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Due to high penetration, low photo-toxicity, and low background signal of red-shifted visible light, the
development of visible-light photochromic materials is of great importance but still a challenging task. In
this study, four one-dimensional (1D) naphthalenediimide (NDI) photochromic coordination polymers
(CPs), namely {[ZnCly(4-PMNDI)]-H,0},, (1), {[ZnBr,(4-PMNDI)]-2H,0}, (2), {[ZnClx(3-PMNDI)]}, (3) and
{[ZnBr,(3-PMNDI)}, (4) (4-/3-PMNDI = N,N’-bis(4-/3-pyridylmethyl)-1,4,5,8-naphthalenediimide), have
been designed and synthesized by the combination of positional isomeric electron-deficient PMNDI
(electron acceptors, EAs) and electron-rich zinc halides (electron donors, EDs) under solvothermal con-
ditions. The distinct photochromic properties of 1-4 should be attributed to the formation of different
interfacial contacts of EDs/EAs due to the introduction of 4-/3-PMNDI positional isomers and different
halogen anions. Noteworthily, the much more rapid photoresponsive rates of visible-light photochromism
for 1-4 with respect to those of UV-light photochromism exposits that the electronic absorption band of
charge transfer (CT) interactions in the visible light region can effectively trigger electron transfer (ET)
promptly. Furthermore, 1 exhibits a high photosensitivity property in response to wavelengths of
390-450 nm, and it can be applied in detection/filtration of harmful blue rays. This work breaks through
an orthodox concept that the ET reaction can only be activated by the electronic absorption band of EDs
or EAs (usually in the UV light region), and provides a simple and feasible method for the construction of
visible-light photochromic materials.
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photosensitivity and photoisomerization efficiency highly
restrict the actual applications of such visible-light photochro-

Introduction

Visible light photochromic materials, as a new class of func-
tional materials, have attracted wide attention due to their
practical and potential applications in the fields of materials
science, optoelectronics and biomedicine."™ So far, visible-
light photochromic organic molecules based on the mecha-
nism of photoisomerization, such as diarylethenes,>®
azobenzenes,”® spiropyrans,”’° and Stenhouse adducts,'"
have been extensively investigated. However, the relatively low
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mic materials. Therefore, the development of novel visible-
light photochromic materials does not depend on photoisome-
rization but depends on photoinduced intermolecular electron
transfer (PIET), which should be an effective strategy for
addressing the above disadvantages of visible-light photochro-
mic organic molecules.

Notably, organic-inorganic hybrid photochromic systems
(OIHPS) composed of electron donors (EDs) and electron
acceptors (EAs) possess a large number of advantages (flexible
and diverse compositions and structures, easy molecular
design and synergistic effect), which provide a tremendous
opportunity for the development of visible-light induced
photochromic materials.***” By the selection and integration
of suitable EDs/EAs, great achievements have been achieved in
terms of fast photoresponsive rates, obvious coloration con-
trast, wide photoresponsive range and so forth. Unfortunately,
the activation wavelengths of most reported OIHPS on the
basis of PIET are usually located in the UV region, which is
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largely ascribed to the excitation mechanism of OIHPS. PIET
refers to the generation of a charge-separated state induced by
light irradiation, in which electrons transfer from an electron
donor (ED) to an electron acceptor (EA). Up to now, the
pathway of the photoexcitation mechanism can be classified
into two different categories, the photoexcitation of an EA or
an ED.'?% As for the former, the photoexcited state EA* is
formed and it can accept electrons from the HOMO of the ED
to generate organic radicals (ED"" and EA™") (Fig. 1a), which
necessitates high-energy UV light illumination, because the
electronic absorption band of EAs (the unsaturated organic
electron-deficient acceptors, such as viologen derivatives,*"**
naphthalenediimide derivatives (NDIs)**** and tris(4-pyridyl)-
1,3,5-triazine (TPT))*>?® is usually located in the UV region. As
for the latter, the photoexcited state ED* is generated which
then transfers electrons to the LUMO of the EA to form the
same organic radicals (ED"" and EA™") (Fig. 1b) as the former,
which can be stimulated by the low-energy visible light band
through the selection of an ED (visible light photosensitizers
such as cadmium sulfide,” polyoxometalates®®*° and in-
organic semiconductors®') with a low optical bandgap and
high light absorption coefficient. However, the reported OIHPS
based on the photoexcitation of the ED are extremely scarce,
which significantly restricts the diversity and practical appli-
cation of visible-light responsive functional materials.
Therefore, developing a novel visible light photoexcitation
mechanism will facilitate the construction of a new category of
visible-light responsive OIHPS and the development of the
emerging field. The strength of charge transfer (CT) inter-
action is dependent on the degree of orbital overlap of the ED/
EA, and it determines the non-characteristic electronic absorp-
tion band of the OIHPS, which is generally situated in the
visible-light region. In our previous study, we found that
charge transfer (CT) could extend the excitonic absorption to
the visible-light region and enable the fabrication of a super
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Fig. 1 Schematic diagram of photoinduced intermolecular electron
transfer: (a) The excitation of electron acceptor (EA). (b) The excitation
of electron donor (ED). (c) The excitation of charge transfer (CT) elec-
tronic absorption band.

\ ED*

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers
excellent visible-light photochromic system.*** As a result,
elaborate modulation of the electronic absorption band of CT
interaction is applied to stimulate ET from the HOMO of an
ED to the LUMO of an EA and consequently generate the
organic radicals ED™" and EA™~ (Fig. 1c), which will be an
effective strategy for the construction of novel visible-light
responsive OIHPS.

NDIs are a class of outstanding electron-deficient organic
tectons with high redox activity and have been extensively
applied in the fabrication of stimuli-responsive functional
materials, with properties such as photochromism, thermo-
chromism and electrochromism.>*® On the one hand, the
modification on both sides of the NDI nucleus by using
pyridylmethylene groups could not only merely regulate their
electron-accepting capability to some degree, but also endow
them with flexible property to modulate the formation of
specific interfacial contacts of EDs/EAs and consequently gene-
rate the electronic absorption band in the visible light region.
On the other hand, the electron-deficient NDI moiety is
inclined to form various degrees of CT interactions through
weak interactions (such as lone pair-n, anion-r and n-x inter-
actions) with an electron-rich moiety, making it an outstand-
ing candidate for fabrication of visible-light responsive OIHPS.

Based on the above consideration, the combination of a
couple of positional isomers (4-/3-PMNDI) and electron-rich
zinc halides (ZnCl, and ZnBr,) gives rise to four one-dimen-
sional (1D) naphthalenediimide (NDI) coordination polymers
(CPs), {[ZnCl,(4-PMNDI)]-H,0}, (1), {{ZnBr,(4-PMNDI)]-2H,0},
(2), {[ZnCl,(3-PMNDI)]},, (3) and {[ZnBr,(3-PMNDI)[},, (4). Here,
4-/3-PMNDI = N,N’-bis(4-/3-pyridylmethyl)-1,4,5,8-naphthalene-
diimide, which exhibit different photochromic performances
in response to UV and visible light owing to the formation of
different interfacial contacts of EDs/EAs. Interestingly, the
photoresponsive rates of visible-light photochromism for 1-4
are much faster than those of UV-light photochromism, which
reveals that the electronic absorption bands of the CT inter-
actions in the visible light region can efficiently induce ET
quickly. Fascinatingly, 1 is extremely sensitive to harmful blue
rays ranging from 390 to 450 nm and can accurately detect/
filter harmful blue rays. This work not only develops a novel
photoexcitation mechanism for initiating the ET reaction to
construct visible-light photochromic materials, but also pro-
vides a simple and effective pathway for detecting/filtering
harmful blue rays.

Experimental section
Materials and methods

All reagents and solvents of reagent grade were purchased
from commercial sources and used without further purifi-
cation. The organic ligands 4-/3-PMNDI were prepared using
the reported process®® (Scheme S1t). A mercury (Hg) lamp
(300 W, 365 nm) system equipped with a temperature control-
ler and a xenon (Xe) lamp (300 W, >420 nm) system with a
temperature controller and a UV filter were applied for prepar-
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ing colored samples for UV-vis absorption spectroscopy, in
which the distances between these samples and the Hg/Xe
lamp were about 23 cm. UV-vis absorption spectra were
measured with a METASH UV-9000S UV-vis spectrophotometer
equipped with an integrating sphere, and a BaSO,-coated glass
slide as a reference at room temperature. Thermogravimetric
analysis-differential scanning calorimetry (TG-DSC) data were
obtained in a nitrogen atmosphere with a flow rate of 100 cm?
min~", thermal ramp of 10 °C min™", and temperature range
of 30-800 °C using an HCT-2 thermogravimetric analyzer. The
Fourier transform infrared (FT-IR) spectra were recorded in the
range of 4000-500 cm™" on a Nicolet 5DX spectrometer using
KBr pellets as the matrixes. Powder X-ray diffraction (PXRD)
patterns were acquired using a Rigaku Ultima IV-185 diffract-
ometer with 20 ranging from 5° to 50° at room temperature.
The simulated PXRD patterns were derived using the free
Mercury software based on the single-crystal data. Elemental
analyses (C, H, N) were executed on a PerkinElmer 240 elemen-
tal analyzer. Electron paramagnetic resonance (EPR) spectra
were recorded on a Bruker A300-10/12 electron paramagnetic
resonance spectrometer at ambient temperature. X-ray photo-
electron spectroscopy (XPS) measurements were conducted on
a Kratos AXIS ULTRA X-ray photoelectron spectrometer with Al
Ko radiation (1 = 8.357 A). All XPS spectra were referenced to
the C 1s neutral carbon peak at 284.8 eV in order to compen-
sate for surface charging effects. Luminescence properties
were measured using an HORIBA Instruments FluoroMAX Plus
fluorescence spectrometer.

Preparation of {{ZnCl,(4-PMNDI)]-H,0},, (1)

A mixture of 4-PMNDI (0.013 g, 0.03 mmol) and ZnCl,
(0.008 g, 0.06 mmol) in a solution (5 mL) of DMF/MeCN (3:2,
v/v) was stirred for 10 minutes. Then, the mixture was sealed
in a 25 mL Teflon reactor autoclave and heated at 80 °C for 4
days (Scheme S27). After cooling down to room temperature,
the products were collected, further washed with DMF and
finally dried in the air at room temperature to obtain light
yellow plate crystals with a yield of 47% (based on 4-PMNDI).
Anal. caled for C,¢H;5Cl,N,O5Zn (%): C, 51.81; H, 3.01; N,
9.30. Found: C, 51.63; H, 3.05; N, 9.36. IR data (KBr, cm™"):
3477(s), 3050(w), 1704(s), 1658(s), 1617(m), 1587(m), 1558(w),
1502(w), 1454(m), 1428(s), 1337(w), 1255(m), 1218(w), 1180(s),
1120(m), 1095(w), 1066(w), 1029(w), 1004(s), 889(w), 869(w),
809(m), 779(m), 717(s), 644(s), 563(m).

Preparation of {{ZnBr,(4-PMNDI)]-2H,0}, (2)

The procedure was analogous to the synthesis of compound 1
except that the ZnCl, was replaced with ZnBr, (0.02 g,
0.09 mmol) and the reaction temperature was maintained at
95 °C for 2 days. Yellow plate crystals were isolated in a yield of
52% (based on 4-PMNDI). Anal. caled for C,sH,oBr,N,O¢Zn
(%): C, 44.01; H, 2.84; N, 7.90. Found: C, 44.05; H, 2.81; N,
7.95. IR data (KBr, cm™"): 3488(s), 3046(s), 1706(s), 1668(s),
1619(s), 1587(m), 1558(w), 1502(w), 1454(m), 1428(s), 1373(w),
1338(w), 1249(m), 1180(s), 1120(m), 1095(w), 1068(w), 1029(w),
997(s), 889(w), 869(w), 806(m), 769(m), 717(w), 640(m), 561(m).
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Preparation of {{ZnCl,(3-PMNDI)]},, (3)

The procedure was analogous to the synthesis of compound 1,
except that the 4-PMNDI was replaced with 3-PMNDI. Light
brown plate crystals of 3 were obtained in 52.0% yield (based
on 3-PMNDI). Anal. caled for Cy6H;6Cl,N,0,Zn (%): C, 53.40;
H, 2.76; N, 9.58. Found: C, 53.20; H, 2.51; N, 9.63. IR data
(KBr, cm™): 3471(w), 3056(w), 2022(w), 1706(s), 1695(s),
1608(s), 1569(m), 1515(w), 1455(s), 1420(s), 1373(s), 1332(w),
1240(m), 1205(w), 1162(m), 1150(m), 1132(s), 1095(w),
1056(m), 977(m), 898(m), 846(m), 794(s), 761(s), 682(m),
647(m), 538(m).

Preparation of {{ZnBr,(3-PMNDI)]},, (4)

The procedure was analogous to the synthesis of compound 2,
except that the 4-PMNDI was replaced with 3-PMNDI. Light
brown plate crystals of 4 were obtained in 49% yield (based on
3-PMNDI). Anal. caled for Cy6H;6Br,N,04Zn (%): C, 46.35; H,
2.39; N, 8.32. Found: C, 46.38; H, 2.35; N, 8.44. IR data (KB,
em™): 3469(s), 2923(s), 1693(s), 1668(w), 1660(s), 1577(s),
1482(m), 1448(m), 1371(w), 1320(m), 1249(m), 1205(w),
1172(m), 1128(w), 1091(s), 1064(w), 1000(s), 971(w), 896(m),
848(w), 771(w), 792(w), 692(m), 649(m), 561(m).

Single crystal X-ray structure determination and refinement

The diffraction data were collected on a Bruker D8 Venture
diffractometer equipped with a graphite monochromator (Mo
Ka, 1 = 0.71073 A) at 293 K for 2-4. The SCALE3 ABSPACK
scaling algorithm utilized empirical absorption correction
with spherical harmonics. All structures were solved by direct
methods and refined based on F> by the full matrix least-
squares method with the Olex2 software.*®*" All non-hydrogen
atoms were refined using anisotropic thermal parameters, and
all hydrogen atoms were calculated and added at the theore-
tical positions. Relevant crystallographic data, selected bond
lengths, bond angles and hydrogen-bond parameters are sum-
marized in Tables S3-S5 of the ESL.}

Results and discussion
Crystal structures of 1 and 2

Single-crystal X-ray diffraction analyses revealed that 1 and 2
are isostructural and crystallize in the monoclinic system with
the space group C2/c, which contains one half crystallographi-
cally independent Zn”>" ion, one halogen anion (X = CI for 1
and Br for 2), one half 4-PMNDI ligand, and one half free H,O
molecule for 1 and one for 2 in the asymmetric unit. Since the
crystal structure of 1 is reported in the literature,*® herein the
details of the structure are not described. As shown in Fig. 2a,
each central Zn** ion is coordinated in tetrahedral sites by two
terminal bromine atoms (dz, g, = 2.337(8) A) and two nitrogen
atoms from two 4-PMNDI ligands (dz, x = 2.062(5) A). The Br-
Zn-Br angle is 119.27(6)°, the Br-Zn-N angles are in the range
of 106.59(1)-111.94(1)°, and the N-Zn-N angle is 98.40(3)° for
2. According to the descriptor for the deviation of tetrahedral
geometry proposed by Yang and coworkers,** the 7, values of 1
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Fig. 2 (a) The coordination environment of Zn?* in 1 and 2 (symmetry codes: #1: —x, +y, % -z #2: % —x,3/2 =y, 1~ 2). (b) The 1D infinite chain. (c)
The anion—= interactions in adjacent chains. (d) The 3D packing supramolecular network. All hydrogen atoms are omitted for clarity.

and 2 are 0.909 and 0.913, respectively, implying a slightly dis-
torted ZnN,Cl, tetrahedron compared to that of the ZnN,Br,
tetrahedron. The dihedral angle between the 4-PMNDI core
and the pyridine ring plane is 69.656°, which is similar to that
previously reported for the free 4-PMNDI ligand.** Zn>" ions
are connected by 4-PMNDI ligands with a Z-mode confor-
mation, forming a one-dimensional (1D) V-shaped polymeric
chain (Fig. 2b). The single chain undergoes translation along
the b direction (Fig. 2c), which interleaves it with adjacent four
chains through anion-r interactions between NDI cores and
halogen atoms (dci.r = 3.319(4) A for 1 and dj,., = 3.332(8) for
2) to form a three-dimensional (3D) supramolecular network
(Fig. 2d).

Crystal structures of 3 and 4

Compounds 3 and 4 are isostructural and crystallize in the
monoclinic system with the space group C2/c, which contains
one half crystallographically independent Zn** ion, one half
3-PMNDI ligand and one halogen anion (X = Cl for 3 and Br
for 4) in the asymmetric unit. As depicted in Fig. 3a, each
central Zn*>* ion is four-coordinated with two terminal X atoms
(Cl in 3 and Br in 4) and two N atoms from two electron-
deficient 3-PMNDI tectons. The Zn-X bond length is 2.223(6) A
for 3 and 2.358(3) A for 4, and the Zn-N bond distance is 2.069
(2) A for 3 and 2.071(2) A for 4, which are well in accordance
with those found in other zinc based coordination polymers.**
The X-Zn-X angle is 128.69(4)° for 3 and 126.06(2)° for 4, and
the N-Zn-N angle is 103.62(1)° for 3 and 104.35(1)° for 4. The
calculated 7, values of 3 (0.877) and 4 (0.894) are slightly
smaller than those of 1 and 2, while the dihedral angles
between the NDI core and the pyridine ring plane of 3
(113.11 A) and 4 (111.96 A) are much larger than those for 1
and 2. These differences in structural parameters are largely
ascribed to the use of positional isomers of 4-/3-PMNDI. Zinc

Inorg. Chem. Front.

ions are bridged by the 3-PMNDI ligand in a Z-mode confor-
mation to form a nearly straight zigzag shaped chain (Fig. 3b).
Each chains are further connected with each other by lone
pair—n weak interactions (d,_ = 3.606(3) A in 3 and d,_, = 3.719
(3) A in 4) and n—= interactions (d,_ = 3.822(3) A in 3 and d,_,
= 3.929(3) A in 4) (Fig. 3c), to form a two dimensional (2D)
supramolecular layer (Fig. 3d).

Thermogravimetric analyses (TGA)

The thermal stability of compounds 1-4 was investigated
through thermogravimetric and differential scanning calori-
metry (TG-DSC) studies under a nitrogen atmosphere in the
temperature range of 30-800 °C (Fig. S1}). TG-DSC curves of 1
and 2 exhibit a two-step decomposition loss and 1 can be
stable until 105 °C and 2 up to 383 °C. The first weight loss in
the temperature range of 105-155 °C for 1 and 383-391 °C for
2 is around 3.0% and 5.7%, respectively, which is due to the
escape of lattice H,O molecules (caled: 2.7% for 1 and 4.6%
for 2). Further heating to 451 °C for 1 and 448 °C for 2 causes
the decomposition of frameworks. Comparatively, TG-DSC
curves of 3 and 4 display one-step weight loss. There is no
apparent weight loss before 436 °C for 3 and 412 °C for 4, and
further heating leads to weight loss due to the collapse of
frameworks. The different decomposition temperatures of 1-4
are attributed to the use of different halogens and positional
isomers of the PMNDI ligands and consequently the formation
of different types and strengths of intermolecular interactions.

UV/visible light photochromic properties

The UV-vis absorption spectra of NDIs in a highly dispersed
state are usually located in the UV-light region (340-390 nm)
as reported by Saha and colleagues.’®!” However, NDIs in the
crystalline state and NDI-based coordination polymers show a
redshift with an obvious absorption band in the visible-light

This journal is © the Partner Organisations 2025
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Fig. 3 (a) The coordination environment of Zn®*

in 3 and 4 (symmetry codes: #1: —x, y 55—z, #2:5—x,5/2 -y, —z). (b) The 1D polymeric infinite

chain. (c) The lone pair—r and n—x interactions. (d) The packing diagram. All hydrogen atoms are omltted for clarity.

region due to the specific arrangements of spatial packing
modes at the molecular level through weak interactions (e.g.
n-n, lone pair-n and anion-n interactions).*® Similarly, the
original absorption bands of 1-4 are located in the visible-
light region (390-459 nm for 1, 390-469 nm for 2, 390-468 nm
for 3 and 390-477 nm for 4) (Fig. S27), which are basically con-
sistent with the initial colors of 1-4 (light yellow for 1, yellow
for 2, and light brown for both 3 and 4). The obvious red-
shifted absorption edges of 3 and 4 compared to those of 1
and 2 should be ascribed to the use of positional isomers of
4-/3-PMNDI which consequently leads to completely different
types of weak interactions in the interfacial contacts of EDs/
EAs (anion-r interactions for 1 and 2 vs. lone pair-n and n—n
interactions for 3 and 4), suggesting the subtle modulating
effect of the positionally isomeric PMNDI ligands on inter-
molecular charge transfer (ICT). Furthermore, the absorption
edges of 2 are slightly red-shifted with respect to those of 1,
which is attributed to the occurrence of different strengths of
anion-n interactions between the halogen ions (Cl™ ion and
Br~ ion) and 4-PMNDI ligands. Although the lone pair-r and
n-m interactions in 3 are slightly shorter than those in 4, the
slightly blue-shifted absorption edges of 3 relative to those of 4
are largely ascribed to the use of different halogen ions. These
interesting phenomena indicate the delicate modulating effect
of halogens on ICT.

Compounds 1-4 are highly photosensitive and show
obvious color transformations in response to both UV and
visible light. Upon irradiation with a Hg lamp (300 W, 365 nm)
at room temperature in air, 1 and 2 change from their initial
colors to brownish-black (denoted as 1P-UV) and dark brown
(denoted as 2P-UV) within 1s (light irradiation 1 s: AAbs = 0.11
for 1 and 0.14 for 2) and the coloration processes are com-
pleted within 15 min and 10 min, respectively, while 3 and 4
turn from light brown to brown (denoted as 3P-UV and 4P-UV)
within 6 s and 60 s (AAbs = 0.15 for 3 and 4 upon UV light
irradiation of 6 and 60 s, respectively) and reach saturation in

This journal is © the Partner Organisations 2025

25 min. The positions and intensities of the main peaks in
PXRD patterns (Fig. S31) for 1P-UV-4P-UV are basically in
accordance with those of the fresh samples, ruling out the
possibility of photoisomerization and/or photolysis, which is
further confirmed by the consistent FT-IR spectra before and
after light irradiation (Fig. S41). In order to elucidate the
photochromic mechanism, the time-dependent UV-vis absorp-
tion spectra of 1-4 at room temperature were carefully studied
and analyzed (Fig. 4 and 5). As shown in Fig. 4, three absorp-
tion peaks centred at 483, 608, 757 nm for 1 and 486, 610,
759 nm for 2 are observed in the time-dependent UV-vis
absorption spectra, while four peaks at 485, 615, 684, and
760 nm for 3 and 482, 610, 678 and 756 nm for 4 are detected.
Although these absorption peaks should be attributed to the
characteristic absorption of the colored anion radicals [NDI| ™,
the different quantity of absorption peaks should be probably
due to the use of the positional isomers of 4-/3-PMNDI. With
the extension of radiation time, the intensities of these absorp-
tion peaks for 1 and 2 dramatically enhance, but those for 3
and 4 gradually increase, in which the amount of [NDI]™
radical anions eventually reach saturation, corresponding to
the apparently distinct colored states (brownish black for 1,
dark brown for 2, and brown for 3 and 4). Moreover, 1P-UV-
4P-UV could be restored to their initial colors after being left
in a dark environment at room temperature for about 12, 12, 7
and 5 days, respectively, indicating the photochromic reversi-
bility of compounds 1-4. Meanwhile, the decolorization pro-
cesses of 3 and 4 could also be attained by heat treatment at
140 °C (7 h for 3P-UV and 4 h for 4P-UV).

Under irradiation with a Xe lamp (300 W, >420 nm)
equipped with a UV filter at room temperature in air, com-
pounds 1-4 also exhibit excellent visible-light-induced photo-
chromic behaviors (Fig. 5). As for 1 and 2, coloration contrast
is analogous to that of UV-light-induced photochromism but
the photoresponsive rates and saturation time under visible
light are significantly superior to those of UV-light. 1 and 2

Inorg. Chem. Front.
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begin to change color within 1 s and transition from their
initial colors to the same saturated colors as 1P-UV and 2P-UV
(denoted as 1P-Vis and 2P-Vis) with irradiation times of only
8 min and 7 min (Fig. 5a and b), respectively. Specifically, the
AAbs values in 1 s upon visible-light irradiation are 0.21 for 1
and 0.28 for 2, which are almost double with respect to the
0.11 and 0.14 obtained upon UV-light illumination (Fig. S57).
As for 3 and 4, although the coloration contrast and the photo-
responsive rates are basically comparable with those of UV-
light illumination, the saturation time is shortened from 25 to
15 and 20 min (denoted as 3P-Vis and 4P-Vis), respectively.
From the point of the change of absorption spectra, the AAbs
values in 6 s (0.17) for 3 and 60 s (0.15) for 4 upon visible-light
irradiation are primarily in agreement with that for UV light
(0.15). In order to further ascertain the different photorespon-
sive rates of 1-4 under UV and visible light illumination, a
more accurate method of kinetic evaluation was introduced to
compare the photochromic rates of 1-4 based on the UV-vis
absorption peaks at different irradiation times.

As shown in Fig. 6, the photochromic dynamics of 1-4
under visible-light (608 nm for 1, 2 and 4, and 618 nm for 3)
and UV-light irradiation (608 nm for 1, 610 nm for 2 and 4,
and 615 nm for 3) were also investigated using the following
kinetics equation by selecting the UV-vis absorption peaks at
different times: In[(Ag — Ax)/(Ar — Ax)] = ks, where Ay, A;, and
A, respectively, are the absorption intensities at the onset of
the photochromic behavior, the illumination duration, and the
termination time, and k is the rate constant. The data should
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be divided into two portions and thereby could be well fit with
a linearly increasing function with high R* values. Obviously,
1-4 display pseudo-first-order kinetics with two stages. As
shown in Table S1,f the rate constants k for 1-4 in the first
stage (denoted as k;) are larger than those of the second stage
(denoted as k). Specifically, in the first stage, the k values of
visible-light photochromism are 0.161, 0.421, 6.5 X 1072 and
2.4 x 1072 57" for 1-4, respectively, which are larger than those
of UV-light photochromism (5.5 x 1072, 9.2 x 1072, 3.3 x 107>
and 1.5 x 107> s~ for 1-4). In the second stages, the k values
are dramatically reduced relative to those of the first stages,
which can be ascribed to the photochromic behaviors concen-
trated on the crystal surface first and then in the inner cores.
In other words, the efficiency of photon absorption from the
surface to the interior gradually decreases. However, there is a
consistent trend of faster visible-light responsive rates than
those of UV-light (visible light: k, = 1.8 x 1072, 4.0 X 1072, 3.2 X
1072 and 2.5 x 107% 57!, UV light: k, = 5.0 x 107°, 1.3 x 1072,
2.8 x 107° and 2.1 x 1072 s7'). As shown in Fig. S7,} the order
of the color change speeds for 1-4 is as follows: 2 > 1> 3 > 4,
which is largely attributed to the different EA/ED interfacial
contacts formed by the introduction of different positionally
isomeric ligands and halogen anions.

Photochromic mechanism

To further verify the mechanism of photochromism, electron
paramagnetic resonance (EPR) measurements were conducted
at room temperature, in which 1, 1P-Vis, 2, 2P-Vis, 3, 3P-UV, 4
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Fig. 6 Photochemical reaction kinetics comparison plots of 1 (a), 2 (b), 3 (c) and 4 (d) monitored at 608, 608, 618 and 608 nm upon visible-light
(>420 nm) irradiation and at 608, 610, 615 and 610 nm upon UV-light (365 nm) illumination, respectively, under ambient conditions.
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and 4P-UV were selected as representatives (Fig. S8f). The
results demonstrate that there are no obvious signals in the
EPR spectra of compounds 1-4 before light illumination, but
significantly enhanced sharp single-line EPR signals are
observed. The g factors of 1.998 for 1P-Vis, 2.000 for 2P-Vis,
1.999 for 3P-UV and 1.998 for 4P-UV are close to the value of
[NDI|”™ organic radicals (2.0023), further ascertaining that
both UV-light and visible-light photochromic behaviors of 1-4
are caused by PIET. In addition, 1-4 display weak fluorescence.
For instance, upon excitation at 365 nm, 3 and 4 exhibit emis-
sion bands centred at around 455 and 429 nm, respectively
(Fig S13t). Meanwhile, the fluorescence emission intensities
of 3P-UV and 4P-UV decrease dramatically (Fig S13t), which is
attributed to the overlap of the fluorescence emission spectra
and UV-vis absorption spectra, and consequently cause fluo-
rescence quenching after coloration.*’

In order to further understand the pathways of the generation
of UV-light and visible-light induced radicals in detail, X-ray
photoelectron spectroscopy (XPS) experiments were also per-
formed (Fig. S9-S121). As for 1 and 2, the binding energies of N
1s shift to lower binding energies after visible-light irradiation
(399.67 eV for 1 vs. 399.47 eV for 1P-Vis, 400.32 eV for 2 vs.
400.20 eV for 2P-Vis), implying that N atoms receive electrons as
EAs from NDI cores. The binding energies of CI 2p for 1 and Br
3d for 2 move toward higher binding energy positions after
photostimulation (198.08 and 198.16 eV for 1 vs. 199.70 and
199.78 eV for 1P-Vis, 68.87 and 69.83 eV for 2 vs. 68.97 and 69.93
eV for 2P-Vis), implying that Cl and Br atoms lose electrons. The
O 1s binding energies slightly shift toward higher binding ener-
gies for 1 and 2 after coloration (531.37 eV for 1 vs. 531.50 eV for
1P-Vis, 531.67 €V for 2 vs. 531.88 eV for 2P-Vis), which is prob-
ably ascribed to the delocalization effect of NDI cores after
accepting electrons. As for 3 and 4, the binding energies of N 1s
also shift toward lower binding energies after UV-light illumina-
tion (400.16 eV for 3 vs. 400.04 eV for 3P-UV and 400.20 eV for 4
vs. 400.06 eV for 4P-UV). Differently, the core-level spectra of Cl
2p and Br 3d before and after irradiation are almost unchanged,
implying that the Cl and Br atoms do not actually serve as EAs.
Notably, the variations of overall signals of the O 1s binding
energy are remarkable. In addition to the slight shift to higher
binding energy positions (531.63 eV for 3 vs. 531.86 eV for 3P-UV
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and 531.67 eV for 4 vs. 531.88 eV for 4P-UV), new prominent
peaks centred at 532.97 eV for 3P-UV and 533.02 eV for 4P-UV
are observed, indicating that the O atoms lose electrons.
Therefore, electrons are transferred from electron-rich halogen
atoms to the electron-deficient NDI nucleus in 1 and 2, while
PIET occurs between electronrich O atoms and electron-
deficient NDI cores in 3 and 4. The different pathways of the for-
mation of [3-PMNDI| ~/[4-PMNDI|~ should be attributed to the
concurrence of distinct interfacial contacts of EDs/EAs as dis-
cussed in detail below.

Besides the electron donating/accepting abilities of EDs/
EAs, the interfacial contact of EDs/EAs is one of the most
important factors for determining the photochromic pro-
perties of CPs based on PIET. As shown in Fig. 7, the use of
positionally isomeric ligands (4-/3-PMNDI) leads to specific
interfacial contacts, which further result in CT interactions
and concomitantly the generation of non-characteristic absorp-
tion bands in the visible-light region. The special CT inter-
actions can be applied to stimulate PIET from the HOMO of
EDs to the LUMO of EAs and consequently generate the
organic radicals of [PMNDI]| ™, causing the visible-light photo-
chromic properties of 1-4. The higher photosensitivity of 1-4
in response to visible-light than that to UV-light is attributed
to the higher excitation efficiency of the electronic absorption
band of CT interactions (visible-light region) than that of the
characteristic ~ absorption of EAs (UV-light region).
Furthermore, the discriminative photoresponsive rates of 1-2
and 3-4 could be contributed to two different types of inter-
facial contacts of discrete [ED-EA-ED] in 1 and 2 and infinite
[-ED-EA-ED-] in 3 and 4 through the different types and
strengths of weak interactions (anion-r interactions: 3.319(4) A
for 1 and 3.332(8) A for 2; lone pair-r interactions: 3.606(3) A
for 3 and 3.719(3) A for 4; n-n interactions: 3.822(3) A for 3 and
3.929(3) A for 4) (Fig. 7). Furthermore, the faster photorespon-
sive rate of 2 than that of 1 could be attributed to the introduc-
tion of different halogens, in which bromine atoms possess
lower electronegativity but have a larger atomic radius than
chlorine atoms, indicating that bromine atoms are more likely
to donate electrons than chlorine. The superior photochromic
performance of 3 relative to that of 4 is mainly attributed to
stronger n—r and ©—x interactions.

(c)
'!t*

-7 interactions
3 3.822(3) A

& g 3.929(3) A

\"\ )

Fig. 7 (a) Interfacial contacts for 1 and 2 and (b and c) for 3 and 4. All hydrogen atoms are omitted for clarity.
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Visual detection and filtration of harmful blue rays

In recent years, the influence of blue light on human health
has received significant public concern due to the widespread
use of electronic devices such as televisions, laptops, tablets
and smartphones.’® Blue light can be more precisely classified
into two categories: “high-energy visible blue-violet light”
(400-450 nm) and “circadian rhythm blue-turquoise light”
(460-470 nm).>' The former can result in retinal injury caused
by photochemical damage, while the latter has been shown to
modulate circadian rhythm activity as assessed through mela-
tonin suppression. Therefore, there is an imperative need to
develop optical functional materials with a simple and intui-
tive approach for detecting (absorbing) harmful blue rays, with
the objective of reducing harm to human eyesight and sleep.

Owing to the excellent photoresponsive rate to the visible-
light source, the potential of compound 1 for practial appli-
cation was assessed in detecting and filtering harmful blue
light. The photochromic behaviors of 1 were carefully investi-
gated under the irradiation of light with different wavelengths
(350, 365, 380, 405, 435, 450, 475, 500, 520, 550 and 600 +
15 nm) for 60 s. As depicted in Fig. 8a, 1 is highly sensitive to
visible light in the range of 390-450 nm with a significant
visual change from yellow to greyish-green. Meanwhile, the
characteristic absorption bands of [PMNDI|™ centered at 484,
610 and 759 nm in the range of 400-900 nm were observed in
the UV-vis absorption spectra after light illumination (Fig. 8b),
which is similar to that of 1P-Vis, indicating the formation of
the PIET process. The typical sensitivity range at light wave-
lengths of 390-450 nm is in good agreement with the wave-
length range of harmful blue rays (400-450 nm). Therefore,
compound 1 is shown to be one of the candidate materials for
the visual detection/filtration of harmful blue rays through its
distinct photochromic behavior, and it can also be applied for
the construction of a harmful-blue light filter.

Conclusions

In summary, four visible-light photosensitive coordination poly-
mers were successfully constructed by the combination of elec-
tron-deficient 4-/3-PMNDI positional isomers and electron-rich
zinc halides. Strikingly, the photoresponsive rates of visible-light

This journal is © the Partner Organisations 2025
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photochromism for 1-4 are much faster than those of UV-light
photochromism. This demonstrates that the electronic absorp-
tion bands of the CT interactions in the visible-light region can
efficiently induce ET quickly. Furthermore, 1 is highly sensitive
to harmful blue light in the range of 390-450 nm, which can be
used for accurately detecting or filtering harmful blue rays. This
work developed a novel photoexcitation mechanism for initiat-
ing the ET process, providing a straightforward and efficient
pathway for the construction of visible-light photochromic
materials for detecting/filtering harmful blue rays.
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