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ABSTRACT: The encapsulation of various guest molecules into the pores of
metal—organic frameworks (MOFs) to form hybrid materials has attracted
significant attention due to their unique spatial distribution and certain
preferential geometry of the guests inside the MOFs. This arrangement often
results in the guests exhibiting unique physical and chemical properties due to
their intramolecular interactions with the host. In this article, five viologen
derivatives were introduced as guests in a Zn-MOF with different benzene
ring lengths, resulting in the formation of host—guest three-dimensional (3D)
MOFs. The five compounds exhibited guest-dependent emission wavelength,
color, and excellent photochromic behavior upon ultraviolet (UV) light
radiation due to the distinct electronic transfer and 7---7 stacking interactions
between the viologen guests and the host framework. This study provides a
host—guest strategy for designing color-tunable luminescent and highly
sensitive photochromic materials.

KEYWORDS: host—guest, viologen-based MOFs, r---rt stacking interactions, modulating emission, photochromic behavior

1. INTRODUCTION derivatives.'”~'* Hence, it is a logical choice to construct ET
Electron transfer (ET) smart materials, such as tunable smartt rllga_tletsrlals with MOFs as hosts and viologen ligands as
luminescent and photochromic materials based on a host— guests.

Previous studies have demonstrated that loading different
functional guest molecules into MOFs results in tunable
emission colors via intermolecular interactions between the
guest molecules and the MOF skeleton. This tunable color
property has been used in sensing and luminophore
applications."’ ™" For example, Bu et al. loaded a series of
electron-rich aromatic guests into an electron-deficient MOF,
realizing charge-transfer-based emission color changes.”’ Li et
al. presented a new strategy to encapsulate multiple dyes into
nanocrystalline ZIF-8 pores. Using this strategy, they achieved
a finely tuned white emission color by varying the components
and concentrations of encapsulated dyes.”'

These reports demonstrate that viologens present in the
pores of MOFs can significantly impact emissions from
electronic interactions between viologens and the framework.
However, reports of viologen guest molecules modulating the
emission color are rare. Furthermore, the photoluminescence
(PL) modulations of some ET smart materials are limited to

guest platform, have attracted significant attention due to their
potential applications in light sensing, detectors, information
storage, anticounterfeiting, and others.' ™ Various host—guest
platforms have been documented through well-developed
design and synthesis technology.”® The luminescent and
photochromic properties of the materials depend on their
components and the interactions between hosts and guests.
Consequently, researchers can exercise significant control over
these and other chemical and physical properties. Therefore,
selecting hosts and guests and designing an ideal host—guest
platform are key to controlling the physical and chemical
properties of the materials.

Metal—organic frameworks (MOFs) are well-developed
crystalline porous materials self-assembled from inorganic
nodes and organic ligands. They have been extensively used in
catalysis, chemical sensing, biomedicine, and other fields owin§
to their significant chemical stability and high surface areas.”~
Moreover, the crystalline structures, pore sizes, and function-
ality of MOFs can be modulated at the molecular level by

choosing the appropriate organic components, making them Received: ~ August 13, 2023
promising candidates as donors. Further, viologen derivatives, Revised:  October 10, 2023
as cationic electron-deficient organic ligands, can react Accepted:  October 11, 2023

sensitively and rapidly to various external stimuli accompanied
by a wealth of coloration phenomena. Previously, different
smart materials have been constructed using viologen
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Figure 1. (a) Preparation of Zn-MOF-0. The coordinate DMA molecules are omitted for clarity. (b) Five viologen molecules used in this study
(arranged by length). (c) Encapsulation of guest molecules forming host—guest materials.

simple on/off switching with coloring/bleaching behaviors,
with no change in the emitted colors.”>~** Most viologen-
based MOFs are reported to be sensitive to ultraviolet (UV)
light. They can detect sunlight with a minimum detection
intensity of 1 gW/cm™ (Table $1).>>*° Natural and room
light detection by the viologen-based MOFs are rarely reported
due to the high detection limit toward UV light. In addition,
the reported sensors for UV light decolor to the original color
expending several tens of hours or even several days, restrictin
their convenience and portability in daily life (Table $2).*~*

Herein, a three-dimensional (3D) Zn-MOF containing
well—defined two-dimensional (2D) channels was utilized as
a host framework. Five viologen molecular derivatives served as
guest molecules, forming host—guest materials. Consequently,
these five host—guest materials, named Zn-MOFs-1—5 based
on viologen molecules, revealed highly tunable guest-depend-
ent emissions from green to yellow and excellent photo-
chromic properties. Further, Zn-MOF-3 detected natural and
room light with a minimum detection intensity of 0.1 yW/
ecm™?, successfully developed in photosensitive reagents’
warning labels. Zn-MOF-1 showed fast recovery from the
color saturation state to the initial color state toward UV light
and could be used as a portable UV-sensitive card for UV light
detection.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Zn-MOFs-0-5. 2.1.1. [Zn,(pdda),(H-DMA)-
(H,0),(OH)]-[DMA]5 (Zn-MOF-0). Colorless single crystal blocks of
Zn-MOF-0 were obtained by the solvothermal reaction of the mixture
of ZnCl,-6H,0 (0.05 g 0.1 mmol), S5,5'-(pyridine-3,5-diyl)-
diisophthalic acid (0.025 g, 0.06 mmol, H,pdda), N,N-dimethylace-
tamide (DMA) (2.0 mL), and water (3.0 mL) in a 15 mL Teflon-

lined autoclave which was heated to 130 °C for 3 days. Subsequently,
the autoclave was slowly cooled to 20 °C at 4 °C-h™". The crystals
were collected by filtration. Yield: 36% based on H,pdda. Elemental
analysis: caled (%) for [Zn,0,NgCeHyo] (including disordered
solvent molecules): C 48.19, H 4.74, and N 6.81; found: C 49.26, H
425, and N 6.53. FT-IR (cm™) (Figure S1): 3388(w), 1618(s),
1572(s), 1432(m), 1403(m), 1355(s), 1317(w), 1274(s), 1182(w),
1112(w), 1079(w), 1091(w), 928(m), 806(m), 776(s), 728(s),
657(s), and 632(w).

2.1.2. [Zng(pdda),(DMA)(H,0),(OH),J*~-[debpy’*-[DMA],, (Zn-
MOF-1). Light yellow single crystal blocks of Zn-MOF-1 were
obtained by the solvothermal reaction of the mixture of ZnCl,-6H,0
(0.05 g, 0.1 mmol), H,pdda (0.02S g, 0.06 mmol), 1,1’-diethyl-[4,4'-
bipyridine]-1,1’-diium.dibromide (debpy-Br,, 0.02 g 0.05 mmol),
N,N-dimethylacetamide (DMA) (2.0 mL), and water (3.0 mL) in a
15 mL Teflon-lined autoclave which was heated to 110 °C for 1 day.
Subsequently, the autoclave was slowly cooled to 20 °C at 4 °C-h™".
The crystals were isolated by filtration, which were washed with DMA
and then dried in air. Yield: 19% based on debpy-Br,. Elemental
analysis: caled (%) for [ZngOs,N;,C4,H 0] (including disordered
solvent molecules): C 49.39, H 4.90, and N 6.90; found: C 49.85, H
425, and N 6.62. FT-IR (em™) (Figure S2): 3371(w), 1615(s),
1571(s), 1396(s), 1353(s), 1271(s), 1181(m), 1080(m), 1012(m),
924(m), 820(m), 772(s), 725(s), 651(s), and 564(m).

2.1.3. Zn-MOF-2. Yellow single crystal strips of Zn-MOF-2 were
obtained by the solvothermal reaction of the mixture of ZnCl,-6H,0
(0.05 g 0.1 mmol), H,pdda (0.02S g, 0.06 mmol), 150 uL of a H,0
solution of 4,4’-(1,4-phenylene)bis(1-ethylpyridin-1-ium)-dibromide
(0.1 g/mL, pbepy-Br,), N,N-dimethylacetamide (DMA) (2.0 mL),
and water (3.0 mL) in a 15 mL Teflon-lined autoclave which was
heated to 110 °C for 1 day. Subsequently, the autoclave was slowly
cooled to 20 °C at 4 °C-h™". The crystals were isolated by filtration,
which were washed with DMA and then dried in air. Yield: 16% based
on pbepy-Br,, FT-IR (cm™) (Figure S3): 3381(w), 3219(w),
1615(s), 1571(s), 1430(m), 1403(m), 1356(s), 1275(s), 1184(m),
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1110(m), 1019(m), 924(m), 803(s), 776(s), 725(s), 655(s), and
567(m).

2.1.4. [ZnsCly(pdda),(OH),F~-[dbbpyP*-[DMA]s (Zn-MOF-3). Yel-
low single crystal blocks of Zn-MOF-3 were obtained under the same
reaction conditions as those for Zn-MOF-1, except for replacing
debpy-Br, with 1,1’-dibenzyl-[4,4'-bipyridine]-1,1’-diium-dichloride
(dbbpy-Cl,) (0.01 g, 0.02 mmol). The crystals were isolated by
filtration, which were washed with DMA and then dried in air. Yield:
ca. 23% based on dbbpy-Cl,. Elemental analysis: caled (%) for
Zn,Cl,0,3NoCgHgs (including disordered solvent molecules): C
51.39, H 4.23, and N 6.27; found: C 51.64, H 4.04, and N 6.37. FT-IR
(cm™) (Figure S4): 3523(w), 3293(m), 3055(m), 1618(s), 1568(s),
1430(m), 1406(m), 1362(s), 1353(s), 1275(m), 1072(m), 921(m),
823(m), 820(m), 776(s), 739(s), 655(s), and 564(m).

2.1.5. [Zng(pdda) ,[H,0],[OH],1*~-[pbbpy]**-[DMA]s (Zn-MOF-4).
Flat-shaped yellow single crystals of Zn-MOF-4 were obtained under
the same reaction conditions as Zn-MOF-0, except for adding 1,1"-
(1,4-phenylenebis(methylene) )bis(([4,4'-bipyridin]-1-ium))-dichlor-
ide (pbbpy-Cl,) (0.01 g, 0.02 mmol). The crystals were isolated by
filtration, which were washed with DMA and then dried in air. Yield:
ca. 14% based on pbbpy-Cl,. Elemental analysis: caled (%) for
[ZngO,4sN,C36H 5] (including disordered solvent molecules): C
50.72, H 3.97, and N 5.22; found: C 50.09, H 3.85, and N 5.16. FT-IR
(cm™) (Figure SS): 3208(w), 3058(m), 1615(s), 1571(s), 1430(m),
1400(m), 1359(s), 1353(s), 1268(m), 1072(m), 924(m), 776(s),
725(s), 655(s), and 567(m).

2.1.6. Zn-MOF-5. Flat-shaped yellow single crystals of Zn-MOEF-5
were obtained under the same reaction conditions as Zn-MOF-0
except for adding 1,1”-([1,1’-biphenyl]-4,4'-diylbis(methylene) )bis-
(([4,4'-bipyridin]-1-ium))-dichloride (bdbpy-Cl,) (0.01 g 0.02
mmol). The crystals were collected by filtration. Yield: 13% based
on bbpyCl,. FT-IR (ecm™") (Figure S6): 3267(w), 3055(w), 1622(s),
1568(s), 1575(w), 1430(m), 1392(m), 1353(m), 1271(m), 1171(w),
1103(m), 1005(m), 921(m), 719(s), 651(s), 625(m), and 560(m).

2.2. UV Doses Detection Procedures. For the UV-dependent
coloration measurements, a 15 W light lamp (365 nm UV type,
PhilipsHolland) was used as the irradiation source. The UV light
intensity was measured by a UV-A photometer (Beijing Shida
Optoelectronics Technology Co., Ltd.) and controlled with the
distance between the lamp and crystals sample. In order to simulate
sunlight, the irradiation sources were used by UVA and UVB lamps
(UVA20WT12—600320—400 nm and UVB20WT12—600 280—320
nm LONGPRO China) measured by a 340A UV light meter (Lutron,
America).

2.3. H,0, Decomposition Rate Measurement Procedures
under Different Times. In order to measure unknown H,O,
concentrations under different times, we used UV-visible (UV—vis)
absorption spectra of the TMB-derived oxidation product in the
presence of the ZnMnFe,O, nanomaterial as a catalyst under 30, 20,
and 15% wt of H,0, at room temperature.”” Afterward, standard
curves are plotted based on the relationship between maximum values
of the TMB-derived oxidation product absorbance and concentrations
of H,0,. In the end, the unknown H,0O, concentrations are
determined at different times based on standard curves.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Molecular Structures. ZnCl,-6H,0
and H,pdda were reacted in a mixture of dimethylacetamide
(DMA) and water (H,O) under solvothermal conditions that
provided flat-shaped colorless crystals of Zn-MOF-0 (Figure
la). Zn-MOF-0 consists of a 2D square channel with an
approximate diameter of 1.3 nm X 1.0 nm, which is suitable for
encapsulating viologen molecular derivatives with proper
dimensions. As a result, five hybrid materials Zn-MOFs-1-5
were successfully obtained by introducing five viologen
molecules of varying lengths between 10.4 and 20.4 A into
the reaction system through a self-assembly mode (Figure
1b,1c). The successful fabrication of five crystalline materials

demonstrates that the inclusion of guest molecules does not
interfere with the relatively stable coordination-directed
assembly inherent in Zn-MOF-0. In addition, we also
attempted a postsynthesis method to prepare viologen-based
host—guest compounds, but we could not obtain them due to
DMA solvent molecules occupying the pores of Zn-MOEF-0,
which prevents the entry of viologen derivatives. Single-crystal
diffraction experiments revealed that compound Zn-MOF-0
crystallizes in the triclinic space group with the space group P-
1. As shown in Figure S7, the asymmetric unit is constituted by
four crystallographically independent Zn>' ions and two
pdda*~ ligands. The Znl site shows tetrahedral geometry
with one OH™ and three O atoms from three different pdda*~
ligands. Zn2 and Zn3 are both five-coordinated, but their
coordination environments are different: Zn2 is coordinated by
one OH™, one H,0O molecule, and three O atoms from three
different pdda*~ ligands; Zn3 is coordinated by one OH™ and
three O atoms from three different pdda*~ ligands. Zn4 is four-
coordinated by one H,O molecule, one O atom from a
coordinated DMA molecule, and two O atoms from two
different pdda*~ ligands. The carboxyl O atoms from the
pdda*” ligands have monodentate and bidentate coordination
modes and each Zn*" ion connects two pdda*” ligands to form
a 3D framework (Figure S8). Zn-MOF-1 crystallizes in the
triclinic space group P-1. Zn-MOF-1 contains square channels
with a pore size of 1.2 nm X 1.1 nm with the debpy*" guest
immobilized in the channels and produces a nonporous host—
guest architecture (Figure S9a). As shown in Figure S9b, the
asymmetric unit of Zn-MOF-1 possesses one debpy”* guest
molecule, eight crystallographic Zn** ions, and four pdda*~
ligands. Znl is five-coordinated by one OH™, one H,O
molecule, and three O atoms from three different pdda*~
ligands. Zn2 is also five-coordinated by one OH", two H,O
molecules, and two O atoms from two different pdda*~ ligands.
Zn3 is four-coordinated by one OH™, one H,O molecule, and
two O atoms from two different pdda*~ ligands. Zn4 is six-
coordinated by one OH™, two H,0 molecules, and three O
atoms from three different pdda*~ ligands. ZnS is five-
coordinated by one OH™ and four O atoms from three
different pdda*~ ligands. Zn6 is four-coordinated by one OH™
and three O atoms from three different pdda*~ ligands. Zn7 is
six-coordinated by three H,O molecules and three O atoms
from two different pdda*~ ligands. Zn8 is five-coordinated by
one H,O molecule, one O atom from the coordinated DMA
molecule, and three O atoms from two pdda*” ligands. The
carboxyl O atoms from four pdda*~ ligands have two different
coordination modes. The first is the coordination mode in
case, that is, both carboxylic acid oxygen atoms from pdda*~
are involved in coordination and are coordinated to two
different Zn** ions. Another mode is only where one O atom
from pdda*” is coordinated by one Zn** ion (Figure S10).
Neighboring pdda*” ligands link Zn** ions to form a 3D
supramolecular framework. Zn-MOF-3 crystallizes in the
monoclinic system with the space group C2/c. Zn-MOEFE-3
has one-dimensional (1D) channels and guest molecules
accommodated in channels which possess rhomboid pores of
0.8 nm X 0.7 nm (Figure S11a). In an asymmetrical unit, there
are three crystallographic Zn** ions, one pdda*~ ligand, and
half of the dbbpy*" cation (Figure S11b). Znl is six-
coordinated through two OH™ and four O atoms from two
different pdda*~ ligands, displaying a distorted octahedral
geometry. Zn2 is four-coordinated by one OH™ and three O
atoms from three pdda*~ ligands. Zn3 exhibits tetrahedral
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Figure 2. Top: the channel of Zn-MOFs occupied by guests and the 7---7 stacking interactions between guests and the host structure in Zn-MOFs.
dy: 3.58 A and d,: 3.65 A. Bottom: the dihedral angles between the H,pdda ligand and ligand planes in Zn-MOFs.

geometry with one CI7, one OH™, and two atoms from two
different pdda*~ ligands. The carboxyl O atoms from pdpa*~
ligands also have two coordinate modes and each pdda*"
ligand connects with seven Zn*" ions, forming a nonporous 3D
host—guest complex. Zn-MOF-4 has an identical space group
with P-1, as shown in Figure S13a. The distorted guests
pbbpy*" occupy one-dimensional channels with the diameters
being 1.2 nm X 1.0 nm. As shown in Figure S13b, the
asymmetric unit is constituted by eight crystallographically
independent Zn?" ions, four pdda*~ ligands, and one pbbpy**
guest. Znl and Zn2 are four-coordinated by one OH™ and
three O atoms from pdda*” ligands. Zn3 is five-coordinated by
one OH™, one H,0 molecule, and three O atoms from pdda*~
ligands. Zn4 is five-coordinated by one OH~, three H,O
molecules, and one O atom from one pdda*~ ligand. ZnS$ is
five-coordinated by one OH™, two H,0 molecules, and two O
atoms from two pdda*~ ligands. Zn6 is also five-coordinated by
one OH™ and four O atoms from three pdda*" ligands. Zn7
and Zn8 are six-coordinated by three H,O molecules and three
O atoms from two pdda*~ ligands. The carboxyl O atoms from
pdda*~ ligands adopt three coordinate modes with Zn*" ions,
forming a nonporous three-dimensional host—guest complex
(Figure S14). Furthermore, through careful observation of the
structures of Zn-MOFs-1, 3, and 4, we discovered that the
arrangement of the guest molecules in the MOFs was variable.
In Zn-MOFs-1 and 4, the guest molecules filled the pores
uniformly (Figure 2), although their arrangement within the
pores of Zn-MOFs-1 and 4 was slightly different. In Zn-MOF-
1, there was a distinct angle formed between the guest
molecules and the host structure. Conversely, in Zn-MOF-4,
the guest molecules situated themselves parallel to the
channels, occupying rectangular cavities within the 3D
framework (Figure 2). Notably, in Zn-MOEF-3, the guest
molecules partially filled the one-dimensional channels in a
direction perpendicular to the channels and were parallel to
each other. In addition, the X-ray diffraction data also
suggested that intermolecular forces existed between the
guest molecules and the host structures in Zn-MOFs-1, 3,

and 4. The z---7 interactions between the guests and H,pdda
ligands were 3.81 A in Zn-MOF-1, 3.58 and 3.65 A in Zn-
MOF-3, and 3.67 A in Zn-MOF-4 (Figure 2). The close
stacking of viologens and H,pdda ligands indicates relatively
strong interactions between them, which could facilitate
donor—acceptor interactions. Besides, compared with the
structures of Zn-MOFs-0, 1, and 4, the structure of Zn-
MOE-3 has changed slightly. Therefore, we explored the
degree of distortion of the Hypdda ligands in these
compounds. The degree of distortion of the benzene ring of
H,pdda ligands in Zn-MOFs-1 and 4 is slight and the dihedral
angle between the H,pdda ligand and ligand planes is similar to
that of Zn-MOF-0, yet the dihedral angle of Zn-MOEF-3
between the H,pdda ligand and ligand planes through the
benzene ring is 59.5°, which results in slightly different
structures compared to Zn-MOF-0. These results also indicate
that strong 77 stacking interactions (3.58 and 3.65 A)
between the viologen guest and H,pdda ligand play an
important role in forming molecular crystals of Zn-MOEF-3.
However, the single-crystal X-ray diffraction structures of Zn-
MOFs-2 and S could not be obtained, may be due to the
guests’ irregular arrangement within the crystal lattices and low
occupancy, resulting in a low scattering intensity of X-rays by
the guest molecules. Therefore, their structures were confirmed
by powder X-ray diffraction, appearance color, fluorescence,
and thermogravimetric analysis (TGA). The phase purity of
bulk samples of Zn-MOFs-0—5 was confirmed by powder X-
ray diffraction (PXRD) (Figures S15—S20). TG analysis
reveals that all compounds have similar TG behaviors (Figure
S21); that is, five compounds showed a slow weight loss with
the release of the lattice solvent molecules until 360 °C and
then a steep weight loss due to the decomposition of the
compound. The similar TG behaviors would be due to their
similar structures, expect of the guest molecules. Additionally,
Zn-MOFs-1-5 showed a slower weight loss than that of Zn-
MOF-0 due to the inclusion of viologen molecules in Zn-
MOFs-1-8.
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Figure 3. Guest-dependent optical (top) and luminescent (middle) images of crystals and the CIE color coordinates of the Zn-MOFs (bottom).
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Figure 4. (a) Solid-state photoluminescence (PL) spectra of Zn-MOFs-0—5 (4, = 365 nm for Zn-MOFs-1-S5 and A, = 364 nm for Zn-MOF-0).

(b—f): PL spectral changes after irradiation with 365 nm UV light (0.5 mw/cm? for Zn-MOFs-1, 3, 4, and § and 2.5 mw/cm? for Zn-MOF-2) at
different times.

3.2. Fluorescent Properties. Viologen-based compounds and viologen molecules.”*™*° Thus, their luminescent proper-
have been reported to exhibit special luminescence emissions ties were first investigated. Notably, Zn-MOFs-1—-5 showed
originating from the charge transfer between the framework guest-dependent luminescence compared with Zn-MOF-0
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(Figure 3). The corresponding CIE coordinates of their
emissions were calculated; the values spanned a wide range
from green to yellow (Figure 3). As shown in Figure 4a, Zn-
MOF-0 emitted at 454 nm when excited with a 364 nm laser.
The emissions of Zn-MOFs-1—5 (496—565 nm) were red-
shifted compared with Zn-MOF-0, and the extent of the red
shift depended on the encapsulated guests, which may be
ascribed to the charge transfer between guest viologen
molecules and the host framework. The average lifetime (7,,)
of Zn-MOF-0 was 4.75 ns, and the average lifetimes of Zn-
MOFs-1—-S were in the range of 1.4—37.69 ns (Figure S22;
Table S4, Supporting Information). The photoluminescence
quantum yield (PLQY) (%) of Zn-MOF-0 was 12.9%, while
that of the other MOFs was 2.2—22.7%. These results indicate
that a typical charge-transfer interaction occurs between
viologen guests and the host framework. Moreover, the
broad emission range of the five hybrid materials suggests
that fluorescence emission modulation can be achieved by
using the MOF as a host and different viologen molecules as
guests. Additionally, Zn-MOFs-1—5 simultaneously exhibited
luminescence quenching phenomenon and photochromic
transition with PL color evolution upon continuous 365 nm
UV irradiation (Figure 4b—4f). Under continuous 365 nm UV
irradiation, the emission intensities of the Zn-MOFs-1, 3, 4,
and § drastically decreased to 73.0, 86.8, 57.6, and 36.8% of the
original intensity, respectively, upon 900 mJ/cm? irradiation
(0.5 mw/cm?, 30 min). Meanwhile, Zn-MOF-2 is less sensitive
toward UV light than the other Zn-MOFs. The emission
intensity of Zn-MOF-2 decreased to 85.2% of the original
intensity upon 4.5 J/cm? irradiation (2.5 mw/cm? 30 min).
Therefore, among the five hybrid materials, Zn-MOF-3 has the
highest quenching efficiency, which is attributed to the rapid
charge-transfer ability between the MOF host and the viologen
guest. Besides, compared with Zn-MOF-0, Zn-MOFs-1, 3, 4,
and S were blue-shifted by 24, 14, 38, and 6 nm, respectively;
Zn-MOF-2 was red-shifted by 3 nm (See Figure S23; Table SS,
Supporting Information). The changes mentioned above can
also be visualized by the gradual transition of the emission
color from pinkish green to pine forest green for Zn-MOF-2,
patina to light green-gray for Zn-MOF-4, and stone green to
blue for Zn-MOE-S, resulting in photomodulated lumines-
cence (Figure Sa). Wavelength shifts of 38 nm for Zn-MOF-4
upon exposure to external stimuli are rarely reported for
viologen-based MOFs. Consequently, these materials could be
potentially applied in photomodulated color switching by an
easy UV light irradiation mode.

3.3. Photochromism. The photochromism of Zn-MOFs-
1—5 was examined in air at room temperature since viologen-
based compounds possess excellent photochromic properties.
Under continuous UV light exposure, Zn-MOFs-1—5 showed
evident color changes (Figure Sb). After 60 min of UV
irradiation, the color of Zn-MOFs-1—S5 reached saturation and
then turned gray, brown, dark green, dark blue, and light blue,
respectively. The five MOFs showed different photochromic
abilities. Among all of the MOFs, Zn-MOF-3 produced the
best photochromic abilities. After 10 s of UV irradiation at a
low intensity of 0.5 mw/cm? a clear color change from yellow
to cyan blue was observed. A response was observed with a UV
irradiance intensity as low as 0.1 gW/cm?* (Figure S24), which
is comparable to commercialized UV light radiation devices,
lower than that reported for ultraviolet light detection
materials.”>***'7** The color-saturated samples of Zn-
MOFs-1-5 were completely decolored after being kept in

a
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Figure S. (a) Photomodulated luminescence over time under 365 nm
light exposure. Zn-MOFs-1—5 were loaded on a quartz slide with a
dimension of 1.5 X 1.5 cm® (b) Photochromism of Zn-MOFs-1—5
upon 365 nm UV irradiation over different times.

the dark for 9, 28, 41, 25, and 47 h at room temperature,
respectively (Figure S25). This reversible color conversion
could be repeated three times without a significant color loss.

3.4. Application in Direct Readout UV Colorimetric
Dosimeters. Photosensitive reagents are photolyzed under
natural or sunlight irradiation. However, protective photo-
sensitive colorimetric dosimeters toward these reagents are
rarely documented due to the requirement of low light
detection limits. Zn-MOF-3 displays fast and sensitive
responses toward low doses of natural and room light (Figures
S26—S27). This property is suitable for applications as a
photosensitive colorimetric dosimeter for photosensitive
reagents. To explore the practical applications of Zn-MOF-3,
a color matching chart was prepared with 30 mg of Zn-MOF-3
on a silicone board (2 X 2 cm?). A color matching chart was
prepared by exposing samples to natural light at different times
and used as a reference for an unknown concentration of H,0,
(Figures S28—S31). Then, the matching chart was attached to
the top of a H,0, reagent bottle and exposed to natural light
for varying time periods. As shown in Figure 6a, when a H,O,
reagent bottle is exposed to natural light for 0.5, 4, and 9 h,
respectively, the concentration of H,O, decreases from 30 wt
% to 29.7, 26.6, and 19.1%, accompanied by a color change
from yellow to light green, green, and dark green in the
matching chart. The low limit of the H,0, decomposition rate
was 0.3%. Meanwhile, the changed color of the matching chart
remained unchanged for at least 24 h when kept in the dark.
These results indicated that Zn-MOF-3 could be utilized as a
warning label for the decomposition rate of H,0, in natural
light. Due to the fast recovery from the color saturation state to
the initial color state toward UV light for Zn-MOF-1, we
developed a portable UV colorimetric dosimeter. As is well
known, ultraviolet (UV) rays in the sunlight are primarily
responsible for skin damage and are categorized into UVA
(400—320 nm), UVB (315—280 nm), and UVC (290—100
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Figure 6. (2) Zn-MOF-3 as a photosensitive colorimetric dosimeter for the H,0, decomposition rate under natural light (Feb 25, 2023, in Jining,
China). (b) Zn-MOF-1 made as a UV-sensitive card by MED (Feb 24, 2023, in Jining, China).

nm) rays; the ozone layer completely filters UVC. A UV
colorimetric dosimeter alerts users against excessive solar
UVA-UVB exposure and can operate in the range of the
minimal erythemal dose (MED). MED is the minimum
amount of UVR likely to cause erythema for most Asians, i.e.,
with skin type V (600 J/m?).>**° Based on this, a sunlight
colorimetric dosimeter was developed to determine personal
UVA and UVB radiation doses in real time (Figure 6b). As
shown in Figure 6b, 20 mg of samples were loaded in a thin
film as a colorimetric dosimeter, and the film was attached on
the surface of the user’s clothing. Similarly, a color matching
chart was also prepared by exposing samples to UVA and UVB
at different MEDs and used as a reference for an unknown
MED (Figure S32). From the color changes of the colorimetric
dosimeter on the user’s clothing, the user can obtain
information about sunlight radiation doses. Further, the
dosimeter can decolor to the original color when kept in the
dark for S h or heated at 50 °C for 30 min, making it suitable
for practical applications.

3.5. Mechanism of Photochromism and Photo-
luminescence Modulation. The powder X-ray diffraction
(PXRD) patterns observed in both the preirradiation and
postirradiation samples closely matched those of the originally
synthesized sample (Figures $33—S37). Similarly, the IR
spectra of complexes Zn-MOFs-1—5 before and after exposure
to UV—vis light showed a high degree of overlap (Figures
S38—542). These results suggest that the observed photo-
chromism was not a result of structural alterations or
photolysis. The UV—vis diffuse reflectance and electron spin
resonance (ESR) spectra of the Zn-MOFs were recorded
before and after UV light treatment to explore the mechanism
of their photochromic behaviors. Upon UV light irradiation,
the UV—vis spectra showed new strong bands centered at
627—751 nm (Figures S43—S47), while the ESR spectra
showed stronger and symmetric single-peak radical signals,
confirming the existence of photogenerated radicals (Figures
§48-552).'73*¥73% Eor Zn-MOFs-1, 3, and 4, the shortest

distances between the O of carboxylate groups and the N of
the pyridinium unit were 3.48, 3.83, and 3.56 A, respectively,
satisfying the photoinduced electron paths. The shorter
distances are more favorable for electron transfer. Additionally,
as previously reported, the small dihedral angles between the
two pyridinium rings were more conducive to the photo-
induced reduction of viologens and the stability of free
radicals.””*’ Zn-MOF-3 showed the smallest dihedral angle
(the dihedral angles between the two pyridinium rings for Zn-
MOFs-1, 2, and 3 are 29.4, 0, and 11.95°, respectively) and
showed the strongest m---7 stacking interactions. The small
dihedral angle and strong 7---7 stacking interactions between
the bipyridinium ring and H,pdda ligand lead to fast
photochromism of Zn-MOEF-3 in the presence of UV light.
X-ray photoelectron spectroscopy (XPS) spectra were
collected to further explore the photochromic mechanism. As
shown in Figures S53—S57, the core-level spectra of both C 1s
and Zn 2p of Zn-MOFs-1—S§ are almost the same before and
after UV light irradiation. However, the variation in those of
the oxidants of O 1s and N 1s is discernible. The O 1s binding
energy signal of Zn-MOFs-1-35 increases after UV irradiation
compared to its pre-UV irradiation state. This elevation results
from the dissociation of electrons from the ions on the O
atoms. Conversely, Zn-MOFs-1—5 experience a noticeable
shift toward a lower N 1s binding energy position after UV
irradiation, as it receives electrons in this process. This further
confirms that the electron transfer occurs between the O of
carboxylate groups and the N of the pyridinium unit in Zn-
MOFs-1-S. It is worth noting that CI™ also acts as an electron
donor and participates in the electron transfer process in Zn-
MOF-3. Despite the long distance of 4.61 A from CI™ to N of
the pyridinium unit exceeding the maximum electron transfer
distance of 4 A, some reported viologen-based complexes
longer than that distance can facilitate electron transfer.*'~*
Moreover, the photoluminescence of the H,pdda ligand and
viologen guests was investigated to understand the fluores-
cence emission mechanism of Zn-MOFs. The free H,pdda
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ligand showed weak photoluminescence emission at 394 nm,
indicating that the fluorescence of Zn-MOF-0 could be
attributed to the ligand-to-metal charge transition (LMCT)
(Figures S57—S58). Additionally, the five viologen guests
displayed photoluminescence emission bands at 486, 484, 517,
522, and 489 nm (Figures S57—S58). The luminescence
emission of the compounds Zn-MOFs-1—5 can be attributed
to the ligand-to-ligand charge transition (LLCT) and the
presence of 7---7 stacking interactions between viologen guests
and the host framework.**™*" Moreover, the principles of
controlled modulation of fluorescent properties in this system
were further investigated by determining the relationship
between the emission of Zn-MOFs and the electron affinity
(E,) of the guest molecules (Table S6). As we all know, in the
luminescent MOF-based charge-transfer system, luminescence
emission is determined by the charge-transfer nature.”” >
Therefore, the wavelength signifies the energy gap between the
exciplex’s excited state and the ground state, primarily defined
by the highest occupied molecular orbital (HOMO) of the
donor and the lowest unoccupied molecular orbital (LUMO)
of the acceptor. As the E, of the guest corresponds to its
LUMO energy level and the HOMO of Hpdda remains
similar in five hybrid compounds, a guest having a higher E,
value may generate an emission featuring a higher wavelength.
For instance, the E, values of [dbbpy]** and [debpy]**
molecules are 8.5 and 8.8 eV, respectively, which are higher
than the E, values of other viologen guest molecules. Hence,
Zn-MOF-4 and Zn-MOF-2 show higher emission wavelength
(centered at 565.3 and 549.6 nm). Conversely, the [bdbpy]**
molecules possess minimum E, values, and the compound Zn-
MOF-S has the lowest emission wavelength (centered at 491.9
nm). However, linear correlations could not be obtained
between the emission maximums of the Zn-MOFs and the E,
values of the corresponding guests (Figure 7a). This is
probably credited to the varying #---7 interaction levels
between the viologen guests and H,pdda ligands (Figure
7b). In the previously reported luminescent MOFs or
multicomponent crystal systems, the 7---7 interactions between
the host and guest can affect the charge-transfer process,
thereby impacting the luminescent properties of these
compounds.‘3_56 In Zn-MOFs-2, 3, and 4, the varying degrees
of & interactions between viologen molecules and H,pdda
ligands affect the respective Zn-MOFs emissions. Therefore, in
these viologen-based host—guest compounds, both the E,
values of the viologen guests and the z---7 interactions
between the viologen guests and H,pdda ligands determine
fluorescence emissions. Besides, luminescence quenching
could be attributed to the partial overlap between the emission
bands of the initial sample and the absorption bands of the
colored sample.

4. CONCLUSIONS

In summary, the five viologen-based host—guest materials were
constructed with viologen as guests and 3D Zn-MOF as a host.
These composite materials showed guest-dependent color-
tunable emissions and photomodulated luminescence upon
UV light radiation. Specifically, Zn-MOF-3 displayed excellent
photochromism at intensities as low as 0.1 pw/cm? This
property was successfully applied in a readout UV colorimetric
dosimeter. Zn-MOF-1 was used as a real-time sunlight sensor
for personal UVA and UVB radiation doses. These MOFs
showed fast recovery when kept in the dark for 5 h or heated at
50 °C for 30 min, which is suitable for practical applications.

(@) 579
560
550

540

<10 [pbbpy** [dbbpy]**

520 4

510 © [debpy]*

®)
[bdbpy** o ) Ipbepy**

rio~ ©

Emission Maximum (nm)

500 -
4904 @

6.5 7.0 7.5 8.0 8.5 9.0
(b) 72 MOF.1 Electron Affinity (eV) Zn-MOF-4
- ® -

,:;:\—C'_/?A’ R 367 Ape?

Zn-MOF-3

.\\)
@)
~
3.58 A

Figure 7. (a) Correlation between the emission maxima of Zn-MOFs-
1-5 and E, of guests. (b) 77 interactions between the guests and
H,pdda ligands.

The mechanisms of photochromism and photoluminescence
modulation are also discussed. Successful syntheses of these
host—guest compounds based on viologen are expected to
encourage the discovery of other molecules for constructing
host—guest composite materials for applications in photo-
modulated color switching and UV sensing.
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