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Hydrogen-bonded organic frameworks (HOFs) have received tremendous attention in recent years due to

the good designability. However, the pure organic nature of HOFs sometimes limits the application

development and performance improvement. Functionalizing is an effective strategy to control and

modulate material properties, which can achieve properties that cannot be achieved by a pristine

material. Herein, a series of HOF-76IDSMI were synthesized through functionalizing the stable AIE-

based HOF-76 by incorporating a red dye which complements the deficiency of the red component of

HOF-76. Then, a single matrix white light-emitting diode (WLED) was fabricated by coating the HOF-

76IDSMI material on a 460 nm blue LED with CIE chromaticity coordinates of (0.333, 0.329),

a correlated colour temperature (CCT) of 5490 K and a colour rendering index (CRI) of 80.
Introduction

Hydrogen-bonded organic frameworks (HOFs), an emerging
type of porous crystalline material, are assembled of organic
linkers through hydrogen bonding and have attracted contin-
uous attention.1–4 The variability of the hydrogen bond distance
and angle give HOFs unique features compared with other
porous crystalline materials, including but not limited to mild
synthesis conditions, easy regeneration and high thermal
stability.5–9 Until now, the structural design of HOFs has
matured to a point in which the composition, structure, and
porosity can be precisely designed10–12 and they show
outstanding properties in many elds such as gas separa-
tion,13–16 sensors,17–19 catalysis,20–22 proton conduction,23,24

luminescent materials,25–28 etc. However, the lack of functional
sites limits functional development and performance break-
throughs of HOFs to some extent.

Functionalizing materials is an important material design
strategy for specic applications.29–32 Strong Lewis base/acid
sites or other functional groups can be incorporated into HOF
precursors for compatibility with special applications. For
example, pyridyl, hydroxyl and F atoms are considered func-
tional groups that can recognize small molecules speci-
cally.33,34 Jiang and Chen et al. constructed a post-synthetic
chool of Materials Science & Engineering,

na. E-mail: liangcc1@zju.edu.cn; bin.li@

(ESI) available: Experimental section
n); additional graphics (Fig. S1–S11)
0.1039/d2ra04342d

the Royal Society of Chemistry
metallized HOF-19 with palladium acetate exhibiting high
isolation yields and good selectivity for the Suzuki–Miyaura
coupling reaction.20 Farha and co-workers reported post-
synthetic incorporation of iodine within conductive HOF-110
affording a 30-fold improvement in electrical conductivity.35

Sun and Luo et al. proposed to load the doxorubicin onto the
surface of a porphyrin-based HOF, which provided synergistic
chemotherapy–photodynamic therapy–photothermal therapy
effects.36 These works inspire us to construct functionalized
HOFs for the application of white light-emitting diodes
(WLEDs) which is difficult to be achieved by a HOF material
itself.37,38

Herein, we report a series of functionalized aggregation-
induced emission-based (AIE-based) HOFs (HOF-76IDSMI)
by introducing a dye molecule into the HOF-76 host which is
constructed from an AIE linker hexakis(4-
carboxyphenylethynyl)-benzene (HCEB). The emission of HOF-
76IDSMI materials undergoes a change from single green
emission to red emission with the variation of dye molecule
loading amount. Among them, HOF-76IDSMI@0.22 wt%
shows a high-quality pure white light excited by a 460 nm blue
LED chip and a single matrix WLED was fabricated.
Results and discussion
AIE character of HCEB

We rst demonstrated the AIE character of the HCEB and
investigated the effect of the HOF framework structure on the
photoluminescent (PL) properties. The compound HCEB was
successfully synthesized according to the published proce-
dure.39 As shown in Fig. 1a, the solid ligand HCEB exhibits
RSC Adv., 2022, 12, 23411–23415 | 23411
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Fig. 1 PL spectra of (a) HCEB powder and (b) HCEB solution in DMSO
(10 mM). (c) The emission spectra of HCEB in DMSO with different
concentrations. (d) The emission spectra of HCEB solution (10 mM) in
a mixture of DMSO/water with different water fractions.
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a broad yellow emission of 500–650 nm under a wide excitation
range of 400–500 nm. The dilute solution of HCEB in DMSO can
be excited by UV light and the maximum emission peak is
466 nm (Fig. 1b) but the intensity is very weak. When the
concentration of HCEB ligand increases, the emission intensity
gradually enhances and the emission peak redshi (Fig. 1c),
which is attributed to the formation of excimers.40–43 On the
other hand, we added poor solvent H2O into the dilute solution
and observed the emission intensity also increases sharply
(Fig. 1d and S1a, ESI†). When mixing a 90% volume fraction of
water in DMSO, the absorption peak of HCEB suspension in the
DMSO/H2O mixture remains unchanged (Fig. S1b, ESI†), while
the emission peak is signicantly blue-shied (lmax ¼ 466 nm
in DMSO; lmax ¼ 459 nm in DMSO/H2O; see Fig. 1d). This
intriguing aggregation-induced blue-shied emission can
ascribe to the presence of water molecules weakly blocking the
intramolecular/intermolecular excited aromatic interactions in
the aggregated state.44,45 The AIE character of HCEB molecular
indicates the feasibility of constructing high quantum efficiency
luminescent HOFs.
Rigidifying the linkers by HOF formation

HOF-76 crystal was successfully synthesized with an HCEB
ligand.39 The powder X-ray diffraction patterns show the pure
phase and good crystallinity of HOF-76 (Fig. 2a). The quantum
efficiency of HOF-76 is 9.76% that is higher than that of the
HCEB ligand (2.59%), which proved the successful restriction of
AIE HCEB ligand by hydrogen bond and p–p interaction in
HOF-76. The restriction inhibits the motion of the benzene ring
and the internal torsion of the alkyne group thus blocks the
non-radiation transition and reverses the path of radiation
transition which leads to a luminescence intensity increase of
molecule.46 HOF-76 exhibits a green emission at lmax ¼ 508 nm
and two distinct reddish emission peaks around 550–600 nm
23412 | RSC Adv., 2022, 12, 23411–23415
(Fig. 2b). To further explore the role of crystal structure in the
photoluminescence of HOF-76, we investigated the UV-vis
absorption spectra and emission spectra of HOF-76 and the
single-molecular state ligand (Fig. S2, ESI†) respectively. The
absorption spectra show the strongest absorption peak located
at 326 nm and 362 nm for HOF-76 and single-molecular state
ligand (Fig. S2a, ESI†), respectively, which can be regarded as S0
/ S2 transition. However, a board absorption peak around
400–500 nm was observed for HOF-76 but non for the single-
molecular state, which is corresponding to the 0–0 transition
for S0 / S1.47–49 The restriction of H-bonds in HOF-76 breaks
the original D6h symmetry of ligand, therefore, allowing the 0–
0 transition.48 Furthermore, the emission spectrum of HOF-76
exhibits a bathochromic shi of 31 nm compared with the
single-molecular state of HCEB in 80 K (Fig. S2b, ESI†), which is
caused by p–p stacking and the photoinduced proton transfer
among the H-bonds between carboxyl groups.49 Therefore,
crystal engineering is an efficient strategy to modulate the
luminescence properties of molecules.
Synthesis and photophysical properties of HOF-76IDSMI

For the pore structure and luminescence properties of HOF-76,
we choose the DSMI dye molecule as the functional guest
molecule for several reasons (Scheme 1): (1) HOF-76 and DSMI
show the same optical excitation wavelength and can be excited
by 460 nm simultaneously. DSMI emits red light at lmax ¼
625 nm which complements the deciency of the red compo-
nent of HOF-76 (Fig. 2c). (2) The molecular dimension of DSMI
is �4.3 � 15.9 Å2 and smaller than the aperture of the 1D
channel of the HOF-76 (7 Å). Thus, the dye molecules could
easily enter the pore of HOF-76. (3) The interaction between
cationic DSMI and benzene ring electron clouds can make the
guest molecule encapsulated within the HOF-76 pores.

Activated HOF-76 crystals (Fig. S3, ESI†) were immersed in
aqueous DSMI solution and kept for three days at room
temperature to ensure the system was fully balanced. A series of
functionalized HOF-76 (HOF-76IDSMI) were obtained without
structural collapsing (Fig. 2a and S3, S4, ESI†). The uorescence
microscope photos further proved the uniformly loading of
DSMI in HOF-76 crystals (Fig. 2e and f) and the variation of
luminous colour suggested the emission colour be tuned by
controlling the loading amount of DSMI. The loading amount
of DSMI was calculated by the intensity–concentration rela-
tionship of the UV-vis absorption spectra (Fig. S5 and S6, ESI†)
and its maximum value is 1.42 wt%. Next, we measured the
emission spectra of this series of HOF-76IDSMI. The materials
display continuous broadband emission and a new emission
band appears at around 600 nm compared with HOF-76
(Fig. 2d), which revealed the modulation of uorescence prop-
erty is successfully achieved by functionalizing HOF-76. As ex-
pected, the emission intensity of the green component of the
emission spectra decreases with the increase in loading
amount. This is attributed to the efficient energy/charge trans-
fer between the host HOF-76 framework and guest DSMI
molecule, which is proved by the overlapping of the emission
spectrum for HOF-76 and absorption spectrum for DSMI
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Powder X-ray diffraction patterns of as-synthesized and activated HOF-76 and HOF-76IDSMI compared with simulated diffraction
pattern of single-crystal HOF-76. PL spectra of (b) HOF-76 and (c) 1 � 10�5 M DSMI in DMF solution. (d) The emission spectra of HOF-76IDSMI
with different loading amounts of DSMI. All samples were excited at the wavelength of 460 nm. (e) Themicroscope of HOF-76. The fluorescence
microscopic image under the excitation of 480 nm of (f) HOF-76 (g) HOF-76IDSMI@0.22 wt% (h) HOF-76IDSMI@1.42 wt%.

Scheme 1 Schematic illustration of the design and synthesis of HOF-
76IDSMI and the packaging of a WLED.
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(Fig. 2b and S6a, ESI†). Thus, we further measured the quantum
yield of these series of functionalized HOF-76 materials. Indeed,
it is consistent that the existence of DSMI leads to the reduction
of quantum efficiency (Table S1 and Fig. S7, ESI†). Such a HOF-
to-dye energy transfer behaviour was further evidenced by
emission spectrum and the lifetime measurement by time-
resolved PL decay experiments (Fig. S8 and S9, ESI†).

We collected the decay curves at 510 nm excited under
a continuous laser at 470 nm. The lifetime of each sample is
summarized in Table S1 (ESI†). HOF-76 exhibits substantial bi-
exponential decay photo-behaviour with a shorter lifetime s1 of
5.63 ns and a longer lifetime s2 of 14.94 ns. The longer lifetime
is attributed to the lifetime of the luminescent nucleus,
substituents and their interactions have little effect. The shorter
lifetime is attributed to charge transfer between carboxylic
groups.47 With the increase in the loading amount of DSMI, the
luminescence and lifetime of the material decrease. Thus, it can
be assigned to the energy transfer occurred in the host-guest
system, which gives rise to increase non-radiative decay. The
calculated energy transfer efficiency h is approximately 31.1%
with 0.22 wt% DSMI loading amount.50,51 The great energy level
© 2022 The Author(s). Published by the Royal Society of Chemistry
match between the S1 level of the HOF-76 and DSMI is further
conrmed by steady-state spectra (Fig. S10, ESI†). Therefore, it
is answerable to the gradually quenched green light of HOF-
76IDSMI near 508 nm. The luminescence spectrum of HOF-
76IDSMI@1.42 wt% is consistent with the emission of DSMI
(Fig. 2d). However, the quantum yield of HOF-
76IDSMI@1.42 wt% (2.63%) is much higher than that of DSMI
powder (<1%), which indicates that the connement effect of
the HOF-76 on the DSMI molecules inhibits the aggregation of
the DSMI and therefore enhances the quantum yield.
Fabrication of the WLED

The emission of HOF-76IDSMImaterials shi from green light
toward red light as the loading amount increased, which is
illustrated by the chromatic coordinate diagram (Fig. S11, ESI†).
Surprisingly, the CIE coordination of HOF-
76IDSMI@0.22 wt% (0.41, 0.52) is comparatively close to
commercial yellow phosphor YAG : Ce3+ (0.41, 0.56). Encour-
aged by this result, to further demonstrate the capacity of the
functionalizing HOFs for practical white-light emitting appli-
cations, we produced a white emitting device by implementing
HOF-76IDSMI@0.22 wt% as yellow phosphor onto the 460 nm
blue LED with hemispherical morphology. The emission spec-
trum of device was recorded by bre optical spectrometer. As
shown in Fig. 3a, a broadband emission covering the whole
visible spectral region was achieved and the result remote-type
LED device emits a bright white light when is connected to the
electrical power of 3 V. The white light was obtained with CIE
coordinates of (0.333, 0.329), as depicted in the CIE 1931
chromaticity diagram (Fig. 3b), which is closed to standard
commercial white light (CIE coordinates ¼ 0.33, 0.33). The
calculated CCT value of 5490 K is much lower than commercial
blue-LED chip excited YAG : Ce3+ phosphor (CCT¼ 6015 K). It is
obvious that compensating for the deciency of the red
component is manifested in HOF-76IDSMI, which is more
comfortable for people in daily life.52 The measured
RSC Adv., 2022, 12, 23411–23415 | 23413
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Fig. 3 (a) The emission spectrum of WLED after loading the HOF-
76IDSMI onto 460 nm blue chip; inset: the photo of the obtained
WLED when applying the current. (b) CIE chromaticity coordinates of
as-fabricated WLED.
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corresponding colour rendering index (CRI) value is 80,
completely meeting the requirements of white light
performance.
Conclusions

In summary, we functionalized the stable AIE-based HOF-76 by
loading DSMI red dye, making it an efficient yellow phosphor
that cannot be achieved by pure HOF-76 itself. A WLED with CIE
coordinates of (0.333, 0.329), CCT of 5490 K and CRI of 80 was
constructed by combining the phosphor with accessible
commercial blue LED chip. All indicators show the colour
rendering ability of the phosphors satisfying people's demands
and display a potential application in warm-white light LEDs.
What's more, to the best of our knowledge, this is the rst re-
ported WLED that the phosphor is constructed by a function-
alized AIE-based HOF, which expands the application of HOF
materials in the optical eld.
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