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Conventional proton-conducting materials often fail to meet the responsiveness and flexibility required for
emerging technologies such as the Internet of Things (loT) and robotics, driving significant interest toward
the development of dynamically switchable and tunable proton conductors. Herein, we present a novel UV/
NIR-responsive gallium phosphate—oxalate inorganic—organic hybrid, {(HzTPT)[Gax(H;PO4)>(C,04)3]
HoPO4-HzPO4), (NEU25, TPT = 24,6-tris(4-pyridyl)-1,3,5-triazine; CigNeH12) synthesized via an
ionothermal decomposition—reconstruction strategy within a deep eutectic solvent (DES) system.
Benefiting from abundant free phosphate groups and extensive hydrogen-bonding networks, NEU25
achieves an intrinsic proton conductivity of 6.9 x 10™* S cm™ at 20 °C and 98% relative humidity (RH).
Upon UV irradiation, NEU25 undergoes a photoinduced electron-transfer (PIET) process in which
electrons are transferred from the oxalate/phosphate-based anionic framework to the protonated
HsTPT* species, producing tunable HsTPT*?* r-radical aggregates that induce a distinct color change
(colorless to blue) and enhance proton conductivity by nearly five-fold to 3.4 x 107> S cm™. These
radicals also facilitate efficient photothermal conversion under low-intensity near-infrared (NIR) light
(808 nm, 0.23-2.00 W cm™2), elevating the temperature from room temperature to 46-99 °C. High-
intensity NIR irradiation (9.75 W cm™2) rapidly triggers discoloration and reverses the conductivity
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good thermal and aqueous stability, rapid bidirectional photochromism, and reversible conductivity
DOI: 10.1039/d55c057789 switching, offering a promising platform for remote-controlled, dynamically tunable proton conduction
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soft electronics, and robotics. The inherent limitations of
conventional materials, such as amorphous structure, high
fabrication costs, poor performance under low humidity or

Introduction

The depletion of fossil fuels and escalating environmental

concerns have intensified the need for sustainable energy
solutions, positioning hydrogen fuel cells as a promising
alternative." Proton-conducting materials, which serve as
crucial components in fuel cells, have attracted considerable
interest due to their broad applications in energy conversion,
chemical sensing, and bioelectronic systems.>* While
commercial proton exchange membranes such as Nafion®
exhibit high conductivity (107'~—10"> S em™ '), excellent
mechanical properties, and long-term operational stability, they
fall short in addressing the adaptability and responsiveness
required by emerging fields such as the Internet of Things (I0T),
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elevated temperatures, and lack of dynamic tunability, impede
both practical deployment and fundamental understanding of
proton transport mechanisms. These challenges have sparked
growing interest in the design of novel, dynamically switchable,
and tunable proton-conducting materials that can respond to
external stimuli and meet the evolving demands of next-
generation technologies.

Among emerging candidates, open-framework porous
materials, such as metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), and metalphosphate open-frame-
works (MPOs), have demonstrated exceptional promise due to
their structural tunability, permanent porosity, and rich func-
tional diversity. These materials have found wide-ranging
applications in catalysis,®® sensing,”'® biomedicine, and
environmental remediation, and are increasingly recognized
for their potential in proton conduction.”**” Their crystalline
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architectures offer well-defined proton transport channels,
excellent thermal and hydrolytic stability, and amenability to
targeted functionalization—key attributes for next-generation
solid-state proton conductors. Notably, their proton conduc-
tivities span from 107> to 10" % S cm™',*® with some systems
rivalling the performance of Nafion under ambient conditions.
For instance, Kitagawa et al.*® reported the first open-framework
proton conductor, (NH,),(adp)[Zn,(0x);]- 3H,0, which exhibited
a conductivity of 8 x 107 S cm™?, establishing a foundation for
this research direction. Despite these advances, the develop-
ment of proton-conductive frameworks with dynamic, stimuli-
responsive behavior remains in its infancy.

Stimuli-responsive open-framework porous materials have
garnered increasing attention for their reversible responses to
external triggers such as pH,” electric fields,> temperature,*
solvents,*® mechanical stress,* and light.>> Among these, light-
responsive systems are particularly attractive due to their non-
invasive, remote-controllable nature, fast response, and high
spatial resolution.”® Notable examples include azobenzene-func-
tionalized SURMOFs,” spiropyran-encapsulated ZIF-8,>® and
spiropyran-based MOF films,* all of which demonstrate revers-
ible proton conductivity modulation via photoisomerization.
While most current systems rely on such isomerization mecha-
nisms, photoinduced electron transfer (PIET) offers an alterna-
tive strategy through the generation of tunable radicals that can
enhance proton transport within hydrogen-bonded networks.*
For instance, a 54-fold conductivity increase via PIET was re-
ported by Wang et al.>** MPOs have emerged as promising plat-
forms for such applications due to their robust coordination
frameworks, structural diversity, and excellent thermal
stability.**** Free phosphate groups and retained Breonsted
acidity promote the formation of extensive hydrogen-bond
networks and ensure conductivity even at elevated temperatures
or low humidity.**® Recent studies have demonstrated light-
responsive MPOs with switchable conductivity,***~** highlighting
their potential for remote-controlled proton transport. However,
most systems still rely on thermal activation or irreversible
structural changes, underscoring the urgent need for fast,
reversible, and durable photoresponsive proton conductors for
integration into next-generation smart devices.

Herein, we report the synthesis of a novel photochromic metal
phosphate, {(H5TPT)[Ga,(H,PO,),(C,0,)3]- H,PO4 - H3PO, },
(NEU25, TPT = 2,4,6-tris(4-pyridyl)-1,3,5-triazine; C,gNgH;,) via
a decomposition-recombination strategy in a deep eutectic
solvent system. The framework features abundant free phosphate
groups and extensive hydrogen-bonding networks, affording high
proton conductivity and excellent stability. At 20 °C and 98% RH,
NEU25 exhibits a conductivity of 6.9 x 10™* S ecm . Upon UV
irradiation, the PIET process in NEU25 involves electron transfer
from the oxalate/phosphate-based anionic framework to proton-
ated H,TPT*', generating tunable H;TPT">" w-radical aggregates
and enhancing the conductivity by nearly five-fold to 3.4 x 10> S
cm ™, accompanied by a reversible color change from colorless to
blue—outperforming many known phosphate-based proton
conductors. The densely packed H;TPT*" trications in the struc-
ture promote the photogeneration of tunable H;TPT™>" m-radical
aggregates, which absorb strongly in the red and near-infrared
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(NIR) regions. Under low-intensity NIR laser irradiation (808 nm,
0.23-2.00 W cm™>), the colored NEU25 exhibits adjustable pho-
tothermal conversion, achieving surface temperatures ranging
from 46 to 99 °C. High-intensity NIR exposure (9.75 W cm 2, <1
min) induces rapid radical quenching and complete color fading,
restoring the original low-conductivity state. This reversible dual-
responsive  behavior—UV-induced coloration with proton
conductivity enhancement and NIR-driven fading with conduc-
tivity recovery—enables remote, contactless modulation of proton
transport and offers a promising strategy for developing smart,
light-regulated proton-conductive materials.

Results and discussion
Crystal structure

NEU25 was synthesized via an ionothermal strategy in a deep
eutectic solvent (DES). The choline chloride/oxalic acid DES is
indispensable for NEU25 formation because it simultaneously
dissolves and activates all precursors, provides an acidic cata-
Iytic environment, maintains a homogeneous liquid phase at
130 °C, and offers a green and efficient route unattainable with
conventional solvents. Under the mildly acidic and strongly
hydrogen-bonding DES environment, the neutral TPT ligand
undergoes partial protonation-assisted decomposition and
subsequent molecular reorganization, generating the tri-
cationic H;TPT*" species in situ. This DES-mediated trans-
formation provides a greener and more efficient alternative to
using pre-synthesized N-alkylated TPT derivatives, while avoid-
ing additional synthetic steps and toxic alkylation reagents (the
detailed synthesis procedure and full structural and physical
characterization of NEU25 are provided in the SI).
Single-crystal X-ray diffraction analysis reveals that NEU25
crystallizes in the monoclinic space group P2,/c (No. 14). The
asymmetric unit comprises two Ga®>" ions, three oxalate ligands,
two H,PO, ™ units, one free H,PO, ™ anion, one H;PO, molecule
and a fully protonated H,TPT*" trication (Fig. S1). Each Ga®* ion
adopts an octahedral coordination geometry, coordinated by
four oxygen atoms from two oxalate ligands and two oxygen
atoms from H,PO,~ groups. Two H,PO,  units and two oxalate
ligands bridge the Ga®" centers, while the third oxalate coordi-
nates to a single Ga®>" and participates in hydrogen bonding
with adjacent phosphate groups and the H;TPT*" motif. The
HZTPT®" cations act as charge-balancing templates and are
integrated into the framework via hydrogen bonding and -
interactions (Fig. 1a). Ga-O linkages and H,PO, units form
four-membered rings, which are further interconnected by
oxalate ligands to generate infinite zigzag chains of Ga,(H,-
PO,),(C,0,4);>" (Fig. 1b). The Ga-O bond distances range from
1.869(19) A to 2.052(19) A, while the P-Opyigging distances vary
from 1.472(2) A to 1.510(19) A. The average bond lengths for the
terminal groups, P=0 and P-OH, are 1.492 (13) A and 1.552(2)
A, respectively. The average C-Oprigging and terminal C=O
distances were 1.265(3) A and 1.232(3) A, respectively.
Hydrogen bonding plays a crucial role in assembling the
three-dimensional supramolecular network. Strong N-H---O
interactions between H;TPT>" and oxalate oxygen atoms exhibit
donor-acceptor distances of 2.680(3)-2.886(4) A. Likewise, O-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The infinite anionic [Gas(H2PO.4),(C»0.4)3],2"~ chain and the
deprotonated HsTPT>* templates; (b) 1D chain structure of NEU25; (c)
stacking pattern of TPT molecules; (d) the infinite -7 stacking
interactions with face-to-face distances of 4.096 A between adjacent
HsTPT3

H---O interactions between phosphate and oxalate units range
from 2.487(3) to 2.833(3) A. Additional weak C-H:--O interac-
tions further reinforce the network (Table S2). The anionic
[Gay(H,PO,)5(C,04)3],>" chains extend along the crystallo-
graphic ag-axis. Adjacent chains are linked through extensive O-
H---O hydrogen bonds involving terminal H,PO, groups,
forming well-defined 2D layers. These layers are further cross-
linked into a 3D supramolecular architecture via strong
hydrogen-bond interactions with both H;PO, molecules and the
tricationic H;TPT*" species. The pyridinium N-H groups and
the P-OH groups act as complementary hydrogen-bond donors
and acceptors, generating a dense and continuous hydrogen-
bonded network throughout the crystal. To emphasize the
density of hydrogen bonds in the NEU25 molecule, a Hirshfeld
surface analysis was conducted to elucidate intermolecular
interactions, as depicted in Fig. S2a, where electron density is
color-coded. The gradient from blue through white to red
indicates the strength of the hydrogen bond interactions;
deeper red signifies stronger interactions. This highlights the
hydrogen bond donor characteristics of the system and
confirms its structural stability. Furthermore, the density
distributions of both N-H:--O and O-H:--O hydrogen bonds
were calculated (Fig. S2b). The N-H:--O hydrogen bond density
was found to be 3.8%, while the O-H:--O hydrogen bond density
was found to be 45.1%, resulting in an overall hydrogen-bond
contribution of 48.9%. The high density and continuity of O-
H---O and N-H---O interactions form multiple, interconnected
proton-hopping pathways. This dense internal hydrogen bond
network renders the structure a potential proton conductor.
Notably, NEU25 exhibits a dominant face-to-face -7 stacking
interaction between adjacent H,TPT?* cations, with a centroid-
centroid distance of 4.096 A (Fig. 1d and S3). These mt-aggregates
play a critical role in stabilizing the photo-generated H;TPT"**
radicals and suppressing back-electron transfer to the anionic
[Gay(H,PO,)5(C204)5].>" framework.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Proton conduction and photochromism properties

The Hirshfeld surface analysis (Fig. S2) reveals that nearly half
of all intermolecular contacts in NEU25 arise from O-H---O and
N-H---O hydrogen bonds (48.9% in total). This unusually high
hydrogen-bond density provides continuous proton-hopping
pathways along the 1D chains, across the 2D layers, and
through the 3D supramolecular network. The high density of
hydrogen bonds, abundant free phosphate groups, good
thermal stability (>250 °C), and strong water resistance (Fig. S4
and S5) endow NEU25 with great potential as an efficient proton
conductor. To evaluate its proton conductivity, NEU25 powders
were pressed into cylindrical pellets (8 mm diameter, 6 mm
thickness, 15 MPa) and tested under controlled temperature (20
°C) and humidity conditions using saturated salt solutions. AC
impedance measurements were conducted, and conductivity
values were extracted from Nyquist plot fitting (Schemes S1 and
S2). As shown in Fig. 2a, the Nyquist plots display incomplete
semicircles at high frequencies and inclined tails at low
frequencies, corresponding to charge-transfer resistance and
diffusion-limited processes, respectively.*’ At 35% RH, NEU25
shows a conductivity of 7.5 x 1077 S em ™", (Table S3) indicating
intrinsic proton conduction. As humidity increases, conduc-
tivity rises significantly, reaching 6.9 x 107" S em™" at 98%
RH—an enhancement of nearly three orders of magnitude. This
performance exceeds that of most phosphonate-based proton
conductors (Fig. S6a), highlighting the efficiency of its
hydrogen-bonding proton transport network and the critical
role of humidity in facilitating migration.

To enable external modulation, NEU25 was irradiated with UVA
light, generating the photoactivated sample NEU25-P. As shown in
Fig. 2b and ¢, NEU25-P retains similar humidity dependence but
exhibits significantly enhanced conductivity. At 98% RH, the
conductivity reaches 3.4 x 107> S cm™'—nearly five times higher
than that of the pristine material—surpassing most non-switch-
able phosphate-based conductors. Even at 35% RH, conductivity
increases modestly to 8.9 x 1077 S em™". The modulation range
outperforms many reported light-responsive phosphate systems
(Fig. S6b), suggesting a highly efficient and tunable conduction
pathway. This conductivity enhancement is attributed to the
formation of photogenerated m-radicals, accompanied by
a distinct color change from colorless to blue (Fig. 2d and S7). In
situ time-dependent UV-vis spectroscopy (Fig. 2e and S8) shows the
gradual growth of three characteristic absorption bands at 410,
564, and 696 nm, all of which intensify and exhibit a redshift
tendency with prolonged UV irradiation.** Kinetic analysis of the
696 nm absorption band following UVA, UVB, and UVC irradiation
reveals first-order behavior, with corresponding rate constants of
0.0217, 0.0254, and 0.0239 s~ (Fig. S9), confirming the rapid and
efficient photoresponse of NEU25. Notably, NEU25 exhibits no
significant photochromism under visible light irradiation (300 W
Xe lamp, A > 420 nm). The photoinduced blue-colored NEU25-P
reverts to its original colorless state after 24 hours at room
temperature in the dark or rapidly upon heating at 80 °C for 30
minutes (Fig. 3a). Moreover, UV-vis cycling tests confirm excellent
reversibility, with consistent photochromic behavior retained over
at least ten UV-NIR cycles. Complementary PXRD and FT-IR
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(a) The Nyquist impedance plots of NEU25 under different humidity conditions at 20 °C, with enlarged views at 85% RH and 98% RH as

insets; (b) the Nyquist impedance plots of NEU25-P under different humidity conditions at 20 °C, with enlarged views at 85% RH and 98% RH as
insets; (c) comparison of the conductivity of NEU25 and NEU25-P under different humidity conditions, the inset is a magnified view of
conductivity at 35-85% RH; (d) photographic images of NEU25 exhibiting photochromic behavior under UVA, UVB, and UVC irradiation; (e) in situ
time-resolved UV-vis spectra and contour plot of NEU25 under UVA irradiation.

analyses further verify that the structural integrity of NEU25
remains unaltered (Fig. S10).

Mechanistic insights

Photochromism can arise from various mechanisms, including
phase transitions,** radical formation,” redox reactions,*
isomerization,” and photoinduced charge transfer.***** To
elucidate the mechanism underlying the photochromic
behavior of NEU25, PXRD and FT-IR analyses were conducted

——NEU25 ( b)
——NEU25-P

—— NEU25-80'C-30min

—— NEU2S for one day

—— Visible light irradiation-30min|

—— NEU25
—— NEU25-P

—— NEU25-P-80'C-30min
—— NEU25-P for one day

I

200 300 400 500 600 700 800 320 330 340 350
Wavelength (nm) Field (mT)

Absorbance (a.u.)

—~
O
~
—~
[}
-

——NEU25
O-s. —— NEU25-P N-1s

——NEU25
——NEU25-P

Counts (a.u.)
Counts (a.u.)

540 538 536 534 532 530 528
Binding Energy (eV)

406 404 402 400 398 396 394 392
Binding Energy (eV)

Fig. 3 (a) UV-vis spectra of NEU25 after UV irradiation, thermal
treatment at 80 °C for 30 minutes, storage in the dark for one day and
visible light irradiation for 30 min. (b) ESR spectra of compound NEU25
under various light/thermal stimuli; XPS core-level spectra of NEU25
before and after UV irradiation: (c) O 1s; (d) N 1s.
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before and after UV irradiation. No observable structural or
compositional changes were detected (Fig. S11 and S12),
excluding the possibility of photo-induced molecular dissocia-
tion or structural rearrangement. A combination of UV-vis, ESR,
and XPS measurements was performed to elucidate the photo-
induced electron-transfer (PIET) process in NEU25. In situ time-
dependent UV-vis spectroscopy (Fig. 2e and S8) reveals the
emergence and progressive intensification of absorption bands
at 410, 564, and 696 nm upon UVA irradiation. These bands
display a redshift with prolonged exposure, indicating that the
photogenerated species do not behave as isolated radicals but
increasingly engage in intermolecular interactions. Compared
with isolated HZTPT'>*, the redshifted profile signifies
enhanced electronic coupling, consistent with - aggregation
and hydrogen-bond-assisted stabilization of the radical cations
in the crystalline environment.** Electron spin resonance (ESR)
spectroscopy provides direct evidence of radical formation.
Pristine NEU25 shows no ESR signal, while UV-irradiated
samples exhibit a single sharp isotropic peak with a g-value of
2.0033 (Fig. 3b and $13), characteristic of a delocalized T-type
unpaired electron associated with the H;TPT">" radical species.
The absence of hyperfine splitting indicates that the unpaired
electron is delocalized across the conjugated TPT scaffold
rather than localized on a single nitrogen atom.** The ESR
signal disappears upon thermal bleaching or storage in the
dark, confirming the reversible generation of H;TPT™>". To
further probe the electronic environment enabling PIET, X-ray
photoelectron spectroscopy (XPS) was performed before and
after UVA irradiation. The Ga 2p region remains unchanged
(Fig. S14), confirming that the inorganic gallium phosphate-
oxalate framework is not chemically perturbed during

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(e)

(a) Nyquist impedance plots of NEU25 under different temperature conditions at 85% RH; (b) Nyquist impedance plots of NEU25-P under

different temperature conditions at 85% RH; (c) comparison of the conductivity of NEU25 and NEU25-P at different temperatures; (d) proton
transport pathway of NEU25 (the TPT molecule has been eliminated); (e) proton transport pathway of NEU25-P.

photoexcitation. Minor shifts (<0.2 eV) in the O 1s and N 1s
regions (Fig. 3c and d) reflect subtle electronic rearrangements
within the protonated H;TPT*" ligand but do not directly detect
the radical, which is unstable under X-ray irradiation. Instead,
the XPS results support the presence of an electron-deficient,
protonated ligand that readily accepts an electron upon UV
excitation, serving as the electronically activated precursor for
PIET. The photogenerated radical is further stabilized by
structural features intrinsic to NEU25. Face-to-face - stack-
ing between adjacent H;TPT*" units (centroid-centroid
distance = 4.096 A) and the dense network of O-H---O and N-
H---O hydrogen bonds enhance electronic coupling and
suppress rapid back-electron transfer. This structural arrange-
ment rationalizes both the redshifted radical absorption and
the reversible photochromism. Together, these results establish
a coherent PIET mechanism involving protonation-enabled
electronic activation, UV-driven electron transfer from the
inorganic framework, formation of the H;TPT">" radical cation,
and intermolecular stabilization via - stacking and hydrogen
bonding. This mechanism fully accounts for the reversible
photochromism and the light-modulated proton-conductivity
enhancement observed in NEU25.

To elucidate the proton conduction mechanism of NEU25,
temperature-dependent conductivity measurements were con-
ducted at 85% RH in the range of 30-60 °C (Fig. 4a). The
conductivity increased from 4.1 x 107> Sem "to 1.3 x 10°* S
cm ' (Table S4), indicating a 3.2-fold enhancement. This
temperature dependence suggests a thermally activated trans-
port process. Arrhenius fitting yielded an activation energy (E,)
of 0.36 eV (Fig. S15a), consistent with a Grotthuss mechanism,
where protons migrate via hydrogen-bond networks through
successive hopping.”** The dense hydrogen-bonding network
formed by free phosphate groups (Fig. 4d) facilitates such
proton transport. To evaluate the effect of UV irradiation, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

same measurements were performed on UV-treated NEU25-P.
As shown in Fig. 4b, NEU25-P displayed significantly higher
conductivity across the temperature range, with a notably larger
enhancement factor compared to the pristine material (Fig. 4c).
The corresponding E, increased to 0.85 eV (Fig. S15b), sug-
gesting a transition to a Vehicle mechanism,”®” in which
protons migrate as hydronium ions (H;0") via water-assisted
pathways. This shift is attributed to UV-induced electron
depletion on the nitrogen atoms of TPT, which reduces proton
affinity and facilitates proton release. Under humid conditions,
the liberated protons form H;O' and diffuse through the
hydrogen-bond network (Fig. 4e), further enhancing conduc-
tivity. Although the static crystal structure of NEU25 lacks large
pores, TGA measurements (Fig. S16) on samples equilibrated at
98% RH reveal a water uptake of ~8.75%, confirming the
presence of sufficient interstitial or surface-adsorbed water to
generate H;0" in localized domains. The considerably higher E,
observed for NEU25-P therefore reflects a highly confined
vehicle-type process, where hydronium migration is restricted
within narrow hydrogen-bonded regions, rather than long-
range diffusion through open channels. This confined transport
model reconciles the structural compactness of NEU25 with the
observed photo-enhanced proton conductivity.

Photothermal response and NIR-triggered switching

Structural analyses of NEU25 reveal the presence of infinite -
aggregates, which facilitates the generation of photoinduced -
aggregate radicals (H;TPT">") and exhibit distinct absorption
bands in the red and near-infrared regions.*®* UV-vis-NIR
spectroscopy (200-2000 nm) confirmed this behavior, with new
absorption bands appearing after UV irradiation (Fig. 5a),
consistent with the formation of densely packed H,TPT**
radicals via a PIET. Leveraging this tunable NIR absorption, the
photothermal response of UV-activated NEU25-P was

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05778g

Open Access Article. Published on 08 December 2025. Downloaded on 12/24/2025 2:49:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
50 blank
(a) ——evzsovaremn] (D) o 0s (c)
101 —1s L 1e 1004 «
—5s 454 2” @ s
10s | Leeeety -mwm::: 10s
081 ——20s R S anannee, o
o H A vwy 'sssseef< 20s ) g, 2.00
© 30s 404 Sk ] 308 W-cm?|
2 06 ——60s [ 60s ©
3 ——300s 3 S, v 300s 3
g S fi et qenendde 6005 B 0
204 o > o00s §
< £ N £
& Adaads, L, (7]
02 *1 N A sssisassssssssssiaid = 104
004 25 —— ]
400 600 800 1000 1200 1400 1600 1800 2000 0 50 100 150 200 250 300 350 0 20 40 60 80
Wavelength (nm) Time (s) Time (min)
50
(d) (e) () ®
NEU25-P 054 at 696nm
- NEU25 04
2 40
Py 1.07W-cm2-5min 8
o c 03
E] &
® 1.95W-cm2-1min el
g 202
-3 3.25W-cm2-1min 3
g 304 <
[ 01
00
20y T T 3 4 5
: o = - - = 320 @ 340 350
Field (mT)

Time (min)

Fig. 5 (a) Time-dependent UV-vis-NIR spectra of NEU25-UVA-15min under 808 nm NIR irradiation at a power density of 1.07 W cm™2; (b)
photothermal conversion curves of NEU25-UVA films with different UV response times under NIR laser irradiation (808 nm, 0.23 W cm™2); (c)
temperature rise of the NEU25-UVA-1min film under different NIR laser intensities. The inset illustrates the relationship between the average
temperature rise (AT) and the NIR laser power; (d) ESR spectra of NEU25 under irradiation with different 808 nm laser power densities; (e)
absorbance changes of NEU25 at 696 nm in the UV-vis spectrum under 808 nm laser irradiation (inset shows the color changes of NEU25 before
and after bleaching induced by UVA irradiation and NIR exposure); (f) Nyquist plots for NEU25, NEU25-P, and NEU25-NIR-1min (20 °C and 85%

RH).

investigated. NEU25 powders were deposited as thin films (1 cm
x 1 cm) on quartz substrates, pre-irradiated with UVA light for
various durations, and then exposed to an 808 nm NIR laser
(0.23 W cm™?, approximating 1.6-2.0 x sunlight intensity). As
the UVA exposure increased from 1 s to 15 min, the surface
temperature rose from 31 °C to 46 °C (Fig. 5b), consistent with
the progressive formation of H;TPT"*" radicals. Reflecting this
pronounced photothermal response, NEU25 displays a solar-to-
thermal conversion efficiency of 59.7%, highlighting the strong
heat-generation capability of the stabilized radical aggregates.
In contrast, unirradiated NEU25 and bare quartz showed
negligible temperature increases (2.4 °C and 1.7 °C, respec-
tively). Notably, NEU25-UVA-15min reached 46 °C within 30 s
under constant NIR irradiation, indicating efficient photo-
thermal conversion. A linear relationship was observed between
the final temperature and UVA exposure time (Fig. S17),
enabling precise thermal control. Photothermal behavior was
further evaluated under varying NIR laser powers. As shown in
Fig. 5¢, the conversion temperature could be modulated bidi-
rectionally by adjusting both the UVA duration and laser
intensity. At powers above 0.53 W cm ™2, rapid thermal fading
occurred, likely due to partial quenching of H,TPT">" radicals
back to H;TPT*", reducing absorption and photothermal effi-
ciency. Cycling tests confirmed that NEU25-UVA-15min main-
tained stable performance over five irradiation cycles (Fig. S18),
and extended exposure revealed only a slight decline in
maximum temperature from 46.5 °C to 43.3 °C (Fig. S19),
indicating a dynamic equilibrium after partial fading.

Given NEU25's responsiveness to low-power NIR laser irra-
diation, its fading behavior was systematically examined. Upon

Chem. Sci.

exposure to an 808 nm laser at 1.07 W cm™ > (7-10 x sunlight
intensity), the NEU25-UVA-15min sample underwent a visible
blue-to-colorless transition within seconds (Fig. S20). UV-vis
spectra showed 63.3% and 67.0% decreases in absorbance at
564 and 696 nm, respectively, while ESR signals declined in
parallel (Fig. 5d). At 1.95 W c¢cm™>, the 696 nm absorbance
dropped by 82.8% in just 10 s, accompanied by a pronounced
reduction in ESR intensity (Fig. S21), indicating accelerated
fading. Higher power irradiation (3.25, 6.50, and 9.75 W cm ?)
was further explored. At 9.75 W cm 2, complete fading occurred
within 1 s (Fig. S22 and Movie S1), with a 94.6% drop at 696 nm
and near-complete ESR quenching (Fig. S23 and Fig. 5d), con-
firming ultrafast radical deactivation. PXRD and IR analyses
verified that the NEU25 structure remained intact after 1 min of
laser exposure across all power levels (Fig. S24), indicating that
the fading process is dominated by photothermal radical
quenching rather than photodamage. Given this reversible
optical behavior, the impact on proton conductivity was inves-
tigated. Conductivity measurements at 20 °C and 85% RH
showed that the UV-activated NEU25-P sample exhibited
enhanced conductivity, which dropped from 5.6 x 107> S cm ™"
to 2.4 x 107> S em ™" following 1 min of 9.75 W cm™ > laser
irradiation (Fig. 5f), nearly reverting to the original value
observed for pristine NEU25. PXRD analysis of post-conduction
samples confirmed structural stability and phase purity under
humid conditions (Fig. S25). These findings highlight NEU25's
capability for reversible, non-contact optical modulation of
proton conductivity, positioning it as a promising candidate for
chemical sensing and other applications requiring tunable
ionic transport.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, a novel inorganic-organic hybrid MPO was
synthesized in a cost-effective deep eutectic solvent (DES)
system. The framework incorporates abundant free phosphate
groups and an extensive hydrogen-bonding network, enabling
efficient proton transport with a conductivity of 6.9 x 10™* S
em ! at 20 °C and 98% relative humidity. Upon UV irradiation,
a photoinduced electron transfer (PIET) process generates T-
radicals, leading to a five-fold conductivity enhancement (up to
3.4 x 107* S em™") and a reversible color change from colorless
to blue—surpassing the performance of most phosphate-
framework proton conductors. The photogenerated radicals
also impart strong absorption in the NIR region, enabling effi-
cient photothermal conversion under low-power 808 nm laser
irradiation (0.23-2.00 W cm™?), with surface temperatures
tunable from room temperature to 99 °C. Notably, high-power
NIR exposure (9.75 W c¢cm™>, <1 min) induces rapid radical
quenching and decolorization and restores the original low-
conductivity state, completing a reversible UV-enhanced/NIR-
recovered optical switching cycle. Collectively, this study
establishes an effective approach for achieving non-contact,
bidirectional optical regulation of ion transport in solid-state
proton conductors. The synergistic combination of intrinsic
proton conductivity, UV/NIR responsiveness, and structural
robustness makes NEU25 a promising candidate for light-gated
protonic circuitry, remotely controlled fuel-cell components,
smart ion-transport membranes, and adaptive photothermal or
chemical sensing systems.
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