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In the era of artificial intelligence and machine learning, semicon-

ductor materials are the foundation of contemporary electronics and

are essential for advancing technological innovation in widespread

fields. Herein, we report a Ni-MOG (1) that undergoes gel-to-gel

transformation, upon photochemical stimuli, via [2+2] reaction. It

associates with the most spectacular change of green to yellow

MOG (10). Both the MOGs have shown an excellent ability to

absorb nitrate salts of metals (M = Li, Mg) and transform to even

stronger gels (1@M, 10@M). The 10@Li-MOG was found to be the

strongest as the rigidity increased 51-fold. Our studies on their

conductivity indicate that incorporation of metal-salts into

MOGs significantly enhances the conductivity, and they are other-

wise insulators. Furthermore, MOG 10@Li was found to exhibit the

highest conductivity compared to 1@Mg, 1@Li, and 10@Mg, in any of

the three forms of measurement: pelleted, thin-film, and integration

with mixed-matrix-membrane (MMM). The integration of Li-doped

irradiated MOG with MMM exhibited the highest lithium-ion con-

ductivity of 6.11 � 10�2 S cm�1 among all MOF/MOG-based materi-

als. The ability of these materials to power LEDs highlights their

potential for optoelectronic applications. We note here that these

are the first reports of MOGs that transitioned from insulators to

semiconductors upon undergoing [2+2] reaction and subsequent Li-

doping.

1. Introduction

Semiconducting materials form the backbone of modern elec-
tronics in the age of artificial intelligence and machine learn-
ing, and play a crucial role in driving progress and innovation
across various technological applications.1,2 The advent of

modern technology has significantly transformed the way we
communicate, calculate, and traverse our daily lives through
the discovery and manipulation of semiconductors.3 Semicon-
ductors, usually crystalline solids with a small band gap, are
distinguished by their ability to conduct electricity under
certain conditions, making them ideal for use in electronic
devices like light-emitting diodes (LED).4 Consequently, modern
scientific research has concentrated on developing semiconduct-
ing materials that fulfill the demands of current technology while
remaining cost-effective and easy to produce. Several potential
materials such as graphene,5 metals,6 organic polymers,7 carbon
nanotubes,8 metal oxides,9 and metallic alloys,10 are being actively
investigated for their potential applications as semiconducting
materials. We previously reported a photoswitchable and photo-
luminescent organic semiconductor based on cation–p and car-
boxylate–pyridinium interactions.11 In this context, metal–organic
gels (MOGs) are a class of semi-solid, viscoelastic supramolecular
coordination polymers that have emerged over the past two
decades. These materials offer unique advantages, such as stabi-
lity, self-sustainability, and porosity.12–15

MOGs are typically created through the judicious choice of
metal salts, organic ligands, solvents and subtle tuning of the
reaction conditions for their self-assembly process.16–18 Most syn-
thetic gels exist in a ‘‘kinetically trapped state’’ and lack autonomous
behavior unless externally disrupted.19–23 Under specific conditions,
certain supramolecular gels can adapt and reconfigure their mate-
rial properties in response to remote, non-invasive external
stimuli.24–28 Gelator molecules can transition into different assem-
blies, such as another gel,29,30 a crystal,31,32 or a micellar non-gel
phase,33 in response to external stimuli. These transitions are often
accompanied by changes in the material’s rigidity, color, viscosity,
morphological structure, and photophysical properties.34–39

The exploration of gels to facilitate organic topochemical
reactions and catalysis is gaining popularity among chemists.
To date, only a limited number of self-assembled gelators have
been reported to undergo topochemical reactions such as [2+2],
[4+4], [4+2], and [1,4]-addition reactions in the gel state.40–51
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Recently, we demonstrated the first example of a gel-to-gel
transformation via [2+2] photopolymerization in MOGs
composed of metal halides and rigid dienes.52 MOGs are highly
significant owing to their various applications in catalysis,
sensing, gas storage, and optics.53–55 Despite their potential,
only a limited number of studies have explored tuning metal-
logel properties through the incorporation of alkali and alka-
line earth metal ions into the gel matrix. Recently, alkali and
alkaline earth metal cation-assisted self-assembly has garnered
attention for fabricating metal–organic assembly-based smart
materials with various applications.56

The ability to incorporate large amounts of dopants and
achieve high electrical conductivity has gained interest for
thermoelectric applications.57,58 Doping modifies a semicon-
ductor’s electrical properties, as seen in MOGs like [M(DTA)]n

(M: Ni, Cu, Pd), where exposure to I2 vapor enhanced conductivity
to 10�5 S cm�1.59 However, alkali/alkaline earth metal doping in
photoreactive MOGs remains underexplored. Coordination net-
works with functional organic ligands form porous architectures
in MOGs similar to metal–organic frameworks (MOFs).60–63 Stu-
dies on Li+, Na+, and Mg2+ ion-conducting MOFs via post-
synthetic modification show promising results. Long et al.
(2011) reported the first MOF-based solid electrolyte with 3.1 �
10�4 S cm�1 conductivity at 300 K.64 Park et al. demonstrated that
Li+ doping in the Cu–azolate MOF improved the conductivity from
10�14 to 10�4 S cm�1.65 Similarly, our work on Li–AOIA–MOF
demonstrated that Li+ doping results in a 183-fold increase,
reaching 1.09 � 10�5 S cm�1.66 ZIF-67@ZIF-8, which can store
more lithium ions and transmit them by the wall of the cavity,
exhibited significant ionic conductivity (1.35 � 10�3 S cm�1 at
25 1C).67 Additionally, MIL-Al@LiClO4 represents a new class of
pseudo-solid-state lithium-ion conducting electrolytes, exhibiting
a conductivity of 1.22 � 10�3 S cm�1.68

The conductivity of many of the Li+-doped MOFs is typically
measured in pellet form, limiting their practical applications
due to fragility and grain boundary issues that hinder conduc-
tivity. Two strategies are in use to address these challenges: (a)
device fabrication on ITO glass (thin-film) and (b) mixed-matrix
membranes (MMMs). Thin films are widely used in semiconduc-
tors, solar panels, and optical devices, providing enhanced
conductivity.69 MMMs have the potential to synergistically com-
bine the organic and inorganic materials, enabling continuous
charge transfer pathways for semiconductive membranes. Given
the lack of research on alkali/alkaline earth metal-based dopants
in photoreactive MOGs and their scalable synthesis, we focused
on developing thin-film and MMM-based semiconducting gels for
practical applications.

We report the first-ever transparent thixotropic photoreac-
tive Ni-MOG undergoing gel-to-gel transformation via [2+2]
reaction, with the most striking color change from green to
yellow. Conductivity measurements before and after irradiation
show values around 10�10 S cm�1, placing it among the least
conductive materials, near the insulator range. To achieve the
highest possible conductivity, we adopted a doping strategy
using LiNO3 and Mg(NO3)2 salts. Most notably, lithium salt
uptake led to an unprecedented 51-fold increase in gel rigidity.

The conductivities of the doped materials were analyzed in
three ways: (a) pelletized form, (b) device fabrication on ITO
glass, and (c) mixed matrix membrane fabrication. Our studies
suggest that the thin films and mixed matrix membranes
exhibit the most significant conductivity improvement com-
pared to that of the pelleted form. The MMM containing
Li-doped irradiated MOG was found to display the highest
lithium-ion conductivity of 6.11 � 10�2 S cm�1 compared with
all reported Li-doped MOF/MOG-based materials. These are the
first reports of MOG materials that converted from an insulator
to a semiconductor upon undergoing photochemical reaction
and subsequent Li doping. The fabricated device demonstrates
the greatest potential for commercial applications by success-
fully lighting LEDs.

2. Results and discussion

The pyridine and imidazo-pyridine substituted olefin, L, was
synthesized by the condensation reaction of 4-pyridylacrylic
acid with 3,4-diaminopyridine in the presence of polyphospho-
ric acid.32 The aqueous solution of Ni(CH3COO)2, when mixed
with the methanol solution of L at room temperature, formed a
transparent green gel, Ni-MOG (1), within three hours. The
formation of a rigid gel was confirmed using the inverted vial
method (Scheme S1, ESI†). This gel can be synthesized on a
larger scale (100 g) and remains stable under ambient condi-
tions for over eight months (Fig. S1, ESI†). It exhibits thixo-
tropic behavior, transitioning between gel and sol with
mechanical agitation and rest. It is also thermo-reversible,
liquefying when heated and solidifying upon cooling (Fig. S2,
ESI†). Chemical stimuli such as HCl, NH3, or EDTA also
triggered gel-to-sol transitions (Fig. S3, ESI†). The mechanical
strength of Ni-MOG was assessed through rheological experi-
ments under ambient conditions, which showed that the
storage modulus (G0) remained consistently higher than the
loss modulus (G00) across all measured points, confirming its
robust gel-like nature (Fig. 1a and b). The gel exhibited a yield
stress (sy) of 17 Pa and a G0–G00 value of 5885 Pa. A time-
dependent step-strain hysteresis loop test over five cycles at
10 rad s�1 confirmed its thixotropic behavior (Fig. S4, ESI†).
Gelation capability was tested in various solvents, including
ethanol, n-propanol, and longer-chain alcohols. However, the
gel formation of L with Ni(CH3COO)2 was found to occur only
up to n-propanol (Fig. S5, ESI†). Rheological studies showed
that gel strength decreased with increasing alcohol chain
length (Table S1, ESI†). Acetate ions were also found to play a
crucial role in gelation, as the reactions with Ni(NO3)2,
Ni(ClO4)2, and NiCl2 produced clear solutions, and NiSO4

formed a precipitate (Fig. S6, ESI†). The xerogel (1-XG) was
obtained by freeze-drying the gelatinous material.

The composition and morphology of 1 were analyzed using
FESEM, TEM, EDAX, elemental mapping, IR spectroscopy,
Raman spectroscopy, PXRD, XPS, and solid-state UV-vis
spectroscopy. FESEM and TEM images revealed a typical
cross-linked fibrous network (Fig. 1c and d), while elemental
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mapping and EDAX analysis showed a homogeneous metal ion
distribution (Fig. 1e and Fig. S7, ESI†). The PXRD pattern
lacked prominent peaks, confirming the amorphous nature of
1-XG (Fig. S8, ESI†). The solid-state UV-vis spectrum displayed
an absorption peak at 650 nm, attributed to charge transfer
between the ligand and Ni2+, indicating a hexacoordinated
high-spin Ni2+ in a distorted octahedral geometry (Fig. 1h). IR
spectral analysis provided insights into coordination and
hydrogen bonding (Fig. 1f). The free ligand exhibited an
imidazole –NH peak at 2980 cm�1, which disappeared in 1-
XG, replaced by a broad peak (3057–3541 cm�1), confirming
hydrogen bonding with solvent molecules. The CQN stretching
of pyridyl moieties shifted from 1597 cm�1 (L) to 1555 cm�1

(1-XG), consistent with metal coordination.70 In addition, 1-XG
also displayed a peak at 1451 cm�1, corresponding to the methyl
CH bending of acetate in the MOG. Raman spectra revealed
characteristic ligand vibrations (B1444 cm�1, B1557 cm�1,
B1651 cm�1) and Ni–N symmetric stretching at 415 cm�1

(Fig. 1g). XPS analysis confirmed the presence of C, N, O, and

Ni, with Ni 2p3/2 and Ni 2p1/2 peaks at 855.4 eV and 873.12 eV,
plus satellite peaks at 864.65 eV and 883.50 eV, indicating Ni(II)
ions (Fig. 1i and Fig. S9, ESI†). Deconvolution identified Ni–N
and Ni–O bonds, with N 1s peaks at 399.3 eV and 400.9 eV
corresponding to Ni–N and CQN bonding. O 1s and C 1s spectra
confirmed Ni–O, CQO, and water coordination, with H-bonding
among L, Ni(II), acetate ions, and water driving gel formation.

To investigate the photochemical [2+2] reactivity, freshly
prepared gel material was placed in a 15 mL vial and irradiated
under UV-A light (315–400 nm). The reaction was monitored at
various time intervals by recording 1H NMR in DMSO-d6

(Fig. S10, ESI†). Since the irradiated material was insoluble in
DMSO, it was treated with B25% aqueous ammonia overnight
to remove metal ions. The 1H NMR spectra of the irradiated
MOG (10) showed new peaks at 4.90–5.06 ppm (Fig. 2c), con-
firming cyclobutene proton formation. The monomer peak
at 13.21 ppm disappeared after five days, indicating 100%
conversion. The imidazole protons in 10 shifted to 12.61 ppm,
confirming intact imidazole functionality. Remarkably, 1

Fig. 1 Variation of storage modulus (G0) and loss modulus (G00) of 1 with (a) shear stress and (b) frequency; (c) FESEM image; (d) TEM image; (e) elemental
mapping; (f) FTIR spectra (g) Raman spectra; (h) solid-state UV-vis spectroscopy; (i) full survey spectrum of XPS analysis of 1.
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retained its gelatinous nature throughout the complete conver-
sion of L to its corresponding dimer. The rigid gelatinous
nature of 10 was supported by the inversion vial test. Further-
more, the photoreactivity was evident through a significant
color change of green to yellow (Fig. 2a). Rheological studies
revealed altered mechanical properties post-photoreaction, with
yield stress (sy) decreasing to 11.75 Pa and firmness (G0–G00) mea-
sured at 523 Pa (Fig. 2b and Fig. S11a and b, ESI†). FESEM and TEM
images further confirmed that 10 maintained its fibrous morphology
(Fig. S11c (ESI†) and Fig. 2d), reinforcing the structural stability of
the photoreacted gel.

The gels exhibited a remarkable ability to gradually absorb
metal ions from methanolic solutions. To evaluate this, gels 1
and 10 were immersed in nitrate salt solutions of Li, Mg, and Al
to obtain 1@Li & 10@Li, 1@Mg & 10@Mg, and 1@Al & 10@Al.
Exposure to aluminium nitrate caused both gels (1 and 10) to
break down immediately, forming a precipitate, likely due to
the corrosive nature of Al3+.71 However, when treated with
lithium and magnesium nitrate, the gels were found to main-
tain their gelatinous nature with no sol formation (Fig. S12,
ESI†). The effect of the absorption of various metal cations on
gelation behavior has been reported for several protein gels,
including Inca peanut albumin, soybean protein gels, and
potato protein gels.71–73 Such gel-to-gel transformations by
the uptake of alkali–alkaline earth metal ions are scarcely
documented for photoreacted MOGs. The addition of lithium
and magnesium salts significantly enhanced the gel strength of

both 1 and 10 (Fig. S13–S16, ESI†). Rheological studies demon-
strated substantial increases in firmness and rigidity (G0–G00),
with enhancements of approximately 2.14-, 1.29-, 51-, and 38.8-
fold for 1@Li, 1@Mg, 10@Li, and 10@Mg, respectively, com-
pared to their parent gels (Fig. 3a). The yield stress (sy), a key
indicator of gel strength, increased to 238 Pa (14-fold), 172 Pa
(10-fold), 259 Pa (22-fold), and 230 Pa (19.57-fold) for 1@Li,
1@Mg, 10@Li, and 10@Mg, respectively (Fig. S17, ESI†). The
thixotropic behavior of metal ion-doped gels was assessed by
applying alternating strain amplitudes at a constant oscillation
frequency of 10 rad s�1, revealing rapid transitions between
solid-like and liquid-like states over five cycles (Fig. S13c, S14c,
S15c and S16c, ESI†). Lithium salts exhibited a stronger rein-
forcing effect than magnesium, likely due to greater Li+ uptake.
ICP-MS analysis confirmed this, measuring Li content at
3.26 wt% for 10@Li and 2.59 wt% for 1@Li, compared to Mg
content at 1.93 wt% for 10@Mg and 1.09 wt% for 1@Mg. FESEM
imaging further verified that the fibrous network of the MOGs
remained intact after metal salt doping (Fig. 3b, c and Fig. S18,
ESI†). EDAX and elemental mapping also confirmed the uni-
form distribution of all elements (Fig. 3d and Fig. S19–S21,
ESI†). Notably, this study represents the first reported instance
of a photoreactive gel achieving a remarkable 51-fold increase
in rigidity upon lithium doping.

The optical properties of these materials were analyzed
using UV-vis spectrophotometry (200–800 nm). The optical
band gap energies, calculated using Tauc’s equation, were

Fig. 2 Illustrations of gel-to-gel transformations via [2+2] photoreaction of 1: (a) inverted vial test before and after [2+2] reaction; (b) dependence of
storage modulus (G0) and loss modulus (G00) on shear stress of 10; (c) 1H NMR spectra of 1 and 10 in DMSO-d6; (d) TEM image of 10.
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3.12 eV for 1-XG and 3.03 eV for 10-XG. Doping with LiNO3 and
Mg(NO3)2 led to a reduction in band gap values, a change that
was more pronounced with MOG 10. The lowest band gap,
2.15 eV, was observed for 10@Li (Fig. 3e). The band gap values
followed the order of 1 4 10 4 1@Mg 4 1@Li 4 10@Mg 4
10@Li (Fig. S22, ESI†).

2.1. Electrical conductivity measurement

To assess their electrical properties, current–voltage (I–V) measure-
ments were conducted at room temperature, revealing nonlinear
behavior indicative of nonohmic conduction. The measurements
were performed using a Keithley 2450 source meter in a two-probe
setup with pressed pellets (1_P and 10_P), which showed signifi-
cant conductivity variations. Pristine samples, 1_P and 10_P,
exhibited conductivities of 3.30 � 10�10 S cm�1 and 1.05 �
10�10 S cm�1, respectively (Fig. S23 and S24, ESI†). Doping of
metal ions was found to enhance conductivity significantly,

reaching up to 10�6 S cm�1 in pelletized form (Table 1). However,
as it is known that the grain boundary issues limit the conductivity
in pellet form, the other two approaches were explored: (a) device
fabrication on ITO glass and (b) the development of a mixed-
matrix membrane (Fig. 4a). These strategies aim to optimize
conductivity and functional integration in electronic devices.

Thin films of the compounds were uniformly deposited onto
large-area ITO-coated glass substrates, a method commonly
employed in industrial device fabrication (Fig. S25, ESI†). The
resulting ITO/MOG/Al configurations (Fig. 4g) demonstrate the
importance of optimizing film-substrate interactions for
enhanced performance in advanced applications. The electrical
conductivity of these gel-based materials was analyzed using
sandwich–voltage (I–V) measurements in a two-probe setup
(Fig. 4b). Fabrication and testing were conducted under ambi-
ent conditions at room temperature, and the devices were
systematically labelled as 1@Li_T, 1@Mg_T, 10@Li_T, and
10@Mg_T. FESEM image, EDAX analysis, and elemental

Fig. 3 (a) Comparison of gel rigidity before and after uptake of Li and Mg in 1 and 10; FESEM image of (b) 10@Li and (c) 10@Mg; (d) EDAX analysis and
elemental mapping of 10@Mg; (e) Tauc’s plot of 10@Li.

Table 1 Electrical conductivity values of the pellet, device on ITO glass, and mixed-matrix membrane

Pellet Device fabrication on ITO glass Mixed-matrix membrane

Materials s (S cm�1) Materials s (S cm�1) Materials s (S cm�1)

1_P 3.30 � 10�10 1_T 4.40 � 10�10 1_M-60 8.77 � 10�10

10_P 1.05 � 10�10 10_T 1.60 � 10�10 10_M-60 3.57 � 10�10

1@Li_P 1.22 � 10�7 1@Li_T 1.70 � 10�6 1@Li_M-60 4.01 � 10�4

10@Li_P 5.58 � 10�6 10@Li_T 1.20 � 10�4 10@Li_M-60 6.11 � 10�2

1@Mg_P 3.73 � 10�8 1@Mg_T 1.17 � 10�7 1@Mg_M-60 1.57 � 10�5

10@Mg_P 3.38 � 10�7 10@Mg_T 1.61 � 10�6 10@Mg_M-60 2.95 � 10�4
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mapping confirmed the formation of uniform, homogeneous,
and continuous thin films on the ITO substrates, validating the
high-quality deposition process (Fig. 4c–f and Fig. S26–S29,
ESI†). Notably, the thin-films exhibited significantly improved
conductivity properties compared to their pellet form. The
measured conductivity values are tabulated in Table 1, they
follow the order of 10@Li_T 4 1@Li_T 4 10@Mg_T 4
1@Mg_T 4 1_T 4 10_T with the conductivity values in the
range of 10�4 to 10�10 S cm�1 (Fig. 4h, i and Fig. S30 and S31,
ESI†). These findings highlight the substantial conductivity
enhancement in the conductivities of Li or Mg-doped MOGs
of 1 and 10 via thin-film fabrication, reinforcing their potential
for advanced electronic device applications.

The conductivity of the materials was further evaluated
through mixed-matrix membrane (MMM) fabrication using
polyvinylidene fluoride (PVDF), and polyvinylpyrrolidone
(PVP), chosen for their strong synergy with the gels’ organic
moieties. MOGs and salt-doped MOGs were well integrated into
the PVDF–PVP (1 : 3) matrix at varying loadings. Composite
membranes were prepared via slurry casting, and membranes
containing 1 and 10 were labelled as 10@X_M-0, 10@X_M-20,
10@X_M-40, and 10@X_M-60 (0, 20, 40, and 60 represent weight
percentages of corresponding MOGs, X = Li or Mg and M refers
to membrane). Increasing the loading percentage beyond 60%
led to the leaching of MOGs and metal salts into the solution.
For comparison, a blank PVDF–PVP membrane was also

prepared, exhibiting high transparency. However, as the MOG
loading increased, the membranes became progressively opa-
que (Fig. 5a and Fig. S32 and S33, ESI†). Despite this change,
the composite membranes remained mechanically robust,
crack-free, and flexible—essential properties for semiconduc-
tive applications (Fig. 5c, d and Fig. S34–S36, ESI†). The FTIR
spectra show the characteristic peaks of materials as well as the
polymers PVDF–PVP, representing the perfect blending of the
membrane (Fig. S37 and S38, ESI†). Morphological character-
ization using FESEM and EDAX (Fig. 5b and Fig. S39–S42, ESI†)
confirmed a uniform elemental distribution, indicating homo-
geneous integration of MOG within the membranes. Without
doping the metal salt, the electrical conductivities of MMM
integrated 1 or 10 were found to be about 10�10 S cm�1,
reflecting their nonconductive nature, similar to the pellets of
pure MOGs (Fig. S44a and S45a, ESI†). Furthermore, the MMM
with 60% loaded lithium nitrate was found to also be non-
conductive (5.98 � 10�12 S cm�1, Fig. S43, ESI†). However, a
remarkable enhancement in conductivity was observed for
MMMs integrated with metal-doped MOGs (Fig. S44 and
S45, ESI†). Systematic experiments with varying loading
percentages of metal-doped MOGs reveal that the conductiv-
ities increase with the increase in the percentage of metal-
doped MOGs (Table S2, ESI†). The conductivities follow the
trend of 1@Mg_M-60 o 10@Mg_M-60 o 1@Li_M-60 o
10@Li_M-60 (Table 1). 10@Li_M-60 exhibits higher conductivity

Fig. 4 (a) Three conductivity measurement techniques; (b) conductivity measurement setup; FESEM image on ITO glass (c) 1@Li, (d) 10@Li, (e) 1@Mg and
(f) 10@Mg; (g) schematic model of device fabrication on ITO glass; current vs. voltage curves for (h) 1@Li_T and (i) 10@Li_T.
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of 6.11 � 10�2 S cm�1 at room temperature, which is the
highest among all reported MOFs/MOGs based lithium-ion
conductivity to date (Table S3, ESI†). It can be noted that the
conductivity is enhanced by 108-fold by integrating Li doped 10

with MMMs when compared with the conductivity of the as-
synthesized 1 in pelleted form. The durability test showed that
the conductivity of 10@Li_M-60 remained stable for 5 days
(Fig. 5e). Furthermore, this flexible film was shown to concur-
rently illuminate LED lights of different colours (Fig. 5f) when
inserted within the circuit.

Notably, here an integrated methodology was introduced for
conductivity measurement encompassing three distinct techni-
ques: pelletized form, thin-film deposition, and mixed-matrix
membrane fabrication. Remarkably, stepwise optimization of
these techniques resulted in a dramatic increase in conductivity
by one-hundred-million-fold. Grain boundaries act as barriers
to charge carrier movement, which can significantly reduce
the overall conductivity of a material. In pellets or films, the
presence of numerous grain boundaries introduces resistive
interfaces, leading to overestimated resistances and underesti-
mated intrinsic conductivity. This issue is particularly severe in
pellets, followed by thin films. To address these, the MMM
strategy was employed wherein the incorporation of inorganic
fillers (MOGs) in combination with a polymer matrix reduces
grain boundary density and promotes charge percolation, effec-
tively minimizing intergranular resistance. In addition, mem-
branes offer the best balance between functionality, stability,
flexibility, and scalability, making them superior to pellets and
thin films for conductivity measurement. This work establishes
a new framework for evaluating conductivity in soft materials,

offering guidance to minimize grain boundary effects and
optimize electrical performance.

We note here that the recent work from our group demon-
strated the formation of a one-dimensional double-chain struc-
ture by L and Cd(II), where carboxylate oxygen atoms bridge two
Cd(II) centers while ligand L acts as a pendant on both sides of
the chain.32 Based on this structural insight, we propose a

Fig. 5 (a) Optical image of blank MMM, 1@Li_M-60 and 10@Li_M-60; (b) FESEM image of 10@Li_M-60; (c) stress–strain curve of 10@Li_M-60; (d) load vs.
depth curve of 10@Li_M-60; (e) time-dependent conductivity measurement for 10@Li_M-60; (f) illumination of LED light by the fabricated device.

Fig. 6 Schematic representation of the probable structure of the model
of MOGs (a) as synthesized and (b) after the photochemical reaction.

Journal of Materials Chemistry C Communication

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

2/
20

25
 5

:2
0:

02
 P

M
. 

View Article Online

https://doi.org/10.1039/d5tc02239h


J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2025

probable model for the self-assembly process that leads to gel
fiber network formation, both before and after the photoche-
mical [2+2] reaction (Fig. 6). Furthermore, based on this model
a favorable pathway for lithium-ion transport, facilitated by
synergistic interactions between the gel framework and the
polymer matrix was also proposed (Fig. S46, ESI†).

3. Conclusions

In conclusion, this study presents the first-ever example of a
Ni(II)-based metal–organic gel exhibiting gel-to-gel transforma-
tion via photochemical [2+2] cycloaddition and subsequent
metal salt doping, leading to significant enhancements in
mechanical strength and electrical conductivity. The photoche-
mically transformed MOGs demonstrate remarkable color
changes and structural stability, resulting in an unprecedented
51-fold increase in gel rigidity upon Li+ doping. This excep-
tional ability to incorporate metal salts and enhance material
properties positions these MOGs as highly promising candi-
dates for advanced technological applications. Electrical con-
ductivity measurements reveal that while pristine Ni-MOGs
function as insulators, post-irradiation Li+ doping transforms
them into semiconductors. The highest lithium-ion conductivity
of 6.11 � 10�2 S cm�1 was observed for the 10@Li integrated
mixed matrix membrane, among all reported MOF/MOG-based
materials, underscores the potential for integrating these mate-
rials into flexible and scalable electronic devices. The successful
fabrication of thin-film and MMM-based devices demonstrates
the feasibility of practical applications, overcoming limitations
associated with conventional pelleted forms. Furthermore, the
ability of these materials to power LEDs highlights their
potential for optoelectronic applications, including intuitive
signaling in consumer electronics, industrial equipment, and
medical devices. The observed tunability of the optical band
gaps, influenced by photoreaction and metal ion doping, further
supports their versatility in semiconductor technologies. This
study establishes a foundation for future exploration of MOG-
based semiconductors, emphasizing the transformative impact
of structural modifications and dopant incorporation. The
insights gained from this work provide new avenues for the
development of next-generation flexible and responsive electro-
nic materials, fostering advancements in smart materials, sen-
sors, and energy-efficient optoelectronic devices.
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