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is of 8-connected carboxyl
hydrogen-bonded organic frameworks for white-
light-emission†

Xiao-Juan Xi,a Yang Li,b Feifan Lang,b Jiandong Pang *b and Xian-He Bu *ab

The rational design and construction of hydrogen-bonded organic frameworks (HOFs) are crucial for

enabling their practical applications, but controlling their structure and preparation as intended remains

challenging. Inspired by reticular chemistry, two novel blue-emitting NKM–HOF–1 and NKM–HOF–2

were successfully constructed based on two judiciously designed peripherally extended pentiptycene

carboxylic acids, namely H8PEP-OBu and H8PEP-OMe, respectively. The large pores within these two

HOFs can adsorb fluorescent molecules such as diketopyrrolopyrrole (DPP) and 9-anthraldehyde (AnC)

to form HOFs I DPP/AnC composites, subsequently used in the fabrication of white-light-emitting

devices (WLEDs). Specifically, two WLEDs were assembled by coating NKM–HOF–1 I DPP-0.13/AnC-

3.5 and NKM–HOF–2 I DPP-0.12/AnC-3 on a 330 nm ultraviolet LED bulb, respectively. The

corresponding CIE coordinates were (0.29, 0.33) and (0.32, 0.34), along with corresponding color

temperatures of 7815 K and 6073 K. This work effectively demonstrates the feasibility of employing

reticular chemistry strategies to predict and design HOFs with specific topologies for targeted applications.
Introduction

Hydrogen-bonded organic frameworks (HOFs) have recently
gained signicant attention owing to their relatively mild
preparation conditions, high crystallinity, good solution proc-
essability, and easy regeneration/recyclability.1,2 These mate-
rials also show promising potential for diverse applications in
gas adsorption and separation,3–5 proton conduction,6–8

catalysis,9–11 uorescence detection,12–14 and biomedicine.15–17

Over the past decade, the development in this eld has brought
considerable progress in utilizing different hydrogen-bonded
units for constructing HOFs, such as carboxylic acid,18–20 2,4-
diaminotriazine,21–23 imidazole,24–26 imidazolone,27,28 pyr-
azole,29,30 pyridine,31–33 tetrazole,34 cyano,35,36 hydroxyl,37,38

sulfonate,39–41 and aldehyde groups.42,43 However, hydrogen
bonds are more reversible, exible, and less directional in
contrast to covalent and coordination bonds. Slight changes in
ligands may have a dramatic impact on the structures and
properties of HOFs.44 This lack of directionality poses
of Elemento-Organic Chemistry, Nankai

ail: buxh@nankai.edu.cn

g, Smart Sensing Interdisciplinary Science

sed Material Chemistry, Collaborative

Engineering, Nankai University, Tianjin

ai.edu.cn

(ESI) available. CCDC 2311161 and
a in CIF or other electronic format see

the Royal Society of Chemistry
a challenge in the precise construction of HOFs with desired
structures and functionalities.

Reticular chemistry has proven to be a powerful tool not only
for guiding the synthesis of various framework materials with
different topologies, but also for tuning the pore properties via
specic modication of their building units, for achieving
special functionalities to meet the needs of practical applica-
tions.45,46 A series of important advances have been made in
applying reticular chemistry to the synthesis of metal–organic
frameworks (MOFs) and covalent organic frameworks
(COFs).47–49 However, the study of reticular chemistry in HOFs is
still in its infancy, mainly focusing on the synthesis of HOFs
with the same topology by applying the shape matching p–p

stacking strategy to ligands with large fused rings.44 For
example, Cao et al. constructed PFC-1 with sql topology based
on 1,3,6,8-tetrakis(p-benzoic acid)pyrene (H4TBAPy).50,51 Farha
et al. prepared a series of HOFs (HOF-102, HOF-101, and HOF-
100) with sql topology based on pyrene-based ligands with
different length side groups (carboxyl, carboxyphenyl, and car-
boxynaphthyl). Among them, HOF-101 is equivalent to PFC-1.52

Aer this, they successfully prepared three isostructural HOFs
(HOF-101-CH3, HOF-101-NH2, and HOF-101-F) with sql
topology by modifying the carboxyphenyl group with additional
functional groups (CH3, NH2, and F) without changing the
pyrene core.53 Hisaki et al. built three isostructural HOFs
(C2N6DBC-1, C1N5DBC-1, and C1N4DBC-1) with dia topology
using dibenzo[g,p]chrysene-based ligands that possess 2,6-, 1,5-
and 1,4-substituted carboxynaphthyl groups, respectively.54

Building upon these achievements, we intend to further expand
Chem. Sci., 2024, 15, 4529–4537 | 4529
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the application of reticular chemistry in the eld of HOFs.
Carboxylic acids are selected as ligands to carry out our
research, since they can form directional hydrogen-bonded
carboxyl dimers.55 Previous studies have demonstrated inter-
esting results that can guide our research. Aromatic tricarbox-
ylic acids with C3-symmetry can act as 3-connected (3-c) nodes
to form (6, 3)-c hexagonal networks56–58 or (10, 3)-b networks.59

The near-planar aromatic tetracarboxylic acids can act as 4-c
square nodes to form sql-60–62 or nbo-63 topological networks,
while non-planar aromatic tetracarboxylic acids can act as 4-c
tetrahedral nodes to from dia-topological networks.64–66 In
addition, non-planar aromatic tetracarboxylic acids can also
form a ThSi2-topological network.67 Near-planar C3 or C6

symmetric aromatic hexacarboxylic acids can act as (3, 6)-c
hexagonal nodes to form networks with acs topology,70–72 or as 6-
c octahedral nodes to form the pcu topology.73 Porous HOFs
based on rigid carboxylic acid above 6-c remain absent due to
synthetic challenges. Therefore, our intention is to analyze the
topological elements of related MOFs and then extend them to
HOFs based on reticular chemistry, hoping to achieve a break-
through in the connection number of carboxylic-acid-based
HOFs as well as constructing new HOFs in a directional
manner.

We rst carefully analyzed the topological structure of MOF-
235.68 The trinuclear Fe3 clusters (Scheme 1a) can be simplied
as 6-c trigonal-prism nodes (Scheme 1f), and 1,4-terephthalate
(Scheme 1b) can act as linear linkers (Scheme 1g) to construct
Scheme 1 Syntheses of novel HOFs inspired by reticular chemistry. (a) T
235. (c) The Me2-BPDC ligand in PCN-700.69 (d) The Zr6 cluster in PCN-
prismatic nodes. (g) The simplified linear linkers. (h) The simplified 8-
Peripherally extended trigonal prismatic triptycene H6PET.70 The brown s
carboxyl dimers. The brown spheres represent benzene rings. (l) Per
derivatives in this work. The brown spheres represent carboxyl groups, an
pink sphere, Fe; turquoise sphere, Zr; bright green sphere, F; red sphere

4530 | Chem. Sci., 2024, 15, 4529–4537
an acs-topological framework (Scheme 1e). Similar results were
observed in PETHOF-1 and PETHOF-2 reported by Stoddart
et al.70 These two HOFs based on acs topology are constructed
from the 6-c peripherally extended triptycene hexacarboxylic
acid H6PET (Scheme 1j). The H6PET ligands are similar to the
Fe3 clusters in MOF-235 which act as 6-c trigonal-prism nodes,
where the hydrogen-bonded carboxyl dimers (Scheme 1k) can
be considered as the linear linker of 1,4-terephthalate in MOF-
235. Similar results were also observed in ZJU–HOF–1 based on
acs topology reported by Chen et al.71 Stepping further, in PCN-
700,69,74 the Zr6 clusters (Scheme 1d) can be simplied as 8-c
cube nodes (Scheme 1h), and Me2-BPDC (2,20-dimethylbi-
phenyl-4,40-dicarboxylate) (Scheme 1c) act as linear linkers to
construct a bcu topology (Scheme 1i). Based on reticular
chemistry, these peripherally extended pentiptycene ligands
(Scheme 1l) have high potential for acting as 8-c quadrangular-
prism nodes75,76 for HOFs, and we postulate that the HOFs of
bcu topology could be directionally constructed.

Herein, we undertook the design and synthesis of two
peripherally extended pentiptycene ligands, namely H8PEP-OBu
(Scheme S1†) and H8PEP-OMe (Scheme S2†). These ligands
were connected through hydrogen-bonded carboxyl dimers and
further assembled into NKM–HOF–1 and NKM–HOF–2 with 2-
fold interpenetrated bcu topologies, assisted by weak interac-
tions such as C–H/p between the ligands and the solvent
molecules (methyl benzoate, MB). Notably, this work represents
the rst successful construction of porous HOFs based on rigid
he Fe3 cluster68 in MOF-235. (b) The 1,4-terephthalate ligand in MOF-
700. (e) Frameworks with acs topology. (f) The simplified 6-c trigonal
c quadrangular prism nodes. (i) Frameworks with bcu topology. (j)
pheres represent carboxyl groups. (k) Illustration of hydrogen-bonded
ipherally extended quadrangular prism pentiptycene carboxylic acid
d the blue spheres represent the groups of OBu or OMe. Color legend:
, O; gray sphere, C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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8-c carboxylic acids. Considering the blue emission and the
pore size of NKM–HOF–1 (7.8 × 11.6 Å2) and NKM–HOF–2 (8.4
× 16.2 Å2), two dye molecules 3,6-di(2-thienyl)
diketopyrrolopyrrole (DPP) (14.5 × 8.1 × 3.6 Å3, yellow emit-
ting) and anthracene carboxaldehyde (AnC) (11.6× 8.5× 3.2 Å3,
greenish yellow emitting) were selected to adjust the lumines-
cence properties of these HOFs. Two white light-emitting (WLE)
composites NKM–HOF–1 I DPP-0.13/AnC-3.5 and NKM–HOF–
2IDPP-0.12/AnC-3 were successfully obtained by adjusting the
soaking concentration of dyes. Aer coating them on 330 nm
ultraviolet (UV) LEDs, we assembled two white-light-emitting
devices (WLEDs) with CIE coordinates of (0.29, 0.33) and
(0.32, 0.34), as well as color correlated temperatures (CCT) of
7815 K and 6073 K, respectively.
Results and discussion

Two D2h-symmetric quadrangular-prism-shaped molecules,
6,13-dibutoxy-2,3,9,10,18,19,24,25-octa(40-carboxyphenyl)pen-
tiptycene (H8PEP-OBu) and 6,13-dimethoxy-
2,3,9,10,18,19,24,25-octa(40-carboxyphenyl)pentiptycene
(H8PEP-OMe), were obtained through the multi-step syntheses
according to Scheme S1 and S2.† Solvothermal reactions of
H8PEP-OBu or H8PEP-OMe in a mixture of tetrahydrofuran and
methyl benzoate (MB) at 80 °C for 3 days afforded two iso-
structural HOFs (namely NKM–HOF–1 and NKM–HOF–2).
Single-crystal X-ray diffraction (SCXRD) analysis revealed that
both NKM–HOF–1 and NKM–HOF–2 crystallize in the
Fig. 1 (a) SCXRD structure of NKM–HOF–1 showing its 2-fold interp
networks are plotted in red and light blue. The pores are filled with two typ
clarity. (b) Illustration of themultiple C–H/p interactions formed among
stronger interactions; cyan dotted lines: weaker interactions). (c) Illustrati
molecules. (d) The parallelly arranged MB molecules in the large pores
manner in the small pores of NKM–HOF–1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
orthorhombic Pnma space group with half of the molecule as
the asymmetric unit. Therefore, similar unit-cell parameters are
observed for NKM–HOF–1 (a = 18.334 Å, b = 25.967 Å, and c =
37.965 Å) and NKM–HOF–2 (a = 18.397 Å, b = 26.378 Å, and c =
37.731 Å) (Table S1†), and their analogous formulae are deter-
mined to be (H8PEP-OBu)(MB)3 and (H8PEP-OMe)(MB)3,
respectively. Herein, only NKM–HOF–1 is particularly discussed
in detail, and the corresponding crystal structure information of
NKM–HOF–2 is shown in Fig. S1, S2 and S3.† In the three-
dimensional (3D) supramolecular framework of NKM–HOF–1
(Fig. 1a), each 8-c quadrangular prism H8PEP-OBu ligand is
connected with eight neighboring H8PEP-OBu ligands
(Fig. S2a†) through eight pairs of O–H/O hydrogen bonds
between –COOH groups (O/H distance ranging between
1.737–1.807 Å, O/O distance ranging between 2.573–2.637 Å,
and O–H/O bond angle ranging between 166.8–173.3°) (Table
S2†). Evidence for the formation of these O–H/O hydrogen
bonds can also be observed in the electrostatic potential (ESP)
diagram of NKM–HOF–1 (Fig. S4†), revealing that the negative
potential areas are primarily located on the carbonyl oxygen
atoms of eight carboxyl groups, while the positive potential
areas are primarily located on the hydroxyl hydrogen atoms of
eight carboxyl groups. This facilitates the donor–acceptor
interaction between carboxyl groups, thus promoting the
formation of hydrogen-bonded carboxyl dimers during the
crystallization process. The resulting single-set of supramolec-
ular networks with bcu topology exhibits large porosity that
enables the assembly of a second set in its voids, thereby
enetrated 3D supramolecular framework. Two sets of independent
es of MBmolecules, which are plotted in pink. H atoms are omitted for
MBmolecules and adjacent H8PEP-OBumolecules (green dotted lines:
on of the multiple C–H/p interactions between adjacent H8PEP-OBu
of NKM–HOF–1. (e) The MB molecules packed in a –[A–B–C–D]–

Chem. Sci., 2024, 15, 4529–4537 | 4531
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stabilizing the entire architecture. The two adjacent 3D frame-
works form a 2-fold interpenetrated structure through the C–
H/p interaction between the H8PEP-OBu ligands (H/p

distance of 3.470 or 3.794 Å) (Fig. 1c) and the C–H/p interac-
tion between the ligands and the MB molecules (distances for
strong H/p ranging between 2.408–2.878 Å and for weak H/p

ranging between 3.174–3.446 Å) (Fig. 1b). There are two types of
MBmolecules in the structure, as shown in Fig. 1a. The adjacent
MB molecules in the large pores are arranged in a –[A–A]–
manner along the a-axis with a distance of 18.334 Å without any
intermolecular interaction (Fig. 1d). Conversely, the adjacent
MB molecules in the small pores form a 1D chain via C–H/O
hydrogen bonds (H/O distances ranging between 2.469–2.945
Å) in a –[A–B–C–D]– manner along the a-axis (Fig. 1e). The MB
molecules surely play a pivotal role in the templating of the
assembly process, as the attempted syntheses without involving
MB yielded no crystals. As shown in Fig. S5,† aer removing the
solvent molecules, NKM–HOF–1 shows 2D cage-like pores with
a hexagonal window measuring 7.8 × 11.6 Å2 in size and an
abnormal hexagonal window measuring 1.9 × 5.0 Å2 in size
along the a-axis. These cage-like pores also have an extremely
narrow quadrilateral window with a size of 0.2 × 15.1 Å2 along
the b-axis (Fig. S5c†).

According to the analysis using ToposPro,77,78 the network
topology of NKM–HOF–1 exhibits a class IIa interpenetration,
where two networks are related by a symmetric center.70 In the
framework of NKM–HOF–1, each H8PEP-OBu molecule can be
simplied as an 8-c node (Fig. 2a and d), rendering an 8-c bcu
net topology with a (424.64) point symbol (Fig. 2c and f). As
shown in Fig. 2b and e, the 8-c bcu net of NKM–HOF–1 consists
Fig. 2 (a) The structure of the ligand H8PEP-OBu. (b) The octahedral ca
Bonds). (c) 2-fold interpenetrated frameworks of NKM–HOF–1 (each co
nodes simplified from H8PEP-OBu. (e) The octahedral cavities viewed
topological net of NKM–HOF–1.

4532 | Chem. Sci., 2024, 15, 4529–4537
of two hexagonal windows along the a-axis (18.3 × 38.0 Å2) and
along the b-axis (26.0 × 38.0 Å2). One individual network
possesses pores with a large and suitable conguration, further
resulting in two of such identical frameworks interpenetrated
along the b-axis through these quadrilateral windows (Fig. 2c
and f). The total guest-accessible void space in NKM–HOF–1
(64.5%) calculated with a probe radius of 1.2 Å in PLATON
soware79 is slightly smaller than that of NKM–HOF–2 (68.6%),
which is consistent with the difference in pore size (Fig. S5†).

The phase purity of the as-synthesized NKM–HOF–1 and
NKM–HOF–2 was conrmed by powder X-ray diffraction (PXRD)
(Fig. S6†). Thermogravimetric analysis (TGA) found that NKM–

HOF–1 and NKM–HOF–2 were both stable up to about 350 °C
(Fig. S7†). The N2 adsorption and desorption isotherms at 77 K
show that there is almost no N2 adsorption for activated NKM–

HOF–1 and NKM–HOF–2 using supercritical CO2 activation
(Fig. S8†), indicating the collapse of the frameworks aer des-
olvation. Fresh crystals of both HOFs were nally dissolved in
methanol or ethanol, but not in acetonitrile. The PXRD patterns
of two HOFs aer soaking in acetonitrile for 3 days remained
unchanged (Fig. S6†), indicating their high stability in aceto-
nitrile. Considering the above results, the following dye
encapsulation experiments were performed with acetonitrile.

The great potential of WLEDs in solid-state light sources has
attracted extensive attention.80 Two common methods are
employed to fabricate WLEDs. The rst method involves inte-
grating LED chips emitting the three primary colors (blue,
green, and red), and the resulting multi-chip system is therefore
complicated and expensive.81 The alternative approach entails
coating yellow-emitting phosphors onto blue-emitting LED
vities viewed from the crystal structure (red dotted lines represent H-
lor represents an individual bcu net). (d) The 8-c quadrangular prism
from the topological structure. (f) The 2-fold interpenetrated bcu

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06410g


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/5
/2

02
5 

11
:0

0:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chips (or white-emitting phosphors onto ultraviolet-emitting
LED chips).82 Although white-emitting phosphors can be ob-
tained by mechanically mixing organic uorescent dyes which
emit the three primary colors or complementary colors (such as
blue and yellow), the efficiency of energy transfer is hindered
due to the non-uniformity of the mixing process. In addition,
many organic uorescent dyes exhibit reduced or even no
emission properties in the solid state compared to their solu-
tion phase, which is due to the aggregation-caused quenching
(ACQ) effects.83 To address these drawbacks, the encapsulation
of organic uorescent dyes into porous framework materials
has been explored. Such a strategy not only enhances the
uniform dispersion of dyes, but also effectively mitigates the
ACQ effect, which eventually leads to competent WLE behav-
iors. Signicant progress has already been made in applying
MOFs as hosts for adsorbing uorescent dyes to construct WLE
materials.84 Notably, by sharing similar characteristics such as
high structural porosity and tunability, HOFs have also emerged
as promising candidates for WLE materials owing to their
unique features like good solvent processability.85,86 We
observed the maximum emission wavelength of NKM–HOF–1 to
be 416 nm upon excitation at an optimal wavelength of 365 nm,
which was blue-shied compared with that of amorphous
H8PEP-OBu (457 nm), which is presumably due to a certain level
of structural rigidity gained aer the framework assembly
(Fig. S9†). The photoluminescence (PL) quantum yield of NKM–

HOF–1 was 18.6%, and its CIE coordinates were (0.16, 0.08)
(Fig. S10†). Similarly, at an optimal excitation wavelength of
365 nm, the maximum emission wavelength of NKM–HOF–2
was 414 nm, which was also blue-shied compared with that of
amorphous H8PEP-OMe molecules (455 nm). The PL quantum
yield of NKM–HOF–2 was 19.9%, and its CIE coordinates were
(0.16, 0.08).

Considering the blue emission characteristics of both NKM–

HOF–1 and NKM–HOF–2, two uorescent molecules, 3,6-di(2-
thienyl)diketopyrrolopyrrole (DPP) which emitted yellow
light87,88 and anthracene carboxaldehyde (AnC) which emitted
greenish yellow light89 were chosen as the introduced guest
luminescence units to achieve WLE. As shown in Fig. S11,† the
molecular sizes of DPP and AnC are 14.5 × 8.1× 3.6 Å3 and 11.6
× 8.5 × 3.2 Å3, respectively, which are both comparable to the
dimensions of the hexagonal windows in NKM–HOF–1 (7.8 ×

11.6 Å2) and NKM–HOF–2 (8.4 × 16.2 Å2).90 The PXRD patterns
of NKM-HOF I DPP/AnC are all in agreement with that of
pristine NKM–HOF–1 and NKM–HOF–2, respectively, indi-
cating that the guest molecules encapsulated in the pores did
not destroy the crystal structure (Fig. S6†). In order to cover the
entire emission wavelength range, excitation light of 330 nm
was utilized in uorescence spectroscopy for studying the WLE
behaviors (Fig. S12†). First, the acetonitrile solutions of pure
DPP (0.12 mmol L−1) and pure AnC (3.80 mmol L−1) respectively
exhibited double yellow emissions (around 535 nm and 572 nm)
and a single greenish-yellow emission (around 470 nm) upon
irradiation (Fig. S13†). Next, we obtained two host-guest
composites of NKM–HOF–1 I DPP-0.12 and NKM–HOF–1 I
DPP-0.25 by immersing the crystals of NKM–HOF–1 into the
acetonitrile solution of DPP (0.12 mmol L−1 and 0.25 mmol L−1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
at 50 °C for 24 h. The TGA curve showed that the total weight
loss of NKM-HOFs I DPP/AnC is larger than that of activated
NKM-HOFs (Fig. S7†), indicating the successful introduction of
the dye molecules. Furthermore, Fourier transform infrared
(FTIR) spectra showed that all characteristic absorptions in DPP
and AnCwere observed in the spectrum of NKM–HOF–1IDPP/
AnC, and the peaks at 1709, 1511, and 1411 cm−1 were signi-
cantly enhanced, which can be attributed to the contribution of
C]O stretching vibration of DPP and AnC, the amide II band of
DPP, and the thiophene ring of DPP, respectively (Fig. S14†).
Similarly, the peaks of NKM–HOF–2 I DPP/AnC at 1705, 1507,
and 1398 cm−1 were also signicantly enhanced owing to the
contribution of DPP and AnC. The adsorption of AnC can also
be demonstrated by using the 1H-NMR spectra of NKM-HOFsI
DPP/AnC (Fig. S15 and S16†). The lack of DPP characteristic
peaks is due to the relatively weak intensity of DPP character-
istic peaks in DMSO-d6 (caused by the poor solubility of DPP in
DMSO-d6, Fig. S17†) and the small amount of DPP adsorbed on
NKM-HOFs I DPP/AnC. However, the successful introduction
of DPP can be proved by using the energy dispersive spectros-
copy mapping (EDS-mapping) images, which shows that the S
and N elements belonging to DPP are uniformly distributed in
the crystals of NKM-HOFs I DPP/AnC (Fig. S18 and S19†). In
addition, the recovered NKM-HOFs (NKM-HOFs I DPP/AnC
were activated with acetonitrile at 60 °C for 4 days, and the
acetonitrile was replaced three times a day) are still pink
(Fig. S20†), which further indicates that the dye molecules
entered the channels of the NKM-HOFs rather than simply
being adsorbed on the surface.

Under 330 nm excitation, the emission peaks corresponding
to NKM–HOF–1 and DPP, respectively, are shown at 409 nm and
548/588 nm in both NKM–HOF–1IDPP-0.12 and NKM–HOF–1
IDPP-0.25 samples. It was clearly observed that the former was
blue-shied compared to that of pure NKM–HOF–1 (416 nm)
and the latter was red-shied compared to that in the pure DPP
molecules (535/572 nm), indicating that the energy transfer
from NKM–HOF–1 to DPP occurs.91 The CIE coordinates of
NKM–HOF–1I DPP-0.12 (0.24, 0.16) and NKM–HOF–1I DPP-
0.25 (0.25, 0.18) are located in the blue-purple region (Fig. S21†),
which deviates from the white light point. Due to the limited
solubility of DPP in acetonitrile, the content of DPP encapsu-
lated in NKM–HOF–1 cannot be further improved by increasing
the initial concentration of DPP acetonitrile solution. It can be
inferred from the trend of CIE coordinates that on further
increasing the amount of DPP adsorbed on the HOF, the CIE
coordinates of such composites should gradually shi towards
the orange-red region. Parallelly, NKM–HOF–1 I AnC-3.8 was
obtained aer the immersion of NKM–HOF–1 crystals in the
acetonitrile solution of AnC (3.80 mmol L−1) at 50 °C for 24 h.
Again, under 330 nm excitation, the emission peaks corre-
sponding to NKM–HOF–1 at 404 nm and AnC at 504 nm in
NKM–HOF–1 I AnC-3.8 were blue-shied and red-shied
compared with those of pure NKM–HOF–1 (416 nm) and AnC
(470 nm), respectively, which is possibly due to the energy
transfer from NKM–HOF–1 to AnC. The CIE coordinates (0.23,
0.36) of NKM–HOF–1 I AnC-3.8 are located around the cyan
region. In the case of using NKM–HOF–2 as the host, the
Chem. Sci., 2024, 15, 4529–4537 | 4533
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emission spectra of NKM–HOF–2 I DPP-0.12, NKM–HOF–2 I
DPP-0.25, and NKM–HOF–2I AnC-3.8 are very similar to those
of NKM–HOF–1 I DPP-0.12, NKM–HOF–1 I DPP-0.25, and
NKM–HOF–1 I AnC-3.8 (Fig. S21c and d†).

Considering the abovementioned results, the simultaneous
presence of DPP and AnC in NKM–HOF–1 could be a possible
route towards WLE. The PL spectrum of NKM–HOF–1, and the
absorption/PL spectra of pure DPP or AnC in acetonitrile are
shown in Fig. S22.† There is a considerable overlap between the
PL spectrum of NKM–HOF–1 and the absorption spectrum of
AnC in the range of 367–460 nm, as well as between the PL
spectrum of AnC and the absorption spectrum of DPP in the
range of 440–650 nm, which ensures the effective transfer of
energy between the HOF host and the guest dyes. NKM–HOF–1
I DPP/AnC exhibits three emission bands when excited using
330 nm UV light (Fig. 3). The rst emission band Em I had
a single peak at around 404 nm, which was blue-shied
compared with that of pure NKM–HOF–1 (416 nm) due to the
energy transfer from NKM–HOF–1 to AnC. Em II exhibited
double emission peaks at around 476 nm and 506 nm attrib-
uted to AnC, which arise from the energy transfer processes
occurring from NKM–HOF–1 to AnC and subsequently from
AnC to DPP, respectively. Em III also had double emission peaks
at around 548 nm and 585 nm attributed to DPP, which were
red-shied compared with those of pure DPP in acetonitrile
Fig. 3 (a) Normalized PL spectra and (b) corresponding CIE coordi-
nates of NKM–HOF–1 treated with acetonitrile solutions containing
a constant concentration of DPP (0.13 mmol L−1) but different
concentrations of AnC (0.5–4 mmol L−1). Inset of (b) shows the
photographs of a 330 nm ultraviolet LED when turned off (left), when
coated with NKM–HOF–1 I DPP-0.13/AnC-3.5 and turned off
(middle), and when coated with NKM–HOF–1 I DPP-0.13/AnC-3.5
and turned on (right). (c) Normalized PL spectra and (d) corresponding
CIE coordinates of NKM–HOF–2 treated with acetonitrile solutions
containing a constant concentration of DPP (0.12 mmol L−1) but
different concentrations of AnC (0.5–4 mmol L−1). Inset of (d) shows
the photographs of a 330 nm ultraviolet LED when turned off (left),
when coated with NKM–HOF–2 I DPP-0.12/AnC-3 and turned off
(middle), and when coated with NKM–HOF–2IDPP-0.12/AnC-3 and
turned on (right).

4534 | Chem. Sci., 2024, 15, 4529–4537
(around 535 nm and 572 nm). By adjusting the concentration of
AnC within a suitable range (0.50–4.00 mmol L−1) while main-
taining a constant concentration of DPP at 0.13 mmol L−1 in the
solution, the intensities of Em II and Em III for the NKM–HOF–
1IDPP/AnC composites gradually increased while those of Em
I barely changed (Fig. 3a). The corresponding CIE coordinates
sequentially changed from (0.24, 0.20) to (0.29, 0.36) (Fig. 3b
and Table S3†). Particularly, when the concentrations of AnC
and DPP in the solution were set respectively at 3.50 mmol L−1

and 0.13 mmol L−1, the resulting CIE coordinates of the
composite reached (0.29, 0.33), which is indicative of WLE.
According to McCamy's relation,92,93 the CCT was calculated to
be 7815 K which was classied as ‘cool white light’. Moreover,
the luminescence lifetimes of NKM–HOF–1 (2.16 ns) decreased
from 2.16 ns to 0.53 ns aer the introduction of DPP and AnC,
and the energy transfer efficiency was determined to be 75%
(Table S4 and Fig. S23†).94 The quantum yields of NKM–HOF–1
I DPP-0.13/AnC-3.5 also changed to 7.08% (Table S5†).

In the case of NKM–HOF–2, similar results were obtained on
adjusting the concentration of AnC (0.50–4.00 mmol L−1) while
maintaining the concentration of DPP at 0.12 mmol L−1 during
the encapsulation. The intensities of Em II and Em III for NKM–

HOF–2I DPP/AnC composites gradually increased while those
of Em I hardly changed (Fig. 3c), accompanied by their CIE
coordinates changing from (0.26, 0.21) to (0.32, 0.36) (Fig. 3d
and Table S6†). The optimized concentrations of AnC and DPP
in solution were 3.00 mmol L−1 and 0.12 mmol L−1, leading to
the CIE coordinates of (0.32, 0.34), indicative of WLE. The cor-
responding CCT is calculated to be 6073 K which represents
‘cool white light’. The lifetime of NKM–HOF–2 decreased from
2.55 ns to 0.50 ns aer the formation of host–guest composites
and the energy transfer efficiency was 80%. The quantum yields
of NKM–HOF–2 I DPP-0.12/AnC-3 were 8.71%. These results
further emphasize the energy transfer between HOFs and dye
molecules.

In addition to the successful encapsulation and ne-tuning
of dye molecules within NKM–HOF–1 and NKM–HOF–2, these
HOF I dye composites have also been demonstrated to be
suitable candidates for practical WLE applications through the
fabrication of WLED devices. We prepared these bulbs by
simply coating NKM–HOF–1 I DPP-0.13/AnC-3.5 or NKM–

HOF–2 I DPP-0.12/AnC-3 onto commercially available 330 nm
ultraviolet LED bulbs. The resulting WLEDs emitted bright
white light at a voltage of 4.5–6.5 V and current of 350 mA, as
shown in Fig. 3. These results strongly support the promising
potential of NKM-HOF I dyes as novel WLE materials for
a wide range of practical white lighting applications.

Conclusions

In conclusion, the effective application and extension of retic-
ular chemistry in the construction of novel HOFs have allowed
for the precise control of their structures and properties. We
have directionally constructed two new HOF materials, NKM–

HOF–1 and NKM–HOF–2, with a record-high topology connec-
tion number based on two 8-c prismatic pentiptycene carboxylic
acids (H8PEP-OBu and H8PEP-OMe). The large pore sizes of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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NKM–HOF–1 (7.8 × 11.6 Å2) and NKM–HOF–2 (8.4 × 16.2 Å2)
endow them with satisfactory ability for guest molecule encap-
sulation. With the successful incorporation of DPP (yellow-
emitting) and AnC (greenish-yellow-emitting) into the blue-
emitting NKM–HOF–1 and NKM–HOF–2, NKM–HOF–1 I
DPP-0.13/AnC-3.5 and NKM–HOF–2 I DPP-0.12/AnC-3 could
be obtained via the subtle tuning of the contents of the two
dyes. These two optimized WLE composites demonstrated their
versatility and potential applications in WLEDs, achieving CIE
coordinates of (0.29, 0.33) and (0.32, 0.34), as well as a CCT of
7815 K and 6073 K. This work highlights the immense possi-
bilities that reticular chemistry offers in the design of new
structures and the enhancement of properties in HOFs, and we
can expect that such a strategy would lead to further advance-
ments in this eld.
Data availability

The authors conrm that the data supporting the ndings of
this study are available within the article [and/or its ESI†].
Author contributions

X.-J. Xi, J. Pang, and X.-H. Bu conceived and designed the
experiment. X.-J. Xi performed the synthesis and characteriza-
tion of the material, and wrote the original dra of the manu-
script. Y. Li contributed to the synthesis and a part of
characterization experiments. F. Lang, J. Pang, and X.-H. Bu
reviewed and revised this manuscript.
Conflicts of interest

The authors declare no competing interests.
Acknowledgements

This research was supported by the National Key Research and
Development Program of China (2022YFA1502901), National
Natural Science Foundation of China (22035003, 22201137, and
Grant 22371137), and Fundamental Research Funds for the
Central Universities (63223040).
Notes and references

1 L. Chen, B. Zhang, L. Chen, H. Liu, Y. Hu and S. Qiao, Adv.
Mater., 2022, 3, 3680–3708.

2 R.-B. Lin, Y. He, P. Li, H. Wang, W. Zhou and B. Chen, Chem.
Soc. Rev., 2019, 48, 1362–1389.

3 Y. Cai, J. Gao, J.-H. Li, P. Liu, Y. Zheng, W. Zhou, H. Wu, L. Li,
R.-B. Lin and B. Chen, Angew. Chem., Int. Ed., 2023, 62,
e202308579.

4 Y. Zhou, C. Chen, R. Krishna, Z. Ji, D. Yuan and M. Wu,
Angew. Chem., Int. Ed., 2023, 62, e202305041.

5 Z. Zhang, Y. Ye, S. Xiang and B. Chen, Acc. Chem. Res., 2022,
55, 3752–3766.
© 2024 The Author(s). Published by the Royal Society of Chemistry
6 S. Chen, Y. Ju, H. Zhang, Y. Zou, S. Lin, Y. Li, S. Wang, E. Ma,
W. Deng, S. Xiang, B. Chen and Z. Zhang, Angew. Chem., Int.
Ed., 2023, 62, e202308418.

7 Y. Sun, J. Wei, Z. Fu, M. Zhang, S. Zhao, G. Xu, C. Li, J. Zhang
and T. Zhou, Adv. Mater., 2023, 35, 2208625.

8 S. C. Pal, D. Mukherjee, R. Sahoo, S. Mondal and M. C. Das,
ACS Energy Lett., 2021, 6, 4431–4453.

9 C. Huang, C. Zhao, Q. Deng, H. Zhang, D. Yu, J. Ren and
X. Qu, Nat. Catal., 2023, 6, 729–739.

10 L. Tong, Y. Lin, X. Kou, Y. Shen, Y. Shen, S. Huang, F. Zhu,
G. Chen and G. Ouyang, Angew. Chem., Int. Ed., 2023, 62,
e202218661.

11 C. Wang, X. Song, Y. Wang, R. Xu, X. Gao, C. Shang, P. Lei,
Q. Zeng, Y. Zhou, B. Chen and P. Li, Angew. Chem., Int. Ed.,
2023, 62, e202311482.

12 B. Wang, R.-B. Lin, Z. Zhang, S. Xiang and B. Chen, J. Am.
Chem. Soc., 2020, 142, 14399–14416.

13 P.-D. Liu, A.-G. Liu, P.-M. Wang, Y. Chen and B. Li, Chin. J.
Struct. Chem., 2023, 42, 100001.

14 Z. Ke, K. Chen, Z. Li, J. Huang, Z. Yao, W. Dai, X. Wang,
C. Liu, S. Xiang and Z. Zhang, Chin. Chem. Lett., 2021, 32,
3109–3112.

15 H. Zhang, D. Yu, S. Liu, C. Liu, Z. Liu, J. Ren and X. Qu,
Angew. Chem., Int. Ed., 2022, 61, e202109068.

16 D. Yu, H. Zhang, Z. Liu, C. Liu, X. Du, J. Ren and X. Qu,
Angew. Chem., Int. Ed., 2022, 61, e202201485.

17 G. Chen, S. Huang, X. Ma, R. He and G. Ouyang, Nat. Protoc.,
2023, 18, 2032–2050.

18 M. Jiang, X. Yan, Y. Wang, F. Pu, H. Liu, Y. Li, C. Yang, J. Zhu,
X. Liu, J. Ren and X. Qu, Adv. Funct. Mater., 2023, 33,
2300091.

19 X. Yu Gao, Y. Wang, E. Wu, C. Wang, B. Li, Y. Zhou, B. Chen
and P. Li, Angew. Chem., Int. Ed., 2023, e202312393.

20 Y.-L. Li, Q. Yin, T.-F. Liu, R. Cao and W.-B. Yuan, Chin. J.
Struct. Chem., 2019, 38, 2083–2088.

21 J. Samanta, R. W. Dorn, W. Zhang, X. Jiang, M. Zhang,
R. J. Staples, A. J. Rossini and C. Ke, Chem, 2022, 8, 253–267.

22 I. Hisaki, C. Xin, K. Takahashi and T. Nakamura, Angew.
Chem., Int. Ed., 2019, 58, 11160–11170.

23 Y. He, S. Xiang and B. Chen, J. Am. Chem. Soc., 2011, 133,
14570–14573.

24 Q. Yang, Y. Wang, Y. Shang, J. Du, J. Yin, D. Liu, Z. Kang,
R. Wang, D. Sun and J. Jiang, Cryst. Growth Des., 2020, 20,
3456–3465.

25 W. Yan, X. Yu, T. Yan, D. Wu, E. Ning, Y. Qi, Y.-F. Han and
Q. Li, Chem. Commun., 2017, 53, 3677–3680.

26 D.-D. Zhou, Y.-T. Xu, R.-B. Lin, Z.-W. Mo, W.-X. Zhang and
J.-P. Zhang, Chem. Commun., 2016, 52, 4991–4994.

27 A. Pulido, L. Chen, T. Kaczorowski, D. Holden, M. A. Little,
S. Y. Chong, B. J. Slater, D. P. McMahon, B. Bonillo,
C. J. Stackhouse, A. Stephenson, C. M. Kane, R. Clowes,
T. Hasell, A. I. Cooper and G. M. Day, Nature, 2017, 543,
657–664.

28 M. Mastalerz and I. M. Oppel, Angew. Chem., Int. Ed., 2012,
51, 5252–5255.

29 Z. Zhang, M. I. Hashim and O. Š. Miljanić, Chem. Commun.,
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