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toswitching and energy transfer by
post-synthetically confining Eu3+-complex and
dithienylethene ligand in Zr-MOF-808

Sneha Raj V. Parambil,†a Joel Mathew John,†a Tarak Nath Das,b Adarshi Bhattacharyaa

and Tapas Kumar Maji *ab

Tailorable porous scaffolds like metal–organic frameworks (MOFs) are emerging as a versatile platform for

confining photoresponsive molecules. Herein, we employed a highly stable nanoscale Zr-MOF-808,

{[Zr6(m3-O)4(m3-OH)4(HCOO)6(BTC)2]}n (Zr-MOF), as a porous host for post-synthetic incorporation of

a carboxylic acid functionalized photochromic dithienylethene (DTE) molecule through the targeted

modification of the Zr6-cluster in the MOF. The post-modified Zr-DTE-MOF exhibits a reversible color

switching between faint off-white and blue upon UV and visible light irradiation, respectively, owing to

the photoisomerization of confined DTE molecules. Furthermore, the nanoscale particle size and

excellent dispersibility of Zr-DTE-MOF in a suitable solvent enhance its processability as a photochromic

ink. Leveraging the prominent spectral overlap between the absorption band of the DTE in closed form

and the emission maximum of the Eu3+-based complex, we subsequently encapsulated a Eu3+–

terpyridine-based complex within the MOF pore and constructed a pore-confined photoresponsive

donor–acceptor system, named Zr-DTE-CTPY-Eu-MOF. The rational selection of suitable donor–

acceptor systems for confinement and their close proximity result in fast emission quenching by the

photochromic Förster resonance energy transfer (pcFRET) with an appreciable efficiency of 69.9%.

Parallelly, the Zr-DTE-CTPY-Eu-MOF exhibited a photoluminescence quantum yield of 40% (in the open

form), which decreased to 14% (in the closed form) after UV light illumination due to the feasible energy

transfer from the Eu3+–CTPY complex to DTE. Based on the photoswitching ability of the developed

photochromic Zr-DTE-CTPY-Eu-MOF, it was further employed to create patterns using photomasks,

secret writing, and encryption–decryption of confidential information.
Introduction

Materials that exhibit reversible photochromism and modula-
tion of emission properties play a vital role in several applica-
tions, including uorescence microscopy, optical data storage,
and sensing.1–7 The integration of the different photochromic
molecules such as spiropyrans, diarylethenes, chromenes, and
fulgides, as building blocks in porous scaffolds like metal–
organic frameworks (MOF), covalent organic frameworks, and
metal–organic cages, has been demonstrated.8–11 Such photo-
chromic materials are well-explored for different applications
including optical switches, optoelectronic devices, sensing,
molecular machines, and imaging.5,6,12–17 Conning photo-
chromic molecules in porous scaffolds can be considered as
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a potential strategy for tuning their overall photophysical
properties.1,18,19 In addition, porous scaffolds can overcome the
geometric limitations of photoswitching which are typically
observed in other solid-state matrices, and improve the photo-
fatigue resistance, durability, and mechanical stiffness.1,18,20 We
envisioned that a well-ordered porous framework could provide
a suitable platform to uniformly organize photochromic mole-
cules post-synthetically in its nanospace which is not possible
in other non-periodic solid matrices.21,22 Moreover, post-
synthetic covalent connement can ensure the uniform distri-
bution of photochromic molecules along with reduced aggre-
gation and minimized leaching.18 Also, the porous framework
can offer an ideal host for engineering the photochromic För-
ster resonance energy transfer (pcFRET) process by the
connement of suitable chromophoric acceptor molecules in
close proximity to the donor, provided by coordination nano-
spaces.23 Such post-synthetic modication of the host MOF can
provide precise control over the alignment of suitable donor
and acceptor chromophores, allowing exibility in distance and
angle, which would help in realizing the efficient energy trans-
fer process.24 Such systems would have potential applications in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalysis, solar cells, sensing, creating patterns using photo-
masks, and transferring condential information.25–33 A library
of photochromic molecules has been studied to understand
their feasibility in optoelectronic applications while investiga-
tion of their photophysical properties under connement will
be intriguing in the eld of optoelectronics.6,34 The highly
promising thermal stability and fatigue-resistant properties of
photochromic dithienylethene molecules accompanied by the
reversible photoisomerization behaviors expanded their appli-
cation in optical memory systems, encryption–decryption,
molecular switches, and anticounterfeiting devices.7,35–37

Furthermore, luminescent lanthanide complexes are well
known for their emission properties, which include high excited
state lifetime, narrow emission bandwidth, and poor photo-
bleaching.38,39 The integration of a photochromic di-
thienylethene molecule with luminescent lanthanide
complexes in a suitable MOF material by post-synthetic modi-
cation can result in the formation of an efficient donor–
acceptor system with tunable emission properties and can
broaden the understanding of energy transfer in the pcFRET
process.40–42

In our study, we have chosen Zr-MOF-808, {[Zr6(m3-O)4(m3-
OH)4(HCOO)6(BTC)2]}n (Zr-MOF) (BTC: benzene-1,3,5-tri-
carboxylate), as a porous host for post-synthetic covalent
modication (Fig. 1). The rationale behind choosing the Zr-
MOF as a host is its stable crystalline porous nature with six
post-synthetically exchangeable formate groups at the
Fig. 1 Schematic representation of post-synthetic modification of Zr-M
Zr-DTE-MOF and photochromism and emission quenching in Zr-DTE-C

© 2025 The Author(s). Published by the Royal Society of Chemistry
secondary building unit (SBU), its nanoscale size in the range of
50–150 nm and non-emissive nature.26,43 Most importantly, its
appropriate pore size allows the coordinative immobilization of
desirable chromophoric molecules in a compact way, while the
high energy LUMO levels of Zr4+ nodes prevent the SBU-
involving uorescence quenching of the chromophoric mole-
cule.44 Additionally, the nanosize of the MOF can enhance its
processability by forming a stable dispersion in different
solvents. Photochromic Zr-MOF has been synthesized by cova-
lently integrating the carboxylic acid functionalized photo-
switchable dithienylethene-based molecule 4,40-
(peruorocyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2-
carboxylic acid) (DTE) into the MOF nanopore (Scheme S1 and
Fig. S1–4). This nanoscale Zr-DTE-MOF with pore-conned DTE
molecules exhibited photochromism from faint off-white to
blue color upon UV light irradiation, which reversed upon
visible light irradiation. We have also investigated the energy
transfer between the encapsulated photochromic molecule and
a luminescent lanthanide complex under the connement
effect of theMOF pore. For this, Zr-DTE-MOF has beenmodied
with p-chromophoric terpyridine-based molecule 40-(4-carbox-
yphenyl)-2,20:60,200-terpyridine (CTPY) (Scheme S2 and Fig. S5)
with high triplet state energy via post-synthetic covalent graing
inside the MOF nanopore.25 The graed CTPY ligands were
further coordinated with Eu3+ by post-synthetic metalation,
resulting in the red luminescent Zr-DTE-CTPY-Eu-MOF. The
effective spectral overlap between the absorption maximum of
OF for developing photochromic MOFs, illustrating photochromism in
TPY-Eu-MOF.

Chem. Sci., 2025, 16, 18860–18868 | 18861
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the DTE molecule (in its closed form) and the emission
maximum of the Eu3+–CTPY complex facilitated the quenching
of lanthanide emission via a pcFRET.45,46 Several molecular
systems consisting of lanthanide-based complexes as donors
and DTE-based molecules as acceptors have been previously
investigated to understand the energy transfer phenomena in
the solution state.45–49 In this study, we have heterogenized such
a molecular system by conning it in the MOF pore and
explored its photophysical traits. The covalent integration of
donor and acceptor molecules within the MOF nanopore facil-
itated an appreciable energy transfer efficiency of 69.9%, and it
demonstrated a highly reversible and kinetically fast solid-state
photoswitching from the DTE open form to closed form and vice
versa. Simultaneously, Zr-DTE-CTPY-Eu-MOF depicted a photo-
luminescence quantum yield of 40% (DTE in the open form),
which decreased to 14% (DTE in the closed form) aer UV light
illumination due to the viable energy transfer from the pore-
integrated Eu3+–CTPY complex to DTE in the closed form.
Furthermore, the developed photochromic MOFs exhibited
excellent liquid state processability and were used as high-
precision ink for creating patterns using photomasks, secret
writing, and encryption–decryption applications, including
condential information transfer.
Results and discussion
Synthesis and characterization

A highly crystalline nanoscale Zr-MOF has been synthesized by
the solvothermal method.43 Formation of Zr-MOF was
conrmed by the powder X-ray diffraction (PXRD) pattern,
Fig. 2 Different characterizations for Zr-MOF, Zr-DTE-MOF, Zr-DTE
patterns. (b) FTIR spectra. (c) N2 adsorption isotherms at 77 K. (d) Pore size
(f) TEM image of Zr-MOF, (g) HRTEM image of Zr-MOF with the lattice f

18862 | Chem. Sci., 2025, 16, 18860–18868
which matches with the simulated pattern obtained from the
single crystal dataset (Fig. 2a).50 The Fourier transform infrared
(FTIR) spectrum of Zr-MOF showed a peak at 1651 cm−1, which
can be ascribed to the coordinated carboxylate group in Zr-MOF
(Fig. 2b).51 The N2 adsorption isotherm analysis at 77 K showed
a Brunauer–Emmett–Teller (BET) surface area of 2218 m2 g−1

(Fig. 2c). Additionally, pore size distribution analysis by using
nonlocal density functional theory (NLDFT) revealed the pres-
ence of pores having a diameter of 1.6 nm (Fig. 2d). Octahedral
morphology with particle size ranging from 50–150 nm of the
Zr-MOF was observed by eld emission scanning electron
microscopy (FESEM) and high-resolution transmission electron
microscopy (HRTEM) imaging (Fig. 2e–g). HRTEM images
showed an interplanar distance of 1.6 nm, which is in agree-
ment with the pore size of the MOF (Fig. 2g). 1H-NMR analysis
of Zr-MOF digested in KOH/D2O showed the peaks corre-
sponding to six formates and two BTC linkers in the framework,
which is in accordance with the framework formula unit
{[Zr6(m3-O)4(m3-OH)4(HCOO)6(BTC)2]}n (Fig. S6).50

A solvent-assisted post-synthetic ligand exchange strategy
has been adopted to functionalize the framework with the DTE
photochromic molecule.27,52 The formate group in the SBU has
been exchanged with the carboxylate group of the DTEmolecule
to obtain Zr-DTE-MOF. 1H-NMR analysis of digested Zr-DTE-
MOF showed the reduction of two formate groups in the
framework, which in turn implies the covalent integration of
two DTE molecules into the Zr6-cluster of pristine MOF
(Fig. S7).52 Hence the formula unit can be interpreted as
{[Zr6(m3-O)4(m3-OH)4(HCOO)4(BTC)(DTE)2]}n. The PXRD pattern
depicted the intactness of crystallinity aer the post-
-CTPY-MOF, and Zr-DTE-CTPY-Eu-MOF: (a) comparison of PXRD
distribution based on the NLDFTmethod. (e) FESEM image of Zr-MOF.
ringes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modications with DTE as it retained all the peaks of the as-
synthesized MOF (Fig. 2a). In addition, covalent encapsulation
of DTE in the MOF pore has been conrmed by the N2

adsorption isotherm, which showed a signicant reduction in
BET surface area (from 2218 m2 g−1 to 1268 m2 g−1) and
a decreased pore size in comparison to Zr-MOF (Fig. 2c and d).
The as-synthesized Zr-DTE-MOF exhibited a faint off-white
color, in which DTE molecules are in a ring-opened form, and
the MOF in which DTE is in its open form is abbreviated as Zr-
DTE-MOF-O. Upon irradiation of UV light (l < 400 nm, center
wavelength= 325 nm), Zr-DTE-MOF-O turns blue with a gradual
increase in the absorption maxima around 583 nm attributed to
the ring closing of the DTE molecule (Fig. 3a).53 Zr-DTE-MOF
with DTE in its closed form is abbreviated as Zr-DTE-MOF-C.
The kinetics plot obtained from UV-visible spectra showed that
this conversion is saturated aer 40 seconds (Fig. 3a). The MOF-
conned photocyclization of the DTE molecule is completely
reversible, and it can be easily reversed by visible light
Fig. 3 Time-dependent changes in diffuse reflectance UV-Vis spectra of
absorption spectra at 583 nm) and (b) upon irradiation of visible light (
reflectance UV-visible spectra of Zr-MOF, Zr-DTE-MOF, Zr-DTE-CTPY-
(d) photographs showing the reversible photochromism exhibited by Zr-
UV and visible light irradiation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
irradiation (l > 400 nm). The diffuse reectance UV-visible
spectra of Zr-DTE-MOF-C showed a gradual decrease in the
peak around 500–600 nm upon visible light irradiation, corre-
sponding to the conversion of the DTE molecule from its closed
form to the open form and attained saturation aer 30 seconds
(Fig. 3b and c).54,55 However, the saturation time entirely
depends on factors including the power and wavelength of the
light source applied, and the distance between the sample and
the light source. Fig. 3d depicts the reverse photochromism
exhibited by Zr-DTE-MOF in the solid as well as dispersion state
(in acetonitrile) from faint off-white to blue and vice versa. The
estimated quantum yield for the photoisomerization of MOF-
conned DTE, from Zr-DTE-MOF-C to Zr-DTE-MOF-O, with
550 nm light illumination is 62%.56,57

Next, we have covalently encapsulated the CTPY by
exchanging the formate linkage with the carboxylate group of
CTPY molecules, forming Zr-DTE-CTPY-MOF.25 The 1H-NMR
spectrum of digested Zr-DTE-CTPY-MOF showed a further
Zr-DTE-MOF (a) upon irradiation of UV light (inset shows the kinetics of
inset shows the kinetics of absorption spectra at 583 nm). (c) Diffuse
MOF, Zr-DTE-CTPY-Eu-MOF, Zr-CTPY-MOF, and Zr-CTPY-Eu-MOF,
DTE-MOF in solid and dispersion states (dispersed in acetonitrile) upon

Chem. Sci., 2025, 16, 18860–18868 | 18863

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06243h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
:2

2:
02

 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
decrease of one formate molecule (Fig. S8). Correspondingly,
the BET surface area was reduced to 623 m2 g−1 in Zr-DTE-
CTPY-MOF in comparison to Zr-DTE-MOF, which could imply
the coordination of one CTPY in the SBU (Fig. 2c). Moreover, the
pore volume was also reduced signicantly, which further
ensures the CTPY encapsulation inside the MOF pore (Fig. 2d).
Following the covalent graing of CTPY inside the MOF, Zr-
DTE-CTPY-MOF has been reacted with Eu(NO3)3$6H2O. Ter-
pyridine nitrogens can act as potential sites for the coordination
of Eu3+.25,58 Hence, three coordination sites of Eu3+ are occupied
by three N from CTPY units with 1 : 1 CTPY : Eu3+ coordination,
and the remaining coordination sites can be satised by H2O
and bidentate nitrate groups as previously reported.25,59,60 The
2 : 1 ratio of CTPY to Eu3+ can be ruled out due to the size
constraints, as shown in our previous study.25 Therefore, the
conned Eu3+–CTPY complex in the nanospace of the MOF pore
resulted in the formation of luminescent red light-emitting
MOF, named Zr-DTE-CTPY-Eu-MOF. The PXRD pattern and
the morphology of the Zr-DTE-CTPY-Eu-MOF remain intact, as
shown in Fig. 2a and S9. The BET surface area of Zr-DTE-CTPY-
Eu-MOFwas further decreased to 364m2 g−1 (Fig. 2c). The slight
reduction in the surface area and pore size can also support the
coordination of Eu3+ with CTPY (Fig. 2d). From the UV-visible
spectrum, Zr-MOF displayed absorbance in the region of
280 nm, which corresponds to thep top* transitions of the BTC
linker (Fig. 3c).52 Meanwhile, the absorption band extending up
to 330 nm in the UV-Vis spectrum of Zr-DTE-CTPY-Eu-MOF can
be assigned to the p to p* transitions associated with the CTPY
ligands (Fig. 3c).25,61 Further, inductively coupled plasma-optical
emission spectroscopy (ICP-OES) analysis has been performed
Fig. 4 Time-dependent changes in (a) diffuse reflectance UV-Vis spectra
kinetics of absorption spectra at 583 nm), (b) emission spectra of Zr-DTE-
the kinetics of emission spectra at 616 nm), (c) lifetime decay profile o
CTPY-Eu-MOF-O (closed to open form) (lex = 290 nm, lcollected = 61
emission quenching exhibited by Zr-DTE-CTPY-Eu-MOF upon UV and v
CTPY-Eu-MOF upon irradiation of visible light (inset shows the kinetics
CTPY-Eu-MOF upon irradiation of visible light (lex = 330 nm) (inset s
absorption intensity of Zr-DTE-CTPY-Eu-MOF upon UV and visible light

18864 | Chem. Sci., 2025, 16, 18860–18868
to quantify Eu in the framework. The digested Zr-DTE-CTPY-Eu-
MOF showed Eu loading of 1.1 per Zr6 SBU corresponding to
a Zr : Eu ratio of 6 : 1.1, thereby implying the presence of
approximately one Eu per formula unit. The distribution of Zr,
O, N, Eu, S, F, and C throughout the nanocrystal has been
observed from the energy-dispersive X-ray (EDX) elemental
mapping analysis, which supports uniform incorporation of
DTE molecules and the Eu3+–CTPY complex in the framework
(Fig. S10a–c). Further high-resolution X-ray photoelectron
spectroscopy (XPS) analysis also indicated the presence of Zr,
Eu, N, F, O, S, and C (Fig. S11a–g). The high-resolution XPS
spectrum of Zr displayed two peaks at 182.7 and 185.15 eV,
corresponding to Zr4+ 3d5/2 and 3d3/2, respectively (Fig. S11a).62

Similarly, the peaks at 1135.5 and 1165 eV can be assigned to
Eu3+ 3d5/2 and 3d3/2, respectively (Fig. S11b).63,64 Moreover, N 1s
analysis revealed the presence of coordinated pyridinic N at
400.5 eV (Fig. S11c).64 Additionally, F 1s peak is also observed at
688 eV, attributed to the C–F bonds in the DTE molecule
(Fig. S11d).65 S 2p analysis depicted 2p3/2 and 2p1/2 at 164.3 and
165.6 eV, respectively, which arises due to the presence of DTE
molecules inside the MOF (Fig. S11f).66 C 1s XPS spectra can be
deconvoluted into 5 distinct peaks positioned at 284.9, 285.8,
286.8, 288.7, and 290.6 eV corresponding to the presence of C–
C, C–S, C–N, C–O, and C–F bonds (Fig. S11g).27,66,67 Cumulative
analysis of the above-mentioned characterizations concludes
the successful covalent integration of DTE molecule and the
Eu3+–CTPY complex in the conned space of the MOF
nanopore.

Aer the detailed characterization of the material, we per-
formed photoisomerization and photochromic energy transfer
of Zr-DTE-CTPY-Eu-MOF upon irradiation of UV light (inset shows the
CTPY-Eu-MOF upon irradiation of UV light (lex = 330 nm) (inset shows
f Zr-DTE-CTPY-Eu-MOF-O, Zr-DTE-CTPY-Eu-MOF-C, and Zr-DTE-
6 nm), (d) photographs showing the reversible photochromism and
isible light irradiation, (e) diffuse reflectance UV-Vis spectra of Zr-DTE-
of absorption spectra at 583 nm) and (f) emission spectra of Zr-DTE-
hows the kinetics of emission spectra at 616 nm), (g) change in the
irradiation over 25 cycles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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studies. Similar to Zr-DTE-MOF, the diffuse reectance UV-Vis
spectrum of Zr-DTE-CTPY-Eu-MOF showed a gradual increase
in the peak centered at around 500–600 nm upon UV light
irradiation by the photocyclization of the DTEmolecule from its
open form to its closed form (Fig. 4a). The band formed upon
light irradiation indicates ring closing of the DTE molecule
conned in the MOF pore. The kinetics plot indicates the
maximum conversion was achieved aer 40 seconds of UV light
irradiation, similar to Zr-DTE-MOF (Fig. 4a). Parallelly, emis-
sion spectra were also collected to understand the emission
quenching of the Eu3+–CTPY complex (Fig. 4b). Before the
irradiation of UV light, the intense red emission consists of
peaks appearing at 579 (5D0 /

7F0), 591 (5D0 /
7F1), 616 (5D0

/ 7F2), 649 (
5D0/

7F3), and 693 (5D0/
7F4) is observed, which

are attributed to the presence of Eu3+–CTPY complex inside the
MOF.25,55 Additionally, we have also synthesized Zr-CTPY-Eu-
MOF for controlled study, without having conned DTE mole-
cules, and it was characterized by 1H-NMR, PXRD, FTIR, and
UV-visible absorption spectroscopy (Fig. S12–15 and 3c). It
showed an emission spectrum similar to that of Zr-DTE-CTPY-
Eu-MOF with an average photoluminescence lifetime of 666.2
ms (Fig. S16 and 17). The possibility of ligand-sensitized emis-
sion with CTPY has been shown in our previous work by
calculating the triplet excited state energy of the CTPY ligand
using time-dependent density functional theory.25 This can also
conrm the coordination of Eu3+ with CTPY, resulting in an
intense red emission. However, we have also treated the Zr-DTE-
MOF with Eu(NO3)3$6H2O by following a similar procedure
used for Zr-CTPY-Eu-MOF synthesis. The resulting material
does not exhibit red emission, thereby conrming that Eu3+

prefers to coordinate with the CTPY ligand inside the pore
rather than the free carboxylate group of the DTE molecule
(Fig. S18). The emission intensity of the Eu3+–CTPY complex in
Zr-DTE-CTPY-Eu-MOF diminished with time of UV light irra-
diation (Fig. 4b).54 The effective overlap of the emission spec-
trum of the Eu3+–CTPY complex with the absorbance of the DTE
molecule in its closed form, and the minimum distance
Fig. 5 (a) Photographs showing the reversible photochromism and em
acetonitrile) in daylight and under UV light, (b) various shapes obtained by
light, (c) photograph showing the encryption–decryption of information

© 2025 The Author(s). Published by the Royal Society of Chemistry
between these MOF-conned donor–acceptor molecules resul-
ted in effective energy transfer from the Eu3+–CTPY complex to
the DTE molecule (Fig. S19), thereby signicantly reducing the
lanthanide emission intensity. In addition, a prominent change
in the average lifetime is also observed before and aer UV light
irradiation. Zr-DTE-CTPY-Eu-MOF-O (where the DTE is in its
open form) showed an average lifetime of 643.3 ms, whereas
upon UV-light irradiation its average lifetime decreased to 193.5
ms, further corroborating the energy transfer process by the
ring-closing of DTE in MOF to form Zr-DTE-CTPY-Eu-MOF-C
(Fig. 4c). The lifetime reduction of the Eu3+–CTPY complex in
the presence of the DTE molecule inside the MOF pore indi-
cated the energy transfer process with an efficiency of 69.9%.
Fig. 4d depicts the reversible photochromism from yellowish
off-white to blue and corresponding changes in the emission
intensity of Zr-DTE-CTPY-Eu-MOF under ambient and UV light.
Moreover, the photoluminescent quantum yield of the Eu3+–
CTPY complex inside Zr-DTE-CTPY-Eu-MOF was measured to
be 40%, which reduced to 14% aer UV light irradiation. This
reduction is attributed to the ring-closing of DTE molecules,
which resulted the energy transfer from Eu3+–CTPY complex to
DTE. Additionally, the physical mixture of Zr-CTPY-Eu-MOF and
Zr-DTE-MOF has been prepared, and its excited state lifetime
was 630.8 ms, whereas the lifetime upon UV light irradiation was
slightly reduced to 598.1 ms (Fig. S20). From this, the energy
transfer efficiency is calculated to be ∼5%, which is remarkably
lower than that of Zr-DTE-CTPY-Eu-MOF, where both the donor
and acceptor are at a favorable distance for energy transfer. This
validates the importance of the connement of the acceptor
DTE and donor Eu3+–CTPY complex in close proximity inside
the MOF pore for an efficient energy transfer process.

The photocyclization process in Zr-DTE-CTPY-Eu-MOF is
completely reversible with irradiation of visible light of wave-
length >400 nm. Upon irradiation, the diffuse reectance UV-
Vis spectrum of Zr-DTE-CTPY-Eu-MOF (with DTE in its closed
form) showed a gradual decrease in the absorption intensity in
the region of 500–600 nm (Fig. 4e). This decrease indicates the
ission quenching exhibited by Zr-DTE-CTPY-Eu-MOF (dispersed in
using photomasks on Zr-DTE-CTPY-Eu-MOF in daylight and under UV
by using Zr-DTE-MOF as an ink on ordinary paper.
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Fig. 6 (a) Schematic representation of information writing using
a photomask. (b) Photographs illustrating the scanning of the photo-
printed QR code on Zr-DTE-CTPY-Eu-MOF with a mobile phone.
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conversion of conned DTE molecules from closed form to
open form. The kinetics plot based on the UV-visible spectra
showed the conversion attained saturation aer 30 seconds
(Fig. 4e). A simultaneous increment in the lanthanide emission
intensity is also observed due to the formation of DTE in the
open form, which does not possess any absorption overlap with
the emission spectrum of the Eu3+–CTPY complex (Fig. 4f). The
reversible photochromic nature of Zr-DTE-CTPY-Eu-MOF has
been probed 25 times by measuring the UV-visible spectra
(Fig. 4g). It showed a similar prole to that of the rst cycle
suggesting the promising fatigue resistance behavior of the
developed MOF. In addition, Zr-DTE-CTPY-Eu-MOF from its
closed form to open form showed an appreciable photo-
isomerization quantum yield of about 60% (Fig. S21a and b).
The slight decrease in the photoisomerization conversion effi-
ciency of DTE in the presence of the Eu3+–CTPY complex can be
attributed to the possible steric hindrance in the system.

Taking advantage of the high stability of Zr-MOF and the
highly reversible photoswitching ability attained by the encap-
sulated DTE molecule, Zr-DTE-MOF and Zr-DTE-CTPY-Eu-MOF
are utilised as suitable inks for creating patterns using photo-
masks, secret writing, and encryption–decryption. Importantly,
the synthesized Zr-DTE-MOF, Zr-DTE-CTPY-Eu-MOF, and Zr-
CTPY-Eu-MOF depicted excellent liquid state processability by
forming a stable dispersion in a suitable solvent (Fig. 3d, 5a and
S22a). The high dispersibility of the photochromic MOF can be
attributed to its nanoscale particle size, which is helpful in the
preparation of ink for creating patterns using photomasks and
encryption–decryption applications. Moreover, the photo-
switching process is kinetically fast and reversible; hence, the
color and emission can be switched by irradiation of light with
suitable wavelength. This light-induced photoswitching and
emission-quenching property of the Zr-DTE-CTPY-Eu-MOF can
be useful for creating various patterns and shapes using
photomasks, as shown in Fig. 5b and S22b. The fast reading and
erasing capability of this photochromic MOF is also demon-
strated for secret writing and erasing to transfer condential
information. As shown in Fig. 5c, a message was written on
ordinary paper using Zr-DTE-MOF ink, which can be easily
read out aer irradiating UV light and can be erased by visible
light. Similarly, photo-printing has also been demonstrated by
using Zr-DTE-CTPY-Eu-MOF ink. We have investigated the
decoding of the QR code to our institute website (Jawaharlal
Nehru Centre for Advanced Scientic Research, JNCASR) by
using the uorescent Zr-DTE-CTPY-Eu-MOF ink (Fig. 6a, b and
SI Movie). The photo-printing has been done by irradiating UV
light on the sample through the reverse QR code photomask.
The photoprinted QR code on the MOF surface can be decoded
easily by scanning under UV light and erased by illuminating
with visible light. The decoding of the QR code created on the
Zr-CTPY-DTE-Eu-MOF proves its potential function as a high-
precision ink for encryption–decryption applications. The
uniform distribution of DTE and Eu3+–CTPY complex in the
conned space of the MOF nanopore minimized the smudging
and smearing, ensuring the high readability and durability of
this material.
18866 | Chem. Sci., 2025, 16, 18860–18868
Conclusions

In summary, the present study illustrates the heterogenization
of photoswitchable DTE molecules in porous scaffolds to
enhance their stability and attain high-energy transfer effi-
ciencies by utilizing the connement effect. We have adopted
multi-step post-synthetic modication strategies to covalently
encapsulate the dithienylethene-based derivative inside the
MOF nanopore and successfully integrated the photochromic
behavior into the MOF matrix. The developed photochromic
MOFs depicted fast and reversible solid-state photoswitching
and energy transfer in the presence of the conned highly
emissive Eu3+–terpyridine-based lanthanide complex in close
proximity. The custom-designed Zr-DTE-CTPY-Eu-MOF exhibi-
ted a high energy transfer efficiency of 69.9% when compared to
its corresponding solid-state physical mixture. Highly reversible
photoswitching has been achieved in the MOF-conned state
with an appreciably fast photoisomerization and exhibited
more than 25 cycles of photoswitching. Along with that, its
liquid state processability by forming a stable dispersion is
highly useful for creating patterns using photomasks, secret
writing, and encryption–decryption in information transfer.
© 2025 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/d5sc06243h


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
:2

2:
02

 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
Finally, this study demonstrates the importance of designing
highly stable MOF-conned photochromic systems for
enhancing the efficiency of photochromic energy transfer and
solid-state photoswitching applications.
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