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Tailored Broad-Spectrum Emission in Hybrid Aggregation
Induced Emission (AIE)-MOFs: Boosting White Light
Efficiency in Electrospun Janus Microfibers

Vishal Kachwal, Samraj Mollick, and Jin-Chong Tan*

Advances in energy-efficient lighting and display technologies demand
innovative materials with tailored broad-spectrum emission properties.
Hybrid aggregation-induced emission metal-organic frameworks (AIE-MOFs)
offer a promising avenue, combining unique characteristics of organic and
inorganic components to yield enhanced luminescence efficiency and robust
material stability. The study introduces a spectrum of D (donor)-A (acceptor)
type AIE-active ligands into MOFs, enabling tunable emission across the
visible spectrum, thus underscoring the versatility of these hybridized MOF
materials. The emission properties of AIE-MOFs are further harnessed by
integrating them into polymer matrices, resulting in high-performance
electrospun fibers with tunable emission. A significant achievement involves
the fabrication of Janus-type white light-emitting AIE-MOF fiber composites
via side-by-side electrospinning, accomplishing a high quantum yield of 58%,
which doubled the performance of homogeneous fibers. Complementing the
experimental findings, micro-Raman and nano-Fourier transform infrared
spectroscopy are employed as local spectroscopic probes, affording a deeper
understanding of the material properties and the mechanisms contributing to
enhance light emission. In the understanding, this study presents an
unconventional implementation of hybrid AIE-MOFs in Janus-type structures
for white light emission. It significantly improves the efficiency of white light
sources in optoelectronics, charting a promising direction for future research
in the emergent AIE-MOF field.

1. Introduction

Tuning of emission properties sits at the heart of many pho-
tonic applications, underpinning the color, intensity, and spectral
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bandwidth of devices ranging from
lighting and displays, to sensors and
bio-imaging technology.[1,2] The road to
perfecting these emission properties is
paved with a diverse set of approaches,
each of which is tuned to cater to the
idiosyncrasies of specific material systems
and desired emission characteristics.[3]

The unique strengths and constraints
of organic and inorganic materials make
them potential players in the quest for
optimal emission properties.[4,5] However,
in the realm of hybrid composite ma-
terials, specifically metal-organic frame-
works (MOFs), we witness a harmonious
melding of the advantages of both or-
ganic and inorganic components. This fu-
sion promises stability and broad-spectrum
emission that traditional materials might
not be able to deliver consistently.[6,7]

In the bustling world of material sci-
ence, conventional MOFs have long held
the spotlight, their unique properties in-
spiring countless research endeavors. How-
ever, beneath their shimmering facade lies
an Achilles heel – their emission effi-
ciency is often undermined by the non-
radiative decay pathways.[8] Scientists have
ventured down two promising avenues in

response to this challenge. The first involves confinement of
luminescent guests (LGs) within MOFs, an approach known
as LG@MOFs.[4,9] Despite its potential; this strategy presents a
number of obstacles, such as structural stability issues, control
over guest incorporation, long-term efficiency, and leaching.[4]

The second approach, like a beacon of hope, offers possible
solutions to these challenges. This path led to the creation of
a novel class of MOFs, the aggregation-induced emission ac-
tive MOFs (AIE-MOFs).[10,11] These MOFs are designed to lever-
age rotation-restricted emission, a fresh perspective on improv-
ing luminescence efficiency.[11,12] A groundbreaking study by
Dong et al.[13] demonstrated pioneering work of tunable lumines-
cent AIE-MOFs. Their work crafted a new direction for control-
ling the local environment and interactions between AIE-active
molecules and the MOF framework, resulting in amplified AIE
effects and enhanced luminescence efficiency.[14] This pioneer-
ing research has illuminated a promising pathway for developing
efficient, tunable, luminescent MOF-based materials.[15,16] Yet,
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even as recent studies advance the field with host-guest hybrid
MOFs for white light emission, challenges persist.[17] The quest
for better intrinsic parameters such as quantum yield (QY) and
leaching control remains an ongoing journey.[18] The exploration
continues, with researchers like Yang et al.[19] pushing the bound-
aries by creating single-phase white light emissive materials us-
ing an encapsulation method, although hurdles like leaching and
precise control of the concentration within the single-phase MOF
still persisted.[20]

Stepping away from MOFs, electrospun fibers have also made
their mark, with their high surface area to volume ratio, high
porosity, and diverse morphologies allowing for future integra-
tion into electronic devices.[21] These attributes have carved out a
niche for electrospun fibers in applications spanning from sens-
ing, drug delivery, and energy, to optoelectronics.[22] Further, AIE-
active electrospun fibers present exciting new opportunities in a
wide range of technological sectors.[23]

In the landscape of photonic technologies, we find a mar-
riage of innovation and utility in integrating AIE-active mate-
rials with electrospun fibers. This alliance has triggered a sea
of change, enhancing photostability,[24] photothermal & photo-
dynamic properties,[25] quantum yield,[26] sensing,[27] and de-
vice sensitivity. The methodology surpasses the constraints of
traditional systems such as phosphor-converted (light emitting
diodes) LEDs, multi-chip systems, (organic-LEDs) OLEDs, and
(quantum dot-LEDs) QLEDs.[28] At the heart of this innovation is
the restriction of intramolecular rotation in AIE compounds and
the vast surface area of electrospun fibers, a combination that en-
ables tunable and amplified quantum yield.[23,29]

Our exploration leads us to Janus fibers, a specific type of elec-
trospun fibers fabricated by side-by-side electrospinning, open-
ing yet another door for innovation.[30] These composite ma-
terials are not just versatile but also unique in their structure.
Janus fibers are characterized by their asymmetric structure, of-
ten having two distinct sides with different chemical physical
properties. Their bifunctionality or multifunctionality extends
their applicability across a broad range of fields.[31] For exam-
ple, they can be engineered for controlled drug release in med-
ical applications, offer asymmetric photothermal properties for
all-weather smart textiles, and are promising in environmental
applications like sustainable oil-water separation.[32] Building on
this unique structure, Janus fibers are lauded for their ability to
incorporate different materials and functionalities within a sin-
gle micro- or nanoscale architecture.[33] The result is a material
that can be tailored to specific applications, from textiles,[34] white
light emission[35] and sensors to drug delivery systems,[36] tis-
sue engineering,[37] and antimicrobial materials.[33] The fusion
of AIE-MOFs with these electrospun fibers could herald a new
era of composite materials, surpassing the performance of tra-
ditional polymer films, composite materials and mixed-matrix
membranes. These exciting prospects could illuminate the path
forward in the pursuit of tailoring emission properties and creat-
ing novel photonic technologies. However, this strategy remains
largely explored in the MOF domain.

In this study, we meticulously designed and synthesized hy-
bridized AIE-MOFs through a strategic post-synthetic modifica-
tion process (Figure 1a), using propeller-shaped AIE ligands to
manipulate the emission properties. The chemical structure of
hybridized AIE- MOFs is given in Figure 1b. The resulting emis-

sion spectrum of the hybridized AIE-MOFs is fine-tuned to span
the entire visible light range. These hybridized AIE-MOFs were
integrated with standard electrospun fibers using polyurethane
(PU) polymers to enhance the quantum yield. The outcome was
a fiber emission with an expertly tailored spectral output within
the visible range, yielding a higher quantum yield than the orig-
inal AIE-MOF powders.

The hybrid AIE-MOFs and fiber’s structure, morphology, and
optical and electronic properties were systematically evaluated. A
comprehensive set of complimentary techniques was employed,
including X-ray diffraction (XRD), near-field infrared nanospec-
troscopy (nano-FTIR), micro-Raman spectroscopy, scanning elec-
tron microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
photoluminescence (PL) spectroscopy, and UV–vis diffused re-
flectance spectroscopy (DRS).

Further, we fabricated Janus-type structural white light emis-
sive composites comprising flexible fibers, using the side-by-side
electrospinning method (Figure 1c). These fibers exhibited a high
quantum yield (QY) of 58%. This is among the highest reported
QY for white light-emitting materials based on single-phase hy-
bridized AIE-MOF fibers. Our work underlines the potential of
AIE-MOF-based white light-emitting fibers with tailored emis-
sion profiles, signposting the route towards developing highly ef-
ficient white light sources suitable for a broad spectrum of prac-
tical applications.

2. Results and Discussion

In this study, Our exploration has been particularly directed
towards three distinguished MOFs, namely NH2-UiO-66 (Zr)
(UiO: University of Oslo), NH2-MIL-53 (Al), and NH2-MIL-68
(In) (MIL: Material Institute Lavoisier), owing to their high pore
volumes and robustness conducive for post-synthetic modifica-
tions under mild acidic and basic conditions, rendering them
suitable candidates for applications requiring endurance and sta-
bility under varying conditions. The unique structural and chem-
ical characteristics of these MOFs are imperative for our study.
NH2-UiO-66 (Zr) showcases a robust and porous architecture an-
chored by zirconium metal clusters, with particle sizes ranging
between 100 to 200 nm and an ortho-octahedral structural config-
uration accompanied by pore sizes of 0.8 and 1.1 nm.[38,39] Con-
versely, NH2-MIL-53 (Al) incorporates aluminum metal clusters
and is known for its flexible “breathing” behavior, presenting 1D
diamond-shaped pores that adapt dynamically to external stim-
uli, with pore sizes of 0.8 and 1.3 nm.[40] Conversely, NH2-MIL-68
(In) embodies indium metal clusters and deviates in its structural
framework by featuring a 2D hexagonal channel-like architecture
with three distinct types of pore windows of varying geometries,
having average openings of 0.5 nm (cubic), 0.7 nm (trigonal), and
2.0 nm (hexagonal).[41] Each of these MOFs, with their distinct
structural and chemical traits, cater to different realms of appli-
cations, thus highlighting their potential versatility in gas storage,
separation, and other relevant domains.

2.1. Synthesis and Characterization of MOF Powders

The synthesis procedure for MOFs is detailed in the Supporting
Information (SI) and follows the published procedures for NH2-
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Figure 1. Schematic illustration of the process: a) Strategy for synthesizing hybridized AIE-MOFs. b) Chemical structure representation of different
AIE-MOFs (TPE – tetraphenylethylene, TPA – triphenylamine, Py – Pyrene, TPATh-(5-(4-(diphenylamino) phenyl) thiophene-2-carbaldehyde), TPACN –
(2-(4-((4-formyl phenyl) (phenyl) amino)benzylidene)malononitrile) c) Side-by-side electrospinning process to fabricate Janus fibers.

UiO-66 (Zr),[38,39] and NH2-MIL-53 (Al).[40] Synthesis of NH2-
MIL-68 (In) was performed utilizing high-concentration reaction
method as described in the SI. The covalent approach favors
chemically and thermally stable MOFs, which offer a suitable
platform for introducing new functional groups.[42] This allows
for incorporating AIE-ligands into the MOF structure through
post-synthetic modification (PSM) techniques, an alternative and
highly effective synthesis route.

This approach allows for adding appropriate recognition sites
into the MOF without changing their topologies while restrict-
ing pre-functionalization synthesis. Here we started synthesiz-
ing TPA-MIL-68 by covalently linking TPA-CHO with free NH2
groups in NH2-MIL-68 (In) at 70 °C in ethanol under nitrogen
atmosphere for 12 hours (detailed reactions are given in the SI
under the experimental section). The SEM micrographs of both
modified and unmodified MOFs have needle-like shapes indi-
cating a negligible change in the crystal morphology after PSM
(Figure S6, Supporting Information). The PXRD patterns of the
TPA-MIL-68 shown in Figure 2a were in good agreement with
those previously reported and identical to the simulated PXRD
patterns,[43] indicating that the crystalline nature of the parent
MOF remained intact in the composites. The Raman shift at
443 cm−1 in TPA-MIL-68, corresponding to the In-O band,[44]

confirms no structural change after hybridization (Figure 2b).
The appearance of a peak at 1680 cm−1 (which corresponds to
–C = N), as well as the disappearance of peaks around 3082 cm−1

(which corresponds to –NH2) of NH2-MIL-68 and 1700 cm−1

(─C = O) of TPACHO in TPA-MIL-68, indicates the formation
of an imine bond (Figure 2b). XPS analysis was conducted fur-
ther to investigate the changes in the chemical environment of
NH2-MIL-68, and the deconvoluted XPS patterns are shown in
(Figure 2c,d). After the hybridization of TPA-CHO with NH2-
MIL-68 (In), a new shoulder peak at 399.5 and 399.6 eV appeared
in the N1s core level spectra for TPA-MIL-68, corresponding to
the imine (─C = N) group and tertiary amine group, respectively.
As a complete reaction was difficult to achieve, a broad peak com-
bination of NH/NH2 with tertiary amine (N) and C-N peak was
observed, which also shifted to higher energy by 0.4 eV (from
400.4 to 400.8 eV), likely resulting from the delocalization of elec-
tron density from the nitrogen in (NH2). Figure S7a (Supporting
Information) shows two peaks at 445.2 and 452.8 eV, correspond-
ing to the In 3d5/2 and In 3d3/2 of In (III), respectively. For the O1s
XPS spectra of NH2-MIL-68(In), two peaks can be fitted at 533.5
and 531.8 eV, corresponding to the surface chemisorbed H2O (or
oxygen) and In-O bonding, respectively (Figure S7b, Supporting
Information). These two peaks in NH2-MIL-68(In) were shifted
compared with those of TPA-MIL-68 (534.0 and 531.9 eV), indi-
cating the delocalization of electron density over the imine bond
(Figure S7c, Supporting Information).[38,45]

This observation is further supported by the FTIR analy-
sis (Figure S8, Supporting Information), which shows the near
disappearance of vibrational bands at 3470 and 3381 cm−1 in
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Figure 2. Powder phase characterization of NH2-MIL-68 and TPA-MIL-68. a) PXRD patterns of simulated NH2-MIL-68, pristine MOF and hybridized
MOF, showing the crystalline nature of the MOF does not change after hybridization with TPA-CHO. b) Raman spectra indicating no major structural
changes after hybridization, and confirming the formation of imine bond after reaction. High-resolution XPS patterns of c) N1s of NH2-MIL-68 and
d) N1s of TPA-MIL-68. e) Nano FTIR absorption spectra of TPA-MIL-68 crystals taken across the highlighted region in f). The two highlighted bands
correspond to the ca. 1380—1390 cm−1 (host) and 1580—1600 cm−1 (–C = N) respectively. Fourteen spots on the s-SNOM image f) corresponding to
fourteen point-by-point nanoFTIR scans performed locally on the crystal, with a spatial resolution of ≈20 nm.

TPA-MIL-68, corresponding to the symmetric and asymmet-
ric stretching of the -N-H group in NH2-MIL-68. The band at
1690 cm−1, attributed to the C = O group in TPA-CHO, also dis-
appears in TPA-MIL-68. These results suggest a successful reac-
tion between the C = O of the AIE ligand and the NH2 of the
MOF, leading to the formation of an imine bond (C = N) in TPA-
MIL-68, which appears at ≈1581 cm−1. Symmetric and asymmet-
ric stretching vibrations of carboxyl bonds are also present in
NH2-MIL-68. The presence of peaks at 1260 and 773 cm−1, corre-
sponding to the stretching vibrations of C-N and In-O bonds[45]

in TPA-MIL-68, indicating that the reaction occurs exclusively
at the NH2 group in NH2-MIL-68. The near-field nanospectro-
scopic technique was employed to provide further evidence for
the imine bond formation in a single crystal of TPA-MIL-68.[46]

The obtained nanoFTIR and s-SNOM (Scattering-type scanning
near-field optical microscopy) optical image (Figures 2e,f) re-
vealed successful hybridization within the crystals, while retain-
ing the structure of the MOF host indicated by the retention of ca.
1380 cm−1 band. The nanoFTIR spectra measured at different lo-
cal spots with 20 nm resolution on the crystals show the (─C = N)
imine bond vibrational frequency around 1581–1600 cm−1, con-
firming the successful formation of imine bonds within the MOF
structure. The s-SNOM infrared image of TPA-MIL-68 revealed
a long, rectangular block crystal (Figure 2f), consistent with the
SEM micrographs of both NH2-MIL-68 and TPA-MIL-68 exhibit-

ing a needle-like morphology (Figure S6, Supporting Informa-
tion). This observation supports the notion that no significant
morphological changes occurred during the synthesis process,
and the structure of the MOFs is preserved.

2.2. Photophysical Properties of MOF Powders

In order to optimize the amount of AIE-active guest, we con-
ducted a series of reactions between NH2-MIL-68(In) and TPA-
CHO, varying the concentration from 0.5 to 2 equivalents (eq)
relative to the MOF ligand (2-amino terephthalic acid). We ob-
served slight bathochromic shifts and peak broadening at longer
wavelengths in the emission spectra (Figure S9a, Supporting In-
formation). The quantum yield exhibited a minimal decrease be-
yond using 1 equivalent of TPA-CHO for the reactions (Figure
S9b, Supporting Information). The observed broadening of the
emission spectra and the slight bathochromic shift might be at-
tributed to the increased concentration of TPA molecules on the
MOF surface, causing them to come closer to each other; this,
in turn, enhances the 𝜋- 𝜋 interaction between the molecules,[47]

resulting in a reduced quantum yield. The FTIR spectra of sam-
ples containing 0.5−2 eq of TPA-CHO supported this obser-
vation (Figure S10, Supporting Information), as the intensity
of the (C = N) imine peak increased from 0.5 to 1 eq but
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Figure 3. Photophysical characterization of composite powders: a) Normalized UV–vis absorption and photoluminescence spectra. b) Excited state life-
time with components including the relative amplitude (TPA-MIL-68 – 𝜆 max = 530 nm, TPA-UiO-66 – 𝜆 max = 459 nm, TPA-MIL-53 – 𝜆 max = 492 nm).
c) Absolute quantum yield for TPA-MIL-68, TPA-MIL-53, and TPA-UiO-66. d) Normalized absorption spectra of NH2-MIL-68 and photoluminescence
spectra of all the hybridized AIE-MIL-68 MOFs. samples denoted as 1) NH2-MIL-68, 2) TPE-MIL-68, 3) TPA-MIL-68, 4) TPATh-MIL-68, 5) Py-MIL-68, and
6) TPACN-MIL-68 e) Absolute quantum yield (QY) (inset- Photos of AIE-MOF powders subject to a 365-nm UV lamp) and f) Average lifetimes, radiative
and non-radiative decay rates of all the hybridized AIE-MOFs calculated by formula Kr = 1/𝜏0, Knr = 1/𝜏 − Kr, 𝜏0 = 𝜏/QY and radiative efficiency (RE)
% = (Kr/Knr)×100.

remained almost constant at 2 eq. Moreover, above 1 equiva-
lent, the carbonyl peak increased slightly, indicating the presence
of unreacted TPA-CHO adsorbed on the surface of the MOFs,
which suggests that a 1:1 stoichiometry in the reaction between
the MOF and AIE ligands is optimal. Thus, using one equiva-
lent of TPA-CHO to react with the MOF ligand results in the
formation of imine bonds. After optimizing the concentration of
the guest ligand in the reaction, we evaluated and compared the
emission of TPA-MIL-68 with that of TPA-UiO-66 and TPA-MIL-
53. These MOFs were characterized using powder XRD (Figure
S11, Supporting Information). The DRS spectral analysis of all
modified MOFs reveals prominent absorption bands within the
200–300 nm range, which can be attributed to ligand-to-metal
charge transfer (LMCT) .[47,48] Additionally, a well-defined peak
in the 350–395 nm range is observed,[49] suggesting the pres-
ence of n-𝜋* transitions[47] (Figure S12a, Supporting Informa-
tion). The emissions of TPA-MIL-68, TPA-UiO-66, and TPA-MIL-
53 are observed at 530 nm (green emission), 459 nm (blue emis-
sion), and 492 nm (light blue emission) (Figure 3a), respectively.
In terms of average lifetimes, TPA-MIL-68 exhibits a longer du-
ration (10.04 ns) compared to TPA-MIL-53 (4.58 ns) and TPA-
UiO-66 (1.55 ns) (Figure S12b, Supporting Information). Further-
more, the absolute quantum yield of TPA-MIL-68 (QY = 23%)
is considerably higher than that of TPA-UiO-66 (5%) and TPA-
MIL-53 (8%) (Figure 3c). This disparity in quantum yield un-

derscores the potential influence of factors beyond spectral char-
acteristics, warranting further investigation into the underlying
mechanisms employing techniques such as transient absorption
spectroscopy.

In the literature, it is evident that the emission intensity of
MOFs is influenced not only by the metal ion radius but also by
additional factors when the fluorophore concentration remains
constant. The metal ion radius is indeed one contributing as-
pect, and the polarization of the metal ion is another.[50] Intrigu-
ingly, the indium (In) metal ion radius is larger than those of
aluminum (Al) and zirconium (Zr) metal ions, yet the quantum
yield follows a reverse order. This observation implies that other
elements, such as structural disparities, molecular interactions,
and varying transition states, may play a significant role in deter-
mining the emission intensity of MOFs.[51]

In the covalently-linked MOFs, an overlap between emission
and absorption spectra has been identified (Figure 3a), which
may suggest self-quenching effects in these synthesized ma-
terials. Lifetime measurements for all MOFs reveal three dis-
tinct components (Figure 3b), which may correspond to dif-
ferent relaxation processes, excited-state species, or molecu-
lar conformations. The first component (𝜏1) may be postu-
lated to be associated with relaxation processes such as vi-
brational relaxation, internal conversion, or non-radiative de-
cay. Conversely, the second (𝜏2) and third (𝜏3) components,
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characterized by longer lifetimes, could be linked to radiative re-
laxation processes.[52,53]

In the comparison of TPA-MIL-68 to TPA-UiO-66 and TPA-
MIL-53, the longer components (𝜏2 and 𝜏3) not only have notably
shorter lifetimes in the latter two, as shown in Figure 3b, but their
contribution is also more significant in TPA-MIL-68 (Figure 3b).
This observation could suggest that both LMCT and n-𝜋* tran-
sitions in MOFs may be more effectively stabilized; the reason-
ing was supported by the absorption spectroscopy of the MOFs
in which we can observe the slight bathochromic shift (2–5 nm
shift) and broadening of the 350 nm peak (Figure S12a, Support-
ing Information). Introducing the TPA donor molecule through
an imine bond could enhance the ligand’s electron-donating ca-
pacity compared to the bare MOFs, resulting in a more pro-
nounced electron transfer from the lone pair nitrogen to the
MOFs through the BDC (benzene dicarboxylic acid) linker. Such
increased donating capacity could lead to a more effective sta-
bilization of the excited states associated with the n-𝜋* transi-
tions, possibly contributing to the observed differences in life-
times and quantum yields among the metal-ion MOFs. In con-
trast, the high contribution of shorter lifetimes in TPA-UiO-66
and TPA-MIL-53 could indicate faster non-radiative decay pro-
cesses (Figure 3b), such as excited-state quenching or other deac-
tivation pathways. By the quantum yield measurement and life-
time, we can conclude that the non-radiative decay is less in TPA-
MIL-68 compared with the other hybridized MOFs. This could in-
dicate that the excited state transition in TPA-MIL-68 is more ef-
fectively stabilized, possibly due to the unique channel type rigid
pore structure, which can restrict the TPA molecules, allowing
for longer-lived excited states and more efficient radiative decay
processes.

Upon observing the higher quantum yield of TPA-MIL-68
compared to other MOFs, we sought to further enhance the
optoelectronic properties of NH2-MIL-68 by incorporating D-A
type AIE-active ligands. We integrated various AIE-active ligands,
which include flexible electron donor tetraphenylethylene (TPE)
(a well- known AIE active ligand) to rigid electron donor (pol-
yaromatic rings-pyrene), and also triphenylamine (TPA) deriva-
tives synthesized by coupling stronger electron accepting groups
like dicyano ( = C(CN)2) and thiophene (Th) to one of the rings.
The synthetic procedures and characterization (1H and 13C NMR
spectroscopy) for all AIE ligands can be found in the supporting
document (Figures S1–S5, Supporting Information). The PXRD
patterns of all the hybridized MOFs agreed with the diffrac-
tion patterns of the pristine NH2-MIL-68 (Figure S13a, Sup-
porting Information). The presence of the C = N (imine bond)
≈1581—1600 cm−1 and the disappearance of the NH2 peak
in all the hybridized MOFs (Figure S13b, Supporting Informa-
tion). The Raman spectra also support the imine bond forma-
tion (Figure S13c, Supporting Information). The deconvoluted
N1s XPS patterns of TPE-MIL-68 and Py-MIL-68 show a peak at
399.5 eV, while this was observed at 399.6 eV for TPATh-MIL-
68 and TPACN-MIL-68, corresponding to the imine (─C = N)
group (Figure S13 (d–g), Supporting Information). In TPACN-
MIL-68 we can observe a new peak at 401.5 eV corresponding to
the CN bond (Figure S13e). TGA shows enhanced thermal sta-
bility in MOFs covalently linked with aggregation-induced emis-
sion (AIE) ligands (See SI for TGA analysis, Figure S14, Sup-
porting Information). Nitrogen adsorption measurements, con-

ducted at 77 K, were systematically performed on the activated
pristine NH2-MIL-68(In) and on the TPA derivative modified
MOFs (namely TPA-MIL-68, TPATh-MIL-68 and TPACN-MIL-
68). As depicted in Figure S15 (Supporting Information), all the
N2 sorption isotherms exhibit a Type-I isotherm profile, charac-
teristic of microporous solids. The data revealed a reduction in
the uptake of N2 gas between the pristine and modified MOFs.
Furthermore, a comparative scrutiny of the surface areas eluci-
dates the impact of post-synthetic modification on the MOFs. The
BET surface area for the pristine NH2-MIL-68(In) is 1190 m2 g−¹,
while the modified MOFs display diminished values: TPA-MIL-
68 at 1005 m2 g−¹, TPACN-MIL-68 at 890.87 m2 g−¹, and TPATh-
MIL-68 at 810 m2 g−¹. This reduction in surface area and N2 up-
take is ascribed to partial pore blocking induced by post-synthetic
modification. We conducted a comprehensive photophysical in-
vestigation of hybrid MOFs, revealing intriguing electronic tran-
sitions. Excited-state dynamics was analyzed, supplemented by
quantum yield measurements and lifetime studies to evaluate
excited-state efficiency. Crucially, a new, broad peak at 455 nm
emerges in TPACN-MIL-68 and TPATh-MIL-68, which may be
due to a metal-to-ligand charge transfer (MLCT)[54] state fostered
by a robust electron withdrawing group (Figure S16, Support-
ing Information).[55–58] This effective MLCT state leads to an in-
crease in fluorescence efficiency.[59] A closer examination of the
linker’s electronic structure through DFT calculations revealed
that the HOMO is predominantly distributed across the donor
molecule, with a minor portion on the C = N group (Figure S17,
Supporting Information). The LUMO localizes on the BDC linker
upon adding the donor group, shifting towards a more electron-
withdrawing moiety when an acceptor is coupled. This denotes
an electronic distribution within the hybridized MOFs and indi-
cates a charge density redistribution in the LUMO.

Photoluminescence characteristics reveal distinct emis-
sion peaks for the synthesized MOFs, with a considerable
bathochromic shift of 134 nm in the emission spectra as the
electron-withdrawing groups increase (Figure 3d). The emis-
sion color change can be observed by exposing the AIE-MOF
powder under UV light (365 nm) (Figure 3e (inset)). This
shift underscores the significant influence of these moieties
on MOFs’ optical properties. The photoluminescent quantum
yield increases by an order of magnitude from NH2-MIL-68
to TPACN-MIL-68, reflecting higher quantum efficiencies for
MOFs with pronounced D–A character (Figure 3e). For further
elucidation, parallel experiments were conducted to evaluate the
excitation, emission, and quantum yield of the free AIE-CHO
ligand, pivotal in the post-synthetic modification. The emission
and excitation spectra (Figure S18, Supporting Information)
evince a bathrochromic shift in emission wavelength from 450
to 595 nm transitioning from TPACHO to TPACN CHO, un-
derscoring the substantial influence of electronic modifications.
Comparative analysis of the quantum yield reveled a notable
enhancement for the AIE-MOFs relative to the free AIE-CHO
ligands (Figure S19, Supporting Information), substantiat-
ing the enhancement in photoluminescent properties after
post-modification.

Moreover, we have conducted a comprehensive excitation-
emission mapping study, as summarized in Figure S20 (Sup-
porting Information). The results accentuated the covalent link-
age of the AIE-CHO ligand with the BDC-NH2 in MOF,

Adv. Funct. Mater. 2024, 34, 2308062 2308062 (6 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Structural characterization of MOF-fiber composites. a) PXRD patterns of electrospun AIE-MOF fibers demonstrating TPA-MIL-68 presence
within the polyurethane (PU) microfibers. b) Micro-Raman spectroscopy was conducted on 5 wt% TPA-MIL-68 fiber, marking six distinct spots of size
2 μm on the fibers to record the local spectra. c) An enlarged image of the different points on the fiber. The inset illustrates the fiber and marked spot; the
yellowish spots (P2-P5) denote the AIE-MOF fibers. d) SEM image of 5 wt% TPA-MIL-68 fiber. e–g) Photophysical characterization of electrospun MOF
microfibers (1: NH2-MIL-68-MF, 2: TPE-MIL-68 MF, 3: TPA-MIL-68 MF, 4: TPATh-MIL-68 MF, 5:Py-MIL-68 MF, 6: TPACN-MIL-68 MF. (e) Image of MOF-
fiber composites under UV light (365 nm). (f) Photoluminescence emission spectra showing the bathochromic shift. (g) Quantum yield measurements
showing the efficiency of the MOF-fiber composites.

supporting the hybridization mechanism further. To resolve dis-
parities in quantum yield, we thoroughly evaluated the lifetimes
of each hybridized MOF. The lifetime decay curves in Figure
S21 (Supporting Information) show that hybrid AIE-MOFs have
a higher decay time than NH2-MIL-68, indicating that the AIE lig-
and increases the overall lifetime. The lifetime measurements av-
eraged 5–11 ns (Figure 3f), presenting three distinct components
across all hybridized MOFs. Remarkably, in TPACN-MIL-68, the
𝜏3 component dominates while the 𝜏1 component recedes, con-
trasting with other hybrid MOFs (Table S1, Supporting Informa-
tion). This imbalance implies a more pronounced radiative relax-
ation process in TPACN-MIL-68, supporting the quantum yield
trend we determined.

The photophysical properties of MOFs are greatly influenced
by their radiative (Kr) and non-radiative (Knr) decay rates.[60,61]

Specifically, NH2-MIL-68 and Py-MIL-68, characterized by accel-
erated non-radiative decay rates, resulted in reduced quantum
yields and truncated lifetimes (Figure 3g). In contrast, MOFs,
including TPATh-MIL-68 and TPACN-MIL-68, demonstrated a
higher value of Kr . Among the hybrid MOFs examined in this
study (Figure 3g), TPACN-MIL-68 exhibits the highest radiative
efficiency (RE) of ≈54%. It also displayed the highest quantum
yield, which signifies a desirable balance between Kr and Knr, ef-
fective MLCT states and increased radiative efficiency. Our find-
ings highlight the potential of ligand engineering in adjusting
the photophysical properties of MOFs. Specifically, TPACN-MIL-
68 represents a promising area for further research and devel-
opment. These results also suggest the potential applicability of
these MOFs in projects requiring specially engineered electronic
properties.

2.3. AIE-MOF Fiber Composites by Electrospinning

Building upon the interest in tunable hybrid MOFs, we have em-
ployed electrospinning, a well-established method,[62] to fabricate
thin films. We incorporated MOFs within polyurethane matrices
to accomplish this, thereby generating AIE-MOF embedded in
polyurethane (AIE-MOF@PU) microfibers. To regulate and stan-
dardize the concentration of MOFs within the polyurethane (PU)
matrix, we formulated a series of solutions containing varying
weight percentages of TPA-MIL-68 concerning the PU solution.
These formulated solutions were subsequently subjected to an
electrospinning process, facilitating the creation of the desired
microfibers. The PXRD pattern in Figure 4a shows the preser-
vation of the AIE-MOF’s structural integrity within the fiber ma-
trix. Notably, distinct diffraction peaks, characteristic of the MOF,
become discernible when its concentration within the matrix ex-
ceeded 3 wt%. This observation underscores the careful balance
required to maintain the structural properties of the MOF while
integrating it within the PU matrix. To delve into the behavior
of the AIE-MOF within the polyurethane matrix, we employed
micro-Raman spectroscopy, a non-destructive analytical method
based on confocal microscopy. This approach enabled a detailed
examination of the interaction between scattered light and the
molecular structure of the microfibers, which comprised 7 wt%
of the AIE-MOF@PU composite. Micro-Raman spectroscopy
furnished a comprehensive representation of the molecular vi-
brations within the sample, an essential attribute for its pre-
cise identification and quantification. Upon conducting micro-
Raman analysis on the fiber, we observed pale yellow regions,
indicating MOF aggregates (Figure 4c inset). We selected six

Adv. Funct. Mater. 2024, 34, 2308062 2308062 (7 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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distinct spots labelled P-1 through P-6 for further scrutiny for
spectral analysis with a spot size of 2 μm.

Interestingly, spots P-1 and P-6 did not present the yellow tint
typically associated with the presence of MOF crystals and were
initially hypothesized to consist solely of the polymer (Figure 4c).
Their corresponding spectra later substantiated this assumption,
which lacked the distinct peaks characteristic of AIE-MOF. Con-
versely, spots P-2 through P-4 exhibited prominent AIE-MOF
peaks, such as those at 1675 cm−1, indicative of the imine bond
(C = N) (Figure 4b). Additional peaks observed at 1380,
1270 cm−1, 3065, and 3010 cm−1 can be attributed to the bend-
ing modes of C─H bonds in the aromatic rings, C-N stretch-
ing, and C-H stretching modes, respectively (Figure 4c). Notably,
in the spectra of P-4 and P-5, a slight shift toward lower en-
ergy was observed for the peak at 3055 cm−1, while the peak
at 3010 cm−1 shifted toward a higher energy. Concurrently, the
peak ≈1660 cm−1 shifted toward a lower energy compared to the
spectra of P-2 and P-3 (Figure 4b,c). These Raman shifts in peak
positions suggest alterations in bond behavior within the fiber,
possibly attributed to the stretching effect experienced during
the electrospinning jet formation process.[63] The resulting struc-
tural confinement restricts the motion of the molecules in fibers.
Upon completing the structural characterization, we investigated
the fiber’s morphology through SEM analysis. We observed a sig-
nificant correlation between the MOF concentration in the poly-
mer and the resultant fiber morphology. The fibers exhibited a
thin profile at concentrations below 5 wt% MOF, with SEM imag-
ing confirming a relatively sparse distribution of MOFs within
these fibers (Figures S22a and S22b, Supporting Information).
Conversely, at MOF concentrations exceeding 5 wt%, the fibers
demonstrated a marked propensity to form beads and aggregates,
likely due to an excessive MOF loading in the polymer matrix
(Figure S22c, Supporting Information). This uneven distribution
and over-saturation of MOFs disrupt the fibers’ structural in-
tegrity, leading to clumping and bead formation. However, fibers
containing 5 wt% of MOFs within the polymer matrix displayed
uniformity, devoid of any bead formation (Figure 4d). Our study
observed visible aggregates (white powdered), presumably corre-
sponding to the AIE-MOFs, interspersed throughout the fibers.
The SEM examination corroborated that a 5 wt% concentration
of AIE-MOFs in the polymer was optimal for achieving bead-free
and uniform fiber morphology. This observation provides essen-
tial insight into the underlying structural dynamics and aids in re-
fining the synthesis process for AIE-MOF@PU microfibers. The
SEM observation also complements our Raman spectral analysis,
aligning with optimal MOF distribution within the polyurethane
matrix. Based on the collective insights from SEM, micro-Raman,
and XRD analyses, we incorporated 5 wt% of various hybrid
MOFs into the polymer matrix for microfiber preparation. The
resulting emissive fibers exhibited a significant bathochromic
shift of ≈141 nm compared to the pristine NH2-MIL-68 MOF
fibers, as shown in Figure 4e,f. The SEM images of all the AIE-
MOF@PU fibers showed a complete absence of bead forma-
tions (Figure S23, Supporting Information), indicating uniform
fiber distribution and confirming the consistency of our synthe-
sis process. Additionally, the calculation of both Kr and Knr pro-
cesses suggests that the fiber structure enhances radiative decay
by imposing constraints on the vibrations of the MOFs within the
fiber.

The TPACN@MIL-68 MF fiber exhibited the highest quan-
tum yield of all synthesized fibers (Figure 4g). Interestingly, while
TPATh@MIL-68 MF demonstrated a higher Kr, it also has a
higher Knr in comparison to TPACN@MIL-68 MF (Table S2,
Supporting Information). This elevated Knr influences the over-
all QY by decreasing the RE% and reducing the proportion of
radiative decays, resulting in a lower QY than that observed
for TPACN@MIL-68 MF. The highest RE % was observed for
TPACN-MIL-68, attributed to its low Knr, which results in a high
QY (Figure S24, Supporting Information). The QY of all the AIE-
MOF@PU MF were higher than that of powdered AIE-MOFs
(Table S3, Supporting Information). The higher QY is due to
high RE % than powdered samples. The high RE% of all the mi-
crofiber could be attributed to the restriction of the motion of the
AIE-MOFs due to the stretching of the fiber during the electro-
spinning process.[23,64] Specifically, the electrospinning process
forces the molecules to stretch and come into closer proximity
with one another, thereby augmenting intermolecular interac-
tions between the molecules. This increased interaction, in turn,
restricts the vibrations of the AIE-ligands in AIE-MOFs, leading
to an elevation in the radiative constant. This suggests that the
fiber formation process might play a crucial role in enhancing the
radiative efficiency of the MOFs, underscoring the importance
for understanding and optimizing the process parameters in the
synthesis of AIE-MOF-based fibers.

2.4. Janus AIE-MOF Fiber Composites by Side-By-Side
Electrospinning Method

The advent of white light-emitting Janus fibers signifies a novel
and potentially superior approach to conventional methods. This
innovation offers enhanced control over light emission charac-
teristics. It facilitates multi functionalities within a singular fiber
system, a feat not typically achievable with traditional fibers The
side-by-side electrospinning methods employ a custom designed
parallel spinneret to engineer Janus-structured nanofibers. The
careful design of the process allows for the precise positioning of
specific fluorescent molecules on either side of the nanofibers.
This bespoke design allows precise positioning of specific fluo-
rescent molecules on either side of the nanofiber while also al-
lowing the encapsulating polymer matrix to be entirely distinct,
creating a fully heterogeneous structure. The distinctive Janus
configuration provides spatial separation for different fluorescent
AIE hybridized MOFs, a prerequisite for their individual lumi-
nescent properties. This method offers notable advantages, in-
cluding improved quantum yield.

To highlight the versatility of the side-by-side electrospinning
method, we carefully engineered an array of solutions integrat-
ing TPE-MIL-68 and TPACN-MIL-68 in an 18 wt% PU in a
DMF/THF-1:1 solution. By maintaining TPE-MIL-68 at a con-
sistent 5 wt% and judiciously modulating the concentration of
TPACN-MIL-68, we successfully fabricated a spectrum of fibers,
each exhibiting unique luminescent emission properties. Our
analysis revealed that the fibers derived from a 0.5 wt% TPACN-
MIL-68 solution emitted green light with corresponding CIE co-
ordinates of (0.32, 0.39). Upon increasing the concentration of
TPACN-MIL-68 to 1 wt%, the resulting fibers emitted the desired
white light, with CIE coordinates (0.33, 0.34). Intriguingly, when
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Figure 5. a) Photoluminescence image of Janus fiber with an increasing weight percentage of TPACN-MIL-68 and single-strand homogeneous (“homo”)
microfibers. b) Photoluminescent emission spectra of Janus and homo microfibers. c) 1:1 mass ratio mixture of TPE-MIL-68 and TPACN-MIL-68 MOFs.
Top: Photos of the mixed AIE-MIL-68 powder under UV light (365 nm), exhibiting a greenish-blue emission. Bottom: Emission spectra of the mixed AIE-
MOF powder under UV excitation. The CIE1931 coordinates are (0.35, 0.39), corresponding to a greenish-blue emission. d) SEM images, e) quantum
yield and f) CIE coordinates of Janus and homo microfibers.

we further escalated the concentration to 1.5 wt%, the fibers ex-
hibited a distinct whitish-pink emission, traced back to CIE coor-
dinates of (0.36, 0.31). (Figure 5a,b,f)

A control experiment was conducted to extend our un-
derstanding. We first fabricated the homogeneous microfiber
(HOMO-MF) by mixing the 5 wt% TPE-MIL-68 solution with the
1 wt% TPACN-MIL-68 solution. The resulting microfiber emit-
ted bluish-green light, corroborated by CIE coordinates of (0.29,
0.36) (Figure 5f). We also attempted mechanical mixing, where
the two powders (TPE-MIL-68 and TPACN-MIL) were mixed in a
1:1 mass ratio. However, physical mixing did not yield white light
(Figure 5c).

The SEM image of the 1 wt% Janus microfiber (Janus-MF) un-
equivocally exhibited the Janus structure, complete with clearly
delineated boundaries for both fibers, manifesting the efficacy of
the side-by-side electrospinning technique (Figure 5d). The SEM
images of the fibers derived from 0.5 and 1.5 wt% TPACN-MIL-
68 solutions provided additional insights; they depicted coales-
cence of fibers side by side where bunches of fibers adhered to
one another (Figures S25a & S25b, Supporting Information). In
contrast, the SEM micrographs of the HOMO-MF (Figure S25c,
Supporting Information) showed a higher degree of MOF aggre-
gation compared with the Janus MF.

The emitted white light from these Janus microfibers falls
within the “Daylight” category, exhibiting color temperatures be-
tween 5000–6000 K (Figure 5f). Such characteristic, reminiscent
of the balanced and vibrant light of the midday sun, is highly

sought after in practical applications.[20] When coupled with their
QY, these fibers underscores the advantage of the Janus mi-
crofibers synthesized from hybrid TPACN-MIL-68 solutions at
concentrations of 0.5, 1, and 1.5 wt%, exhibiting QY values of
55, 58, and 57%, respectively (Figure 5e). These values repre-
sent a significant improvement over the 30% QY of the HOMO-
MF. Upon consideration of the related literature available (see
Table S4 in the Supporting Information), these results are com-
parable to the highest quantum efficiencies observed for hybrid
AIE-MOFs,[19,20,65] specifically for white light emissive materials
based on AIE-MOF- Janus fiber composite.

A deeper analysis of the lifetime data for the fibers re-
veals that, compared to the HOMO-MF, the Janus microfiber
exhibited a pronounced 𝜏3 component at longer wavelengths
(Figure S26, Supporting Information). Moreover, as the weight
percentage of the TPACN-MIL-68 increased, the contribution
from the 𝜏1 component diminished. This trend suggests that
the presence of TPACN-MIL-68 promotes a shift toward the ra-
diative transition state. The fluorescence lifetime decay of the
1 wt% Janus MF was scrutinized at different emission wave-
lengths (Figure 6). At higher wavelengths, it can be seen that
where strong blue emission occurred, the contributions from the
𝜏1 and 𝜏2 components were substantial.

However, as the emission wavelength decreased, the 𝜏2 com-
ponent’s contribution declined, while the 𝜏3 component’s con-
tribution escalated (Figure 6), which confirm the incorporation
of AIE-MOF powders within the Janus fibers. Upon calculat-
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Figure 6. Showing the excited state lifetime with components (𝜏1, 𝜏2, and
𝜏3) in ns, including the relative amplitude (a, b, and c) percentage at dif-
ferent emission wavelengths of 1 wt% of Janus microfiber.

ing the radiative and non-radiative decay rates, it was evident
that the radiative efficiency increased in the Janus type of fiber
compared to the Homo-MF (Figure S27, Supporting Informa-
tion). The high efficiency of Janus nanofiber was due to the in-
crease of the charge transfer state efficiency and without any en-
ergy transfer effect between the donor and acceptor.[35,65,66] Typ-
ically in Janus-type materials, the substantial spatial separation
between emitters situated in different fiber strands renders en-
ergy transfer improbable. A scrutiny of the lifetime decay profiles
(Figure S28, Supporting Information) reveals an extended life-
time for Janus microfibers compared to HOMO microfibers, in-
dicating that energy transfer between TPE and TPACN is hin-
dered. This suggests that the Janus-MFs are more efficient at con-
verting absorbed light into emitted light. This observation un-
derscores the distinct photophysical behavior of the Janus mi-
crofibers compared to the HOMO-MF and loose powders of AIE-
MOFs.

3. Conclusion

This work initially focused on synthesizing and engineering a
diverse range of D-A type AIE-active ligands. With careful ma-
nipulation and design, we successfully adjusted the emission
properties of the hybrid AIE-MOFs, as confirmed and detailed
by nanoFTIR and XPS characterization. This initial step vali-
dated the hybridization process and offered a comprehensive
understanding of the tunable emission across the visible spec-
trum. Subsequently, we incorporated these hybrid AIE-MOFs
into PU polymers, transforming them into flexible electrospun
microfibers. By doing so, we could fine-tune the fiber’s emission
properties, significantly enhancing the photoluminescent quan-
tum efficiency.

Further studies on the interactions between AIE-MOF and
fibers using micro-Raman spectroscopy concluded that the
molecular interaction increases the restriction of molecular mo-
tion, thereby increasing the radiative efficiency of the fiber, re-
sulting in enhanced QY. The study also highlights the fabrication

of Janus-type white light-emitting hybrid AIE-MOF fiber com-
posites. Utilizing the side-by-side electrospinning technique, we
optimized our solutions, leading to the precise positioning of
specific fluorescence AIE hybridized MOFs on either side of the
nanofiber. The distinctive Janus structure, as evidenced by SEM
images, is a testament to the effectiveness of our approach. Fur-
thermore, we interrogated the photophysical properties of the
AIE-MOFs, by contrasting the photophysical performance be-
tween powdered samples and fibers. This comparison accentu-
ated that the AIE-hybrid MOFs fibers exhibit a superior quantum
yield compared to the AIE-MOFs. Remarkably, we also achieved
a high quantum yield of 58% for the Janus fibers, showcasing
a substantial enhancement in performance. Systematic analysis
of lifetime decay, radiative efficiency, and non-radiative efficiency
rendered a holistic understanding of the mechanisms underpin-
ning the significantly improved performance of these AIE-active
MOF-based fibers.

In conclusion, this research presents a step change in the
approach for developing high-performance white light-emitting
materials, from the initial ligand engineering to the final fabri-
cation of Janus fibers. The results highlight the potential of hy-
brid AIE-MOFs in advancing optoelectronic applications, marked
by a significant increase in the quantum yield, tunable emission
properties and improved understanding of the underlying pho-
tophysics.

4. Experimental Section
Synthesis of AIE ligands and MOFs, structure elucidation, additional spec-
troscopic details and computational details can be found in the Supporting
Information.

Electronic structure calculations were carried out using Gaussian
09 program suite[67] with the hybrid functional B3LYP (the Becke
three-parameter exchange functional,[68] and Lee-Yang-Parr correlation
functional[69]), and all the electrons with the 6311 G(d,p) basis set.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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