302 were successfully tuned from 1.6 to 5.2 nm. It is
worth mentioning that the mesopore with a size of 5.2 nm in
JUC-302 is larger than those in all other 3D COFs reported so
far. Thanks to the large apertures, JUC-302 demonstrated
favorable adsorption capacity of a large protein with suitable
dimensions.

Results and discussion
Structural design

Among only about 30 topologies reported in 3D COFs up to
now, dia topology is the most classical and widely studied. It is
well known that the dia net is the underlying net of tetrahedral
nodes with only one kind of edge (edge-transitive). It exhibits
high-symmetry and uniform pore features. To create a 3D COF
with dia topology, there are two routes in reported studies so
far (Fig. 1a and b). The first and most common way is the
utilization of monomers with tetrahedral shapes linked by
linear monomers. The other one is the connection of two kinds
of tetrahedral monomers which could form a dia-b net.
However, the features of dia topology such as flexibility, self-
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Fig. 1 The routes to achieve dia topology COFs. (a) 4-c node and the
2-c linker; (b) 4-c node and the 4-c node; (c) 6-c node and the 2-c
linker.

duality, and open framework make it very easy to be inter-
penetrated (Table S17). The first Schiff base 3D COF, COF-300
constructed from tetrakis(4-aminophenyl)methane and ter-
ephthaldehyde, was reported as a 5-fold interpenetrated dia
framework.>® Its isoreticular-expanded form with linkers
having one more phenyl ring, COF-320, was found with a 9-fold
dia framework.”® Actually, most of the dia COFs are inter-
penetrated, and the highest interpenetration reaches up to 12-
fold.* Only a few examples of non-interpenetrated dia COFs
have been reported, such as PI-COF-4,> JUC-550 to -552,*° and
TKCOF-1,%° CCOF-22-0"Pr/CCOF-22-0"Bu,** and BMTA-TFPM-
COF,?¢ all of which can be attributed to the steric hindrance
around the building units.

Herein, based on the strategy mentioned above, we designed
and synthesized an organic monomer with six pendant reactive
groups as a 6-coordinated (6-c) building block with a trigonal
antiprismatic shape (or distorted octahedral shape). The
building block could also be regarded as a binodal group of
tetrahedral nodes which also exists in the dia net. By the reac-
tion of this building block with linear monomers with different
lengths, three isoreticular 3D COFs, JUC-300 to -302, were ob-
tained respectively. The structures of these COFs were deter-
mined to be of non-interpenetrated pcu-derived dia topology
(Fig. 1c). The distorted dia topology has reduced symmetry and
two kinds of edges, and the frameworks were only isoreticular-
expanded via one of the edges, which could be the reason for
avoiding interpenetration.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Synthesis and characterization of COFs

To synthesize the targeted COFs, we first synthesized the 6-c
building unit, 1,4-phenylenebis(tris(4-formylphenyl)silane)
(PBTSi-6CHO, Fig. 2a). Synthesis of PBTSi-6CHO was based on
a procedure that involved lithium-halogen exchange of the
acetal-protected 4-bromobenzaldehyde, followed by its reaction
with 1,4-bis(triethoxysilyl)benzene and subsequent depro-
tection of the aldehyde groups. The geometry of the building
unit could be confirmed by the same organosilicon core in the
crystal structure of IMP-15.%” The COFs, JUC-300, -301, and -302,
were obtained in good yield by the solvothermal reaction of
PBTSi-6CHO with three linear diamines with different lengths
which are p-phenylenediamine (PPDA), 4,4’-diaminobiphenyl
(DABP), or 4,4'-diaminoterphenyl (DATP) respectively (Fig. 2a
and b). The Schiff-based reaction was implemented in a mixture
of tetrahydrofuran and mesitylene with acetic acid as the cata-
lyst at 120 °C for 3 days.

Fourier transform infrared (FT-IR) spectra of COFs exhibited
the depletion of peaks ascribed to NH, (~3400 cm ') and C=0
(~1690 c¢cm™") stretching vibration and the appearance of

characteristic C=N stretching bands at around 1622 cm*,

—at
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indicating the successful conversion of aldehyde and amine
groups into imine bonds (Fig. S3-S57). All the solid-state *C
cross-polarization magic-angle spinning (CP-MAS) NMR spectra
for three COFs showed chemical shifts at 158 ppm that match
with the C=N resonance which further confirms the formation
of imine bonds (Fig. S6-S87). To determine the composition of
COFs, acid-digested "H NMR measurements of the washed and
activated JUC-300, -301, and -302 were conducted.’® The 'H
NMR spectra indicated the presence of linkers with a ratio of
PBTSi-6CHO to amine linkers to be ~1:3 for all three COFs,
which are in accordance with the theoretical values (Fig. S9-
S11%).

Thermogravimetric analysis (TGA) under air conditions on
activated samples of COFs by acetone exchange and vacuum
treatment was conducted. It is demonstrated that there was no
significant weight loss up before 200 °C for the three COFs,
indicating the exclusion of most of the solvents. There was less
than 5% weight loss between 200 and 400 °C for all COFs which
could be attributed to the existence of guest molecules with
high boiling points which were hardly exhausted by solvent
exchange (Fig. S12%). All the COFs exhibited a uniform spherical
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Fig. 2 Synthesis and crystal structures of JUC-300, -301 and -302. (a) Synthesis routes. (b) An adamantane unit of JUC-302. PXRD patterns for
JUC-300 (c), JUC-301 (d), and JUC-302 (e): comparison between the experimental (red circle) and Le Bail refined (black) profiles, the simulated
patterns for distorted dia topology (blue), the Bragg positions (green), and the refinement differences (pink). Pore regulation through isoreticular

expansion for JUC-300 (f),
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-301 (g), and -302 (h) (yellow balls only indicate the free space in an adamantane unit).
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morphology, with sizes around 1 um, composed of intergrown
tiny crystals as observed through scanning electron microscopy
(SEM, Fig. S13-S15t). Transmission electron microscopy (TEM)
further revealed that these aggregated crystals were rod-like in
shape (Fig. S16-S187), with widths of approximately 20 nm and
varying lengths. The length increased in the order of JUC-300,
-301, and -302, resulting in the aggregated spheres of JUC-301
and -302 resembling petal-like and leaf-like structures,
respectively.

Structural determination

The structures of COFs were verified by powder X-ray diffraction
(PXRD) combined with structural simulations. To construct the
structural models of COFs, we first considered the monomer
PBTSi-6CHO as a trigonal antiprismatic 6-c node. Given the
geometry of PBTSi-6CHO, pcu topology was supposed to be the
default net of PBTSi-6CHO and linear linkers.*® Based on the
pcu net, a distorted dia net could be obtained by the splitting of
the 6-c node into a binodal group of 4-c tetrahedral nodes
(Fig. 1c). Structural models of JUC-300, -301, and -302 were
generated based on these pcu-derived distorted dia nets after
energy minimization.

PXRD patterns of JUC-300, -301, and -302 show similar
intense peaks but at different 26 values (Fig. 2c-e), which indi-
cates that they have similar structures but different dimensions.
The positions of the main peaks are getting significantly closer to
the low angle in the order of JUC-300, -301, and -302, which is
consistent with the increasing length of their linkers. The
experimental PXRD patterns of the three COFs fit well with their
respective simulated patterns from the structural models. The Le
Bail refinements performed using Expo2014 (ref. 60) resulted in
good agreement factors for all three COFs (R, = 0.75% and R,,, =
0.57% for JUC-300, R, = 8.24% and R,,, = 8.13% for JUC-301, and
R, =7.26% and R,,, = 7.14% for JUC-302, respectively). All three
structural models are in the trigonal space group P3,21 (No. 154).
The unit cell parameters optimized after refinements are a = b =
31.33 A, and ¢ = 41.61 A for JUC-300, a = b = 39.32 A and ¢ = 39.65
A for JUC-301, and @ = b = 46.78 A and ¢ = 42.07 A for JUC-302,
respectively. The identified peaks in experimental PXRD patterns
could correspond to the Bragg peaks. The peaks at 4.0 and 5.6°
for JUC-300 and peaks at 3.4 and 4.6° for JUC-301 can be assigned
to their (101) and (110) reflections, respectively. The peaks at 3.0,
38, 6.0, and 7.7° for JUC-302 can be assigned to its (101), (110),
(202) and (222) reflections respectively. We also tried alternative
structural models for the three 3D COFs with the inter-
penetrating forms of the same topology, including 2- and 3-fold
(Fig. S19-S307), as well as other topologies such as acs, bes, crs
and lcy (Fig. S31 and S32t). However, the simulated PXRD
patterns from these alternatives cannot match the respective
experimental ones obviously (Fig. S22, S26, S30 and S327). Thus,
the obtained COFs were proposed to have the expected 3D
frameworks with non-interpenetrated pcu-derived dia topology.

As expected, the pore features in the structural models of
JUC-300, -301, and -302 are regulated in two dimensions
(Fig. 2f-h). Three of the four edges of one tetrahedral node in
JUC-300, -301, and -302 structures are elongated to be
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approximately 19.5, 23.9, and 28 A respectively, while the fourth
edges of one tetrahedral node for the three COFs are all equal to
about 6.5 A. Therefore, the pore in their adamantane units was
distorted to be ellipsoid, while the pore in classic adamantane
units in dia topology is a sphere.

Porosity of COFs

To probe the pore features of the as-synthesized COFs, nitrogen
adsorption and desorption measurements at 77 K were con-
ducted. Before the measurements, the samples were activated
by acetone exchange and evacuation at 120 °C. As shown in
Fig. 3a, JUC-300 exhibited a typical type I isotherm with a sharp
increase at low pressure (P/P, < 0.05), indicating that it is
microporous. The nitrogen adsorption still increased slowly
between P/P, = 0.1-0.9, which is common for microporous
polymers containing some large pores. Unlike JUC-300, JUC-301
and -302 displayed type IV isotherms with an extra uptake step
between P/P, = 0.4-0.6 and obvious hysteresis loops which was
a typical characteristic of mesoporous materials (Fig. 3d and g).
The calculated Brunauer-Emmett-Teller (BET) surface areas of
JUC-300, -301, and -302 are 630, 317, and 104 m* g~ * respec-
tively. Pore size distributions (PSDs) for the three COFs were
calculated using quenched solid density functional theory
(QSDFT). It resulted that the PSD of JUC-300 and -301 showed
micropores centered around 1.6 and 2.0 nm respectively, which
are approximately similar to the open windows of quasi-cubic
pores in their structural models (Fig. 3b and e). The PSD curve
of JUC-301 also shows another pore size region centered at 3.7
nm, which could correspond to the diameter of the cavity in its
structural model (Fig. 3f, the quasi-cubic cage), whereas JUC-
302 only demonstrated its main pore around 5.2 nm, corre-
sponding to the largest cavity in structural mode (Fig. 3i, the
quasi-cubic cage). It should be noted that JUC-302 represents
the largest pore size among 3D COFs so far (Table S51). Other-
wise, we noticed that the surface areas of the three COFs are
lower than their expected values. This might be caused by
framework transformation, decrystallization of their flexible
frameworks, and/or incomplete removal of guests during the
activation because of the intrinsic feature of dia nets.**

To improve the activation of samples for the pore probe, we
performed a supercritical carbon dioxide (ScCO,) treatment
before nitrogen sorption measurements. Owing to the low surface
tension of ScCO, which could preserve more porosity and delicate
structures of porous frameworks, the BET surface areas of ScCO,-
activated samples markedly increased, which are 1079, 607, and
250 m*> g~ for JUC-300, -301, and -302 respectively (Fig. S33-
S357). The PSD of ScCO,-activated JUC-300 is similar to that of its
traditionally activated sample but with increased pore volume,
while, for ScCO,-activated JUC-301, the ratio of pore volume
between small and large pores also increased compared to its
traditionally activated sample. For ScCO,-activated JUC-302,
unlike the traditionally activated sample, a small pore around 2.3
nm also comes out which could be attributed to the open
windows of the quasi-cubic cage like the other two COFs (Fig. 3h
and S357). These results could indicate the effective activation of
small pores in COFs by ScCO, treatment. The PSD of ScCO,-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Porosity of JUC-300, -301 and -302. Nitrogen sorption isotherms at 77 K of JUC-300 (a), -301 (d), and -302 (g) with pore size distributions
inserted respectively. Space-filling representation of the structural models of JUC-300 (b and c), -301 (e and f), and -302 (h and i), respectively
(gray, C; blue, N; orange, Si; b, e and h, the open windows; c, f and i, the quasi-cubic cages).

activated JUC-302 reveals a more complex array of large pores
exceeding 10 nm, likely due to defects forming during the acti-
vation processes. This phenomenon also suggests that JUC-302 is
the most flexible or fragile among the three of them.

Flexibility of COFs

To certify the flexibility of COFs, we measured the PXRD
patterns of samples with and without solvents. It was found that
the crystallinity of JUC-301 and -302 was very easy to lose under
ambient conditions, while JUC-300 showed a certain degree of
robustness because of its small pores. The diffraction peaks
nearly vanished for the as-synthesized samples of JUC-301 and
-302 dried in air for more than 10 minutes, while peaks for JUC-
300 under the same conditions only diminished slightly.
However, only after adding two drops of tetrahydrofuran, the
PXRD patterns of JUC-301 and -302 could recover immediately,
indicating that their framework changes are dynamic (Fig. 4).

Protein incorporation

Given that JUC-302 has the largest pore size among 3D COFs
and to further define the regulated pores of JUC-300 to -302, we
attempted to conduct the incorporation of a protein molecule

© 2025 The Author(s). Published by the Royal Society of Chemistry

with suitable dimensions as the pore probe. The selected
protein was myoglobin (Mb, My = ~17 kDa) with dynamic
molecular dimensions of 2.1 x 3.5 x 4.4 nm®.*>%>% The acti-
vated COFs were immersed in the Mb solution in 0.1 M phos-
phate buffer solution (PBS, pH = 7.4) with a concentration of
150 pg mL . The stability of COFs immersed in PBS was found
to be similar to that of the COFs dried in air. PXRD patterns of
JUC-301 and -302 showed no diffraction peaks when the
samples were dried after immersion in PBS. Nonetheless, the
peaks could be recovered after adding two drops of tetrahy-
drofuran (Fig. S36 and S377). This result could be repeated for at
least two cycles. FT-IR spectra also showed no significant
changes in the characteristic -C=N- bonds, suggesting that the
imine linkages are chemically stable in PBS for Mb adsorption
(Fig. S38t).

The uptake ability of COFs for Mb was estimated using the
amount of Mb remaining in suspension which was monitored
by its characteristic absorbance at 409 nm in the UV-vis
spectrum over a period of 36 hours (Fig. S39 and S40t). As
shown in Fig. 5a, the Mb solution with JUC-300 shows
a minimal decrease of UV-vis absorbance (only 10% after 36
hours), indicating that there was a small amount of Mb
adsorbed by JUC-300. This result agreed with the small pore

Chem. Sci., 2025, 16, 7339-7346 | 7343
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Fig. 4 Flexibility of COFs. PXRD patterns of JUC-300 (a), JUC-301 (b),
and JUC-302 (c) with and without solvents.

size of JUC-300 although it has the largest BET surface area
among the three COFs. The decrease in UV-vis absorbance for
Mb solution with JUC-301 was demonstrated to be 21% after
36 hours, while JUC-302 shows the largest decrease which
reaches 52.7% after 36 hours (Fig. 5b and c). The estimated
values of adsorbed Mb by JUC-300, -301, and 302 after 36 hours
are 38, 79, and 197 mg g~ * respectively (Fig. 5d). Thus, the Mb
adsorption capacities of the three COFs are in reverse order of
their BET surface areas but in the same order of their pore
sizes, indicating the importance of pore size for adsorption
and their successful pore regulation. The much higher Mb
adsorption capacity of JUC-302 further validates its large pore
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Fig.5 Protein incorporation by COFs. (a—c) UV-vis absorption spectra
of Mb solution with JUC-300 (a), -301 (b), and -302 (c), respectively, at
different time points. For each measurement, the initial absorbance
was normalized to 1.0. (d) Profiles of Mb uptakes by JUC-300 (triangle),
-301 (rhombus), and -302 (square) over a period of 36 hours.

size and positions it as an exceptionally promising candidate
for the encapsulation of macromolecular proteins.

Conclusions

In conclusion, we reported a novel strategy to construct iso-
reticular 3D COFs with regulated pore sizes by avoiding inter-
penetration, which is the utilization of high-coordinated
building blocks with multi-nodal units. Based on this strategy,
three isoreticular-expanded COFs, JUC-300, -301, and -302 with
non-interpenetrated pcu-derived dia topology, were synthesized
by using 6-c PBTSi-6CHO with a trigonal antiprismatic shape
and three linear diamines with different lengths respectively.
Their apparent pore sizes were demonstrated from micropores
around 1.6 nm for JUC-300 to mesopores around 5.2 nm for
JUC-302. Moreover, the largest pore of JUC-302 among 3D COFs
so far endows it with high adsorption capacity for protein Mb
although its surface area is the lowest among the three of them.
This work not only presents three new flexible isoreticular COFs
with regulated pore sizes, but also provides a new pathway for
the reticular synthesis of crystalline porous frameworks with
reduced interpenetration.
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