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Extended exposure to sunlight or artificial UV sources (particularly UVA and UVB) is a major cause of serious
skin cancers and ocular diseases. A photochromic inorganic—organic complex was ionothermally
synthesized via a decomposition-reassembly strategy, generated from a low-cost deep-eutectic solvent
and a 4,4'-bipyridine system. Benefiting from the intrinsic synergy of the hydrogen bonding and -7
stacking interactions, the complex exhibited insensitivity towards visible light, outstanding color contrast
from colorless to purple, rapid response time up to seconds, excellent reversibility and high thermal
stability. UV index and UVB detection procedures indicated that the coloration performances of the
complex exhibited a linear response towards UV index and UVB dose. Besides, the complex can be
made to a portable test tablet, a freestanding mixed film with a cellulose paper and a mixed-matrix
membrane with PVDF, which make it highly promising for portable and efficient visual UV index and

rsc.li/rsc-advances detecting UVB dose.

Introduction

Light detection particularly in the ultraviolet (UV) spectral range
has attracted significant attention over the past decades
because of its wide applications in environmental safety,
healthcare, industries and military." Extended exposure to
sunlight or artificial UV sources is a major cause of serious skin
cancers and ocular diseases.” In particular, UVA (315-400 nm)
has been shown to be involved in immunosuppression and is
suspected to play a major role in melanoma induction, which is
the most severe type of skin cancers.”> UVB (280-315 nm) is
implicated in the induction of cataract induction, which is the
most common cause of blindness globally.* UVC (200-280 nm)
cannot penetrate the earth's protective ozone layer to be a threat
to living beings on earth. Thus, it is of great demand to explore
convenient materials for the efficient detection of the UV
exposure dose with specific response towards UVA and UVB,
respectively.

Traditional UV photodetectors are conventionally con-
structed with wide-band gap semiconductors such as nitride-
based,® silicon-based,® ZnO”* and certain organic materials.’
However, they suffer from poor selectivity towards visible and
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infrared (IR) light, limited lifetimes due to degradation under
prolonged UV exposure and difficulties in fabrication,® which
restrict their practical applications. Tremendous efforts have
been devoted to achieve convenient devices with visible-
blindness, rapid response time and adequate resolution and
to fulfill the largely expanded needs for high-performance UV
photodetectors.'®"* To the best of our knowledge, most of the
reported UV photodetectors respond to either UVA, UVC, or
even wide-band UV light, and there are only a few reports on the
selective UVB detection behavior.**112

Recently, photochromic viologen-based metal organic
frameworks (PV-MOFs) appear to offer a convenient route to
monitor UV radiation.”*** Differently from the traditional
semiconductor UV photodetectors based on the photocurrent or
photovoltaic phenomenon, PV-MOFs possess excellent revers-
ibility, fast photoresponse rates and noticeable color contrast,
which makes them able to detect UV light conveniently by visual
color change. Benefiting from their structural diversity and
tunability, PV-MOFs may have an adequate bandgap, which
makes them insensitive towards visible light and to be used as
visible-blind detectors. However, the application of the PV-
MOF-based detectors is still limited by some issues, particu-
larly the difficulties in synthesis, e.g., requirement of a well
elaborated structural design, complicated ligand synthesis,
high cost and high toxicity raw materials.'® Therefore, it is of
great significance to find a convenient and cost-effective
synthetic route to construct UV light monitors based on
photochromic materials. The ionothermal synthesis method
has been proven to be an efficient synthetic route for exploring

This journal is © The Royal Society of Chemistry 2020
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novel inorganic-organic hybrid materials, such as zeolites and
metal organic frameworks."”* The two components, i.e., ionic
salts and neutral organic hydrogen-bond donors, in a low-cost
deep eutectic solvent (DES), which is a kind of ionic liquid,
have the potential to self-assemble or decomposition-
reassemble during the ionothermal synthesis process,*>*
implying that it is possible to find a cost-effective route to the
explored new class of photochromic materials.

Herein, we present a photochromic inorganic-organic
complex |C;oN,yHjo|2|C10N,Hg|[Gay(C,0,4)s] (denoted NEU20)
synthesized under ionothermal conditions via the
decomposition-reassembly strategy, generated from a low-cost
deep-eutectic solvent (DES) and a 4,4’-bipyridine (bpy) system.
Benefiting from the intrinsic synergy of the N-H---O hydrogen
bonding and m-m stacking interactions, NEU20 exhibited
insensitivity towards visible light, outstanding color contrast
from colorless to purple, rapid response time up to seconds,
high thermal stability and excellent reversibility. UV index and
UVB detection procedures indicated that the coloration
performances of the complex exhibited a linear response
towards UV index and UVB dose. Besides, the complex could be
made to the portable test tablet, a freestanding mixed film with
a cellulose paper and a mixed-matrix membrane with PVDF,
which make it highly promising for portable and efficient visual
UV index and detecting UVB dose.

Experimental section
Preparation

The reagents and solvents employed were commercially avail-
able and used as received without further purification.

NEU-20. Typically, |C1oNyH10|2|C1oN2Hg|[Gay(C,0,4)5] (deno-
ted NEU20) was obtained from a reaction mixture of Ga,0O;
(0.094 g, 0.5 mmol), 4,4"-bipyridine (0.156 g, 1 mmol), H,C,0,
(1.891 g, 15 mmol) and choline chloride (0.698 g, 5 mmol) with
a molar composition of 1.0 GaO : 1.0 4,4’-bipyridine : 15.0H,-
C,0, : 5.0 choline chloride at 140 °C for 3 days in a Teflon-lined
stainless steel autoclave under static conditions in an oven. The
resulting colorless single crystals of NEU20 were collected and
washed with deionized water and dried at 60 °C. Yield based on
Gawas 50.1%. The H,bpy>" cations were in situ generated by the
reaction of 4,4'-bipyridine and decomposition of the ionic
portion of DES, which is less toxic and more efficient as
compared to the directly used viologen derivatives. The phase
purity of NEU20 was confirmed by the well agreement between
the experimental PXRD pattern and the simulated one based on
the structural analysis.

NEU-20 tablet. 0.1 g of the crystal material and compress
with the HY-12 tablet press to obtain NEU20 tablet
(diameter 1 cm).

NEU-20/PAPER. A certain amount of finely powdered NEU20
and EG (4 ml) were mixed and sonicated to form a homogenous
solution. The solution was drop-casted directly on a cellulose
filter paper substrate and then dried in an oven at room
temperature for 12 h. The dried rewritable paper was pressed
between two glass plates to form a flat rewritable paper.
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NEU20/PVDF. In a typical procedure, finely powdered NEU20
particles in a definite amount were fully dispersed in DMF, to
which PVDF and PVP were added in the predetermined
amounts. Furthermore, the mixture was maintained at 80 °C for
8 h under continuous stirring and then aged at room temper-
ature for about 24 h till the bubbles completely disappeared.
The suspension was coated on a glass plate using a dip-coater;
subsequently, the glass plate was placed in deionized water, and

finally, the NEU20/PVDF mixed-matrix membrane was
obtained.
Characterization

Powder X-ray diffraction (PXRD) data were collected on a PAN-
alytical B.V. Empyrean XRD instrument with Cu-Ka radiation
(A = 1.5418 A). In situ temperature dependent X-ray diffraction
data were collected on a Rigaku D-Max 2550 diffractometer
using Cu Ko radiation (1 = 1.5418 A) at a heating rate of
10 °C min~'. Elemental analysis was conducted on a Perki-
nElmer 2400 elemental analyzer (found: C 45.74%, H 2.87%
and N 8.01%) (calc. C 45.66%, H 2.68% and N 7.99%). Ther-
mogravimetric (TG) analysis was carried out on a TA Q500
analyzer in air at a heating rate of 10 °C min~" from RT to
800 °C. It gave an obvious weight loss of ca. 81.28 wt% from
350 °C to 800 °C (Fig. S31), corresponding to the loss of H,bpy**
cations, bpy and oxalate in one unit cell (calc. 82.19 wt%). The
time-dependent UV/Vis absorption spectra were recorded at
room temperature on a Lambda 650 spectrophotometer. The
electron paramagnetic resonance (EPR) spectroscopy was ob-
tained on a JEOL JES-FA200 EPR spectrometer. Fourier trans-
form infrared (FTIR) spectra were obtained on a Bruker Equinox
55 spectrometer in the 400-4000 cm ™' region using a KBr disk.

Single-crystal X-ray diffraction

A suitable single crystal with dimensions of 0.20 x 0.20 x 0.20
mm® for NEU20 was selected for the single-crystal X-ray
diffraction analysis. The intensity data were collected on
a CrystalClear-SM Expert 2.0 r1 (Rigaku, 2009) CCD diffrac-
tometer by oscillation scans using the graphite-
monochromated Mo Ko radiation (A = 0.71073 A) at 23 +
2 °C. Cell refinement and data reduction were accomplished
with the SAINT processing program.> The structure was solved
in a monoclinic space group C2/c (No. 15) by the direct methods
and refined by the full matrix least-squares technique with the
SHELXTL crystallographic software package.”® All framework
atoms Ga, C, N and O could be unambiguously located. All non-
hydrogen atoms were refined anisotropically. The hydrogen
atoms were calculated in ideal positions and were refined by
riding on their respective nitrogen atoms. Experimental details
for the structure determination are presented in Table S1.}

UV index (UVI) and UV dose detection procedures

For the UVI-dependent coloration measurements, a 300 W
xenon lamp (PLS-SEX300/300 UV type, CEAULIGHT Beijing) was
used as the irradiation source. The UV light intensity was
measured by a PM100D photometer (Thorlabs GmbH). The UVI
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value obtained from the lamp was measured with a PM100D
photometer (Thorlabs GmbH) and controlled with the distance
between the lamp and the NEU20 tablet sample. For UVA and
UVB coloration, the irradiation setup was the same as described
for UVI detection, except for the irradiation sources were UV
lamps (365 nm-UVA and 311 nm-UVB Philips). An exposure time
of 120 s was used to ensure reaching color saturation. Under
environmental conditions, the samples were exposed to a UV
light for 2 min, and then the discolored sample was obtained
(the light intensity values were 5, 10, 15, 30, 45 W m~?, the
corresponding UV indices were 2, 4, 6, 8, 10 and the UV doses
were 60, 120, 180, 360, 540 mJ cm ™ 2). The color detection was
taken with a common smart phone, and then converted the RGB
value of the photos to grayscale calculating the ratio of the
grayscale of the unirradiated sample and the tested samples. I =
rgb2gray (RGB) converted the true color image RGB to the
grayscale intensity image I. rgb2gray converted RGB values to
grayscale values by forming a weighted sum of the R, G, and B
components: 0.2989 x R + 0.5870 x G + 0.1140 x B.”’

Results and discussion
Crystal structure

Colorless NEU20 crystallized in the monoclinic space group C2/
¢ (No. 15). The X-ray single-crystal structural analysis indicated
that NEU20 was constructed with anionic Ga,(C,04)s*~ clusters,
and templated by one neutral bpy and two diprotonated bpy
cations (H,bpy®"), which compensated the negative charges
(Fig. 1a). The unique Ga site was hexa-coordinated with three
bidentate carboxylate groups of the oxalate, and the two Ga®*
ions were linked by sharing the oxalate to form an anionic
Ga,(C,0,)5* cluster. The Ga-O bond distances varied from
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Fig. 1 (a) Building units of NEU20; (b) N-H---O H-bonding interac-
tions between the oxygen atoms of oxalate and H,bpy?* (purple
dotted line) and face-to-face w— stacking interactions between the
adjacent pyridinium rings of the bpy and Hybpy?* dications (yellow
dotted line) along the [010] direction. Color: O, red; C, gray; H,
white; N, blue; Ga, green.
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1.939(5) A to 2.076(6) A. There were strong N-H---O hydrogen
bonding interactions between the oxygen atoms of oxalate and
H,bpy”* with D---A separations [d(D---A)] varying from 2.834(10)
A to 2.880(9) A (Fig. 1b), and weak N-H---O hydrogen interac-
tions between the oxygen atoms of oxalate and the bpy/H,bpy**
with D---A separations [d(D---A)] varying from 3.096(10) A to
3.503(11) A (Table S2+). The N-H---O hydrogen bonds were
weaker than that of other bpy and carboxylic acid-related
photochromic MOFs ([d(D---A)] 2.521(1) A to 2.660(6) A), and
maybe the potential paths for the through-space electron
transfer.”®° In addition, - stacking interactions were found
between the adjacent pyridinium rings of the bpy and H,bpy**
dications with face-to-face distances from 3.514(108) A to
3.730(87) A (Fig. 1b).

Photochromism

NEU20 is photoactive and exhibits a rapid naked eye-detectable
colour change from colorless to purple in seconds upon UV
light irradiation (30 W, 365 nm) under ambient conditions. In
situ time dependent UV/Vis spectra emerged three new adsorp-
tion bands at 387 nm, 556 nm and 599 nm upon 3 s UV irradi-
ation (Fig. 2a), and the intensity of these peaks increased with
prolonged irradiation time accompanied by the gradual color
change of irradiated samples (denoted NEU20-P) from colorless
to deeper purple. The observed peaks are similar to the charac-
teristic absorption of one-electron reduced species of viologen
compounds via photoinduced electron transfer (PIET).'** In situ
time dependent UV-Vis spectra monitored at 599 nm indicated
that the PIET process followed a first order reaction kinetics, with
a rate constant kops of 0.195 s, which was much higher than
that of some reported viologen-based photochromic compounds
(2.324 x 10°* 57" to 1.5 x 10~ % s~ 1),*** indicating its superior
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Fig. 2 (a) In situ time dependent UV-Vis spectra of NEU20 by UV light
irradiation; (b) first-order kinetic plot for change in absorbance with
error bars at A = 599 nm, where Ag, A, and A, are the absorbance
values at time zero, time t, and infinite time of the reaction, respec-
tively; (c) UV-Vis spectra of NEU20, NEU20-P and NEU20-H; (d) UV-
Vis spectra and photos of NEU20 and after 12 s UV irradiation, after
30 min visible irradiation, respectively.

This journal is © The Royal Society of Chemistry 2020
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photoresponsive rate (Table S31). NEU20-P could be retained
under ambient conditions for several months with no naked eye-
detectable color change, indicating an ultralong-lived charge-
separated state and excellent colored stability upon UV irradia-
tion, which may be attributed to the m-7m stacking interactions
and the dense packing mode of bpy/H,bpy*" dications that
stabilized the generated radicals and prevented the electron
transfer between the radicals and inorganic clusters.**** NEU20-P
could be completely decoloured through annealing at 140 °C for
10 min or 80 °C for 2 h in air, indicating that the coloration-
decoloration process of NEU20 was reversible. This reversible
photochromic transformation could be repeated several cycles by
alternatively treating with UV irradiation and heating without
noticeable change in the photochromic properties.

To further confirm the PIET process during photochromic
transformation, electron paramagnetic resonance (EPR) and X-
ray photoelectron spectroscopy (XPS) measurements were per-
formed. EPR spectra indicate that no EPR signal is detected
from the original NEU20 but a single-line signal closed to that of
a free electron at g = 2.0048 is observed after irradiation, and it
disappeared after thermally bleached (Fig. 3a). DFT calculations
indicate that electrons on the oxalate were unfavorable to
migrate to bpy, but electron transfer between the H,bpy>* and
oxalate could be realized,”® so the paramagnetic center of
NEU20-P should be the H,bpy"" radicals. The variation of O 1s
and N 1s in the XPS spectra before and after the irradiation also
gave insights into the PIET process (Fig. 3b and c). Electron
dissociation from the oxygen atoms resulted in a shift to
a higher binding energy in the O 1s core-level spectra. As for
the N 1s core-level spectra, the peaks at 398.0 eV assigned to the
free nitrogen in bpy were similar, while the peaks at 401.5 eV
attributed to the protonated N in H,bpy>" notably shifted to
a lower N 1s binding energy, indicating H,bpy*" received the
electrons. All these results confirmed that H,bpy*" ions were
reduced to H,bpy'* radicals after irradiation, and the H,bpy'*
radicals recovered to H,bpy”" upon heating during the colora-
tion-decoloration processes. The PIET process under nitrogen
atmosphere exhibited that NEU20 underwent a rapid visible
photochromic transformation from colorless to purple upon UV
light irradiation, the sample color changed from purple to
colorless after heating at 140 °C for 10 min, which indicated
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that the bleach process was just thermal quenching and not an
oxygen-mediated process.

Stability

High thermal stability is vital for the practical applications of
photochromic materials processed in various forms. The
thermal stability of NEU20 was confirmed by in situ temperature
dependent XRD (Fig. S21) and TG analyses (Fig. S3t). By
comparing the PXRD patterns obtained at different tempera-
tures, it was found that the structure remained intact until
350 °C, and no thermochromic behavior was found in this
process. UV/Vis spectra (Fig. 2¢), XRD patterns (Fig. S41) and IR
spectra (Fig. S5t) show consistent results that the structure of
NEU20 is stable during the reversible photochromic
transformation.

UVI and UV dose detection

It is worth noting that the photochromic behavior was not be
observed under visible light illumination (300 W xenon lamp
with 420 nm cut-off filter), and no clear change was observed in
the UV-Vis spectra (Fig. 2d), which may be attributed to the
longer charge transfer pathway, thus ensuring that NEU20 can
be used as a visible-blind sensor. In addition, a relatively large
optical energy gap (E,) (3.40 eV) of NEU20 was obtained via the
calculation based on the diffuse reflectance spectrum (Fig. S67),
which further supported its potential for UV light
photodetectors.

With regards to its insensitivity towards visible light,
outstanding color contrast from colorless to purple, superior
photoresponsive rate, high thermal stability and easy recovery
under heating, NEU20 was made into tablets (diameter 1 cm)
for UV index (UVI) and UV dose detection. The coloration
performances of NEU20 were performed under a xenon lamp
and UV lamps (365 nm-UVA and 311 nm-UVB) using a 120 s
exposure time (to ensure reaching the color saturation) at
different UVI values and UV doses. Different from the reported
PV-MOF UV detectors recording absorbance, as characterized by
a spectrophotometer, a simple procedure was established for
the color detection, in which photos of the unirradiated sample
and the tested samples were first taken with a common smart
phone, followed by calculating grayscale ratios after the photos

¢)

N 1s

——NEU20

320 330 340 350 360 540 535
Filed (mT)

Fig. 3
spectra of NEU20 and NEU20-P.
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(a) EPR spectra of NEU20, NEU20-P and NEU20-H; (b) O 1s XPS core-level spectra of NEU20 and NEU20-P; (c) N 1s XPS core-level
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were converted into grayscale images. The color change is
illustrated in Fig. 4a, indicating that NEU20 exhibited a good
response towards UVI values and there is a linear relationship
between the grayscale ratios and the UV index. Moreover, clear
coloring could be achieved below UVI 4, upon which protective
measures should be taken to avoid sunburn. This suggested
that NEU20 could be used as an efficient UVI indicator, and it
would be suitable for UVI quantification. The levels of UVA and
UVB components were detectable using a procedure similar to
that described above based on the observed different color
change deviation (Fig. 4b and S77). As shown in Fig. 4b, the
results showed a clearly detectable dependence between the
grayscale ratios and the UVB doses, which followed a first order
reaction kinetics, suggesting a high potential for use in UVB
dosimetry.

Machinability

It is very important but also challenging to manufacture the
photochromic materials into forms that can be used in actual
devices. The development of films based on these materials is
still in its nascent stages. Besides tablets, NEU20 was also made
into freestanding mixed films with a cellulose filter paper
(NEU20 PAPER) though the drop-casting method and mixed-
matrix membranes with PVDF (NEU20/PVDF) though the lyo-
phase conversion process to investigate its machinability
(Fig. 5a). As an example, we demonstrated the excellent color
contrast of NEU20 PAPER before and after the UV irradiation,
and the good recovery property by alternating treatments with
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=
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Fig. 4 (a) Color intensity of NEU20 at different UV index values; (b)
UVB doses detected with NEU20. The grayscale ratios were obtained
from the photos shown in the insets.
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Fig. 5 (a) Photographs of the NEU20 PAPER (top), NEU20 tablet
(middle) and NEU20/PVDF (bottom); (b) photograph of the contents
printed on the NEU20 PAPER and 4 coloration—decoloration rounds
with alternating UV irradiation for 2 min and heating under 80 °C for
2 h.

UV irradiation and heating (Fig. 5b). In addition, the colored
state of NEU20 PAPER and NEU20/PVDF could be retained
under ambient conditions for 90 days, which were much more
stable than other reported photochromic papers (Fig. S87).3*
The diverse machinability indicated that NEU20 could be used
as a portable UV detector and could be applied as an inkless and
erasable printing medium.

Conclusions

In conclusion, a photochromic inorganic-organic complex was
ionothermally synthesized via a decomposition-reassembly
strategy in a low-cost DES and a bpy system. Benefiting from
the intrinsic synergy of the N-H:--O hydrogen bonding and -
stacking interactions, NEU20 featured insensitivity towards
visible light, outstanding color contrast from colorless to
purple, rapid response time up to seconds, excellent revers-
ibility and high thermal stability. UV index and UVB detection
procedures indicated that the coloration performances of the
complex exhibited a linear response towards the UV index and
UVB dose. Besides, the complex could be made into the portable
test tablet, a freestanding mixed film with a cellulose paper and
a mixed-matrix membrane with PVDF, which make it highly
promising for colorimetric and portable UV index indication
and UVB dose detection. This work provides a low-cost route to
synthesize photochromic materials and sheds a light on the
design of portable visual UV detectors in healthcare.
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