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ABSTRACT: A highly sensitive detection of ultraviolet (UV) radiation
is required in a broad range of scientific research, chemical industries,
and health-related applications. Traditional UV photodetectors
fabricated by direct wide-band-gap inorganic semiconductors often
suffer from several disadvantages such as complicated manufacturing
procedures, requiring multiple operations and high-cost instruments to
obtain a readout. Searching for new materials or simple strategies to
develop UV dosimeters for quantitative, accurate, and on-site detection
of UV radiation dose is still highly desirable. Herein, a photochromic
uranyl-based coordination polymer [(UO2)(PBPCA)·DMF]·DMF
(PBPCA = pyridine-3,5-bis(phenyl-4-carboxylate), DMF = N,N′-
dimethylformamide, denoted as SXU-1) with highly radiolytic and
chemical stabilities was successfully synthesized via the solvothermal
method at 100 °C. Surprisingly, the fresh samples of SXU-1 underwent
an ultra-fast UV-induced (365 nm, 2 mW) color variation from yellow to orange in less than 1 s, and then the color changed further
from orange to brick red after the subsequent irradiation, inspiring us to develop a colorimetric dosimeter based on red-green-blue
(RGB) parameters. The mechanism of radical-induced photochromism was intensively investigated by UV−vis absorption spectra,
EPR analysis, and SC-XRD data. Furthermore, SXU-1 was incorporated into an optoelectronic device to fabricate a novel dosimeter
for convenient, quantitative, and on-site detection of UV radiation dose.

■ INTRODUCTION
Ultraviolet (UV) light is a common nonionizing radiation that
has been broadly used in chemical industries involving
photocatalysis,1,2 curing,3,4 photolithography,5,6 sterilization,7,8

and so forth. However, the exposure of human body to
excessive UV doses causes a detrimental effect on skin, and this
potentially incurs malignant melanoma or skin cancer.9 At
present, UV photodetectors exhibit a range of applications in
health care, medicine synthesis, scientific research, space
communications, and chemical sensing.10−13 Traditional UV
photodetectors, such as PIN photodiode detectors, Schottky
barrier detectors, and metal−semiconductor−metal detectors,
are fabricated by direct wide-band-gap inorganic semi-
conductors (e.g., GaN,14 GaAsP,15 Ga2O3,

16 ZnO,17 ZnSe,18

and ZnS19). Although having attracted great interests, these
photodetectors often suffer from several drawbacks, including
complicated and high-cost manufacturing procedures, requir-
ing multiple operations and expensive instruments to obtain a
readable output, which greatly limit their large-area applica-
tions. To tackle these issues, a great deal of effort has been
devoted to developing new materials or strategies for low-cost
and high-sensitive UV detection.

Photochromic materials often exhibit both reversible color
changes and physicochemical property variations in response
to UV or visible light, which make them draw considerable
attention with their potential ability for application in fields of
optical memories,20,21 displays,22,23 photomechanics,24 smart
windows,25−27 photoswitches,28,29 and so on. Generally
speaking, the color of photochromic materials will undergo
obvious variations with the accumulation of light irradiation
dose. Such a feature makes them attractive candidates for
constructing UV sensors. Typical photochromic organic
molecules (e.g., diarylethene,30,31 spiropyran32,33 and azoben-
zene34,35) undergo isomerization upon light illumination,
accompanied by reversible color changes. Moreover, viologen
and its derivatives exhibit an electron-deficient nature and
often combine electron donors to construct photochromic
materials.36−39 However, it is well known that purely
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photochromic organic molecules usually suffer from insuffi-
cient stability.40,41 For instance, the photogenerated colored
forms of these molecules are optically and thermally unstable,
significantly restricting their applications in real world.42−44 In
the past two decades, numerous photochromic inorganic−
organic hybrid materials, especially coordination polymers
(CPs) or metal−organic frameworks (MOFs), have been
developed, showing potential applications in visualized UV
monitoring.11,24,45,46 However, this type of UV detection
strategy can only offer semiquantitative dose information. In
addition, the reported photochromic MOFs/CPs are not
sensitive enough, as they often take tens of seconds or even
longer to achieve color changes when exposed to UV
radiation.47−51 Therefore, it remains a challenge to develop
high-sensitive and quantitative UV dosimeters based on
photochromic materials.
As the heaviest element in nature, uranium exhibits excellent

optical properties and radiation absorption capacity, indicating
its potential application in radiation detection. Meanwhile,
depleted uranium is an abundant byproduct of nuclear industry
that receives insufficient attention because of its negligible
radioactivity. Lately, we spared no effort to introduce uranium
into inorganic−organic hybrid materials and to validate their
ability of radiation detection. Fortunately, we have prepared
several uranyl-based luminescent MOFs/CPs that can detect
low-dose UV, X-ray, and γ-ray down to 6.9 × 10−9 J, 1.18 ×
10−5 Gy, and 1.42 × 10−5 Gy, respectively, representing the
best chemical dosimeters until now.52−55 However, lumines-
cent methods for sensing applications usually have a non-
negligible disadvantage, namely, that the luminescence
intensity of sensors can be affected by temperature, humidity,
as well as the condition of spectrophotometers, resulting in the
reduced sensing accuracy.
Herein, we present a one-dimensional uranyl-based coordi-

nation polymer [(UO2)(PBPCA)·DMF]·DMF (PBPCA =
pyridine-3,5-bis(phenyl-4-carboxylate), DMF = N,N′-dime-
thylformamide, denoted as SXU-1), which shows ultrasensitive
UV-induced photochromism at room temperature. To solve
the aforementioned drawbacks of previously reported chemical
UV dosimeters, we integrated SXU-1 into a custom-built
optoelectronic device, which can directly convert the UV
radiation dose to an RGB readout. Notably, five regions of
linear correlations can be established between the accumulated
dose and the relative increase of R/G value in the range of 0−
1.36 J, realizing on-site and quantitative dose measurements.
Furthermore, SXU-1 can maintain its original crystalline
structure and chemical constituents even after exposure to 12
h UV irradiation or treatment with 95% relative humidity for
12 h that enables the application of SXU-1 in real world.
Additionally, a complete decoloration of UV-irradiated samples
can be achieved by a heat treatment at 100, 90, 80, and 70 °C
for 5, 7, 10, and 15 h, respectively.

■ EXPERIMENTAL SECTION
Caution! All uranium compounds used in these studies contained depleted
uranium; standard precautions were performed for handling radioactive
materials, and all studies were conducted in a laboratory dedicated to
studies involving actinide elements.

Synthesis of [(UO2)(PBPCA)·DMF]·DMF (SXU-1). All reagents
and solvents were purchased from commercial suppliers and used as
received without further purification. 0.0502 g of UO2(NO3)2·6H2O
(0.1 mmol), 0.0319 g of H2PBPCA (0.1 mmol), and 5 mL of DMF
were loaded into a 10 mL vial. The vial was then sealed and heated to
100 °C for 12 h and cooled to room temperature under ambient

conditions. Yellowish block crystals of SXU-1 were isolated after
being washed with deionized water and allowed to air-dry at room
temperature. Crystals suitable for X-ray structural analysis were
collected and measured. The phase purity was confirmed by powder
XRD analyses, which are shown in Figure S1. The yield of SXU-1 was
calculated to be ∼60%. Elemental analysis results: calculated C,
40.90%; N, 5.73%; H, 3.41%; found C, 40.42%; N, 5.42%; H, 3.24%.

X-ray Crystallography Studies. Single-crystal XRD (SC-XRD)
data were collected at 223 K using a Turbo X-ray source (Mo Kα
radiation, λ = 0.71073 Å), adopting the direct-drive rotating anode
technique and a CMOS detector. The crystals were mounted on a
Cryoloop with Paratone oil and optically aligned on a Bruker D8-
Venture single-crystal X-ray diffractometer equipped with a digital
camera. The structures were solved by direct methods and refined on
F2 by full-matrix least-squares methods using SHELXTL.56 All
nonhydrogen atoms were refined with anisotropic displacement
parameters, and the carbon-bound hydrogen atoms were introduced
at the calculated positions. Crystal data and structure refinement
parameters are given in Table S1.

Materials and Instrumentation. The PXRD patterns were
collected from 5° to 50°, with a step of 0.02° and data collection time
of 0.2 s, on a Bruker D8 Advance X-ray diffractometer with Cu Kα
radiation (λ = 1.54056 Å) equipped with a Lynxeye one-dimensional
detector. UV−vis absorption spectra were recorded from single
crystals using a Craic Technologies microspectrophotometer. Crystals
were placed on quartz slides, and the data were collected after the
optimization of the microspectrophotometer. The elemental analyses
(C, H, and N) were carried out with a Vario EL CHNOS elemental
analyzer. Infrared spectra were recorded on powdered samples using a
Thermo Scientific Nicolet iS50 instrument in the range of 400−4000
cm−1 at room temperature. Thermogravimetric analysis (TGA) was
carried out on a NETZSCH STA 449 F3 Jupiter instrument in the
range of 30−900 °C under a nitrogen flow at a heating rate of 10 °C/
min. The EPR data were recorded with a Bruker EMXplus 10/12 EPR
spectrometer equipped with an Oxford Instruments EPR901 liquid
helium continuous-flow cryostat fitted with a super-high-Q cavity.
The EPR spectra of nonirradiated and irradiated samples were
acquired with a sweep width of 2000 G, a frequency of 9.517216 GHz,
a modulation amplitude of 5 G, a modulation frequency of 100 kHz,
and at room temperature. The radiation resistance of SXU-1 was
examined by irradiating the powdery sample with UV light under
ambient conditions. UV light was provided by a Xe lamp (300 W).
DFT calculations were performed using the Gaussian 09 software.
The study of UV sensitivity of SXU-1 was performed on a custom-
built optoelectronic device which consists of a microcontroller unit
(MCU, STMicroelectronics, STM32F103C8T6) serving as a
processor, a mini-USB serving as a connection port, a set of bulbs
(TUOZHAN Optoelectronics, TZ35UVA + UVC02−014) for UV
irradiation, and an RGB sensor (AMS, TCS34725) for signal readout.

■ RESULTS AND DISCUSSION
Structure Description. Single-crystal X-ray diffraction

studies reveal that SXU-1 crystallizes in the triclinic and
centrosymmetric space group P1̅. As shown in Figure 1b, the
overall structure is based on charge-balanced one-dimensional
uranyl-PBPCA chains. The asymmetric unit contains one
crystallographically independent UO2

2+ ion, one PBPCA2−

ligand, one coordinate DMF molecule, and one dissociative
DMF molecule (Figure S2). The uranium(VI) center adopts a
typical pentagonal bipyramidal coordination geometry with
bonds to the two axial oxo atoms [1.758(4) and 1.747(5) Å];
four oxygen atoms come from three PBPCA2− [2.322(3),
2.329(4), 2.427(4), and 2.444(4) Å] and one oxygen atom
from DMF [2.402(4) Å].57 Two UO2

2+ ions are bridged by
two independent PBPCA2+ ligands, forming a dimer; then, two
dimers are bridged by two ligands and extend into infinite
charge-balanced uranyl-PBPCA chains, with coordinating
DMF located on both sides of the chain (Figure 1a). The
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distance between two PBPCA2− ligands on adjacent chains is
3.592 Å, indicating the presence of significant parallel π-
stacking between the aromatic ring and pyridine ring of
PBPCA2− ligands (Figure 1c,d).58,59 Therefore, these chains
are further packed via π···π interactions and intermolecular van
der Waals interactions, as shown in Figure 1b. The thermal
ellipsoid plots of crystals are shown in Figure S3.

Photochromic Properties. Generally, most of the
pyridine-based MOFs/CPs are photoactive and show obvious
color changes upon UV irradiation via electron transfer.45

Similarly, photochromism property was observed in SXU-1
which exhibits fast photochromic transformation with the
exposure to UV light in the air at room temperature. Upon
being irradiated by excitation light (365 nm, 2 mW) on a Craic
Technologies microspectrophotometer, the fresh samples of
SXU-1 underwent a rapid and evident alteration in color from
yellow to orange in less than a second, which is much shorter
compared to that of the already published photochromic CPs/
MOFs materials, suggesting the high sensitivity of SXU-1
toward UV light.60−63 To verify whether SXU-1 is responsive
to extremely weak UV light (e.g., originating from lighting
lamps), we thoroughly grounded the crystals of SXU-1 and
evenly coated them on a transparent tape, which was placed in
a laboratory with the lights turned on (the UV light power was
measured to be 33 μW). As shown Figure S4, the coloration of
SXU-1 occurs after UV irradiation for 30 min, and the color
change becomes more pronounced over time, demonstrating
that SXU-1 is also highly responsive to extremely weak UV
light. The reason why SXU-1 is highly sensitive to UV light is
mainly due to the introduction of uranyl ions, which endow the
material with strong absorption of UV light (Figure 2). The
UV irradiation experiments of bulk samples were performed
under a 300 W Xe lamp, and the irradiation time was set to 0,
1, 5, 10, 20, 60, 100, 200, and 650 s, respectively. With the
increase of the irradiation time, the color of the fresh sample
gradually changed from yellow to orange to brick red (the UV-
induced colored sample is abbreviated as SXU-1-UV), and no
further color change was observed after continuous irradiation
for 650 s (inset of Figures 2 and S5). Generally speaking,
photogenerated radicals are sensitive to oxidants, and the
decoloration processes can take place under air atmosphere at

room temperature.60 However, complete decoloration of SXU-
1-UV in the air at room temperature needs over 1 year, which
is mainly attributable to the dense π−π stacking of the chain
structure that hinders the contact of radicals with oxygen
molecules. Under heating conditions, the crystal structure
expands to a certain extent, promoting the entry of oxygen
molecules into the interior of the material and reacting with
radicals. Here, complete decoloration of SXU-1-UV can be
easily achieved by heating at 100, 90, 80, and 70 °C for 5, 7,
10, and 15 h, respectively (Figures S6 and S7). As depicted in
Figure S8, the absorption spectrum of as-synthesized SXU-1
was collected. Based on theoretical analyses (see more details
in the Supporting Information), it can be concluded that the
absorption band in the range of 220−390 nm mainly consists
of two electronic transition modes, namely π → π* transitions
(S1 and S2) and n → π* transitions (S3) (Figure S9). In
addition, the absorption band in the range of 390−500 nm
mainly arises from the typical electronic transitions of UO2

2+,
namely, (σu+)2 → σu+δu and (σu+)2 → σu+φu (Figure S8).

64 As
shown in Figure 2, the time-dependent UV−vis absorption
spectra for a single crystal of SXU-1 were collected under
exposure to 365 nm UV light. Figure 2 demonstrates that a
new absorption band emerges between 500 and 560 nm, the
intensity of absorption band between 390 and 500 nm
increases, and the absorption band in the range of 220−390
nm diminishes gradually as a function of irradiation time. To
understand the evolution of these absorption bands, the UV−
vis spectra of an undeprotonated ligand (referred to as LH2)
before and after UV irradiation were collected. As shown in
Figure S10, a new absorption band appears between 360 and
500 nm, which is likely attributed to the absorption by N
radicals. This is because the oxygen atom in the protonated
carboxyl group cannot undergo electron transfer and form
oxygen radicals. Therefore, we can reasonably infer that the
evolution of absorption bands in the range of 390−500 and
500−560 nm in the UV−vis absorption spectra of the UV-
irradiated sample is attributed to the appearance of N and O
radicals, respectively. Here, the above speculation was

Figure 1. (a) One-dimensional uranyl-PBPCA chain. (b) Packing
style of one-dimensional chains. (c) Top view showing the π···π
interactions in the structure of SXU-1. (d) Side view showing the
π···π interactions in the structure of SXU-1. Color scheme: U,
turquoise; O, red; C, gray; N, blue. Dissociative DMF and H atoms
are omitted for clarity.

Figure 2. Evolution of the solid-state UV−vis absorption spectra of
the SXU-1 crystal after 0−400 mJ UV irradiation (365 nm, 2 mW) at
room temperature. The photographs of the bulk SXU-1 crystal after
0−400 mJ UV irradiation (300 W Xe lamp) and the solid-state UV−
vis absorption spectra in the range of 390−560 nm are shown in the
inset.
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confirmed by EPR measurements. As illustrated in Figure S11,
SXU-1-UV shows an intensive signal and a weak signal, with g
factor values of 2.018 and 2.006, respectively. Additionally, 2 h
of UV-irradiated LH2 shows a signal with g factor of 2.006,
which is attributed to N radicals (Figure S11). Consequently,
the intensive and weak EPR signals of SXU-1-UV can be
assigned to O radicals and N radicals, respectively.55,65−67

Structural Variation. The detailed structural information
before and after UV irradiation was compared. The SC-XRD
data reveal that both SXU-1 and SXU-1-UV belong to the P1̅
space group, while the cell parameters show slight changes
(Table S1). Although the PXRD patterns of SXU-1 and SXU-
1-UV exhibit no obvious transformation (Figure S1), a local
structural adjustment induced by photogenerated radicals was
detected: (1) the PBPCA ligand underwent a certain
distortion, leading to the changes of the dihedral angles
between the pyridine ring and adjacent aromatic rings from
25.26 to 23.98° and 5.12 to 5.61°, respectively (Figure 3a); (2)
the delocalization of radicals in the conjugated pyridine ring
resulted in a significant variation of bond lengths and angles; in
detail, bond lengths of C8−C9, C9−N1, and C13-C8
increased from 1.381(8) to 1.394(11) Å, 1.323(8) to
1.338(11) Å, and 1.397(7) to 1.408(10) Å, respectively;
bond lengths of N1−C11 and C12−C13 decreased from
1.330(8) to 1.319(11) Å and 1.372(7) to 1.355(10) Å,
respectively; bond angles of ∠C9−N1−C11, ∠C11−C12−
C13, and ∠C12−C13−C8 increased from 116.5(6) to
117.7(8)°, 116.1(5) to 116.4(7)°, and 121.6(5) to
122.2(7)°, respectively; bond angles of ∠C13−C8−C9,
∠C8−C9−N1, and ∠N1−C11−C12 decreased from
115.6(5) to 115.3(7)°, 124.8(5) to 123.3(7)°, and 125.4(6)
to 125.1(8)°, respectively (Figure 3b,c, Table S2s and S3); (3)
the oxygen atom of carboxylate as an electron donor lost an
electron during the photochromic process, contributing to the
changes of bond lengths and angles of C−O; in detail, bond
lengths of C20−O7 increased from 1.256(6) to 1.267(9) Å
and that of C20−O6 decreased from 1.266(7) to 1.257(9) Å;
the bond angle of ∠O6−C20−O7 decreased from 119.1(5) to
118.6(6)° (Figure 3b,c, Tables S2 and S3, 4) unexpectedly, the
average U�O bond length of uranyl shrinked from 1.753 to
1.735 Å, which may be caused by a weakened bond between
uranium and equatorial oxygen atoms after electron transfer
(Figure 3b,c, Table S2). To our best understanding, the local
structural variation described here is unusual in those reported
UV-induced photochromic materials where the structural
change is too imperceptible to be identified after UV
irradiation.

Radiolytic and Chemical Stabilities. Radiolytic and
chemical stabilities are essential for the radiation dosimeter
applied in real world. The radiolytic stability of SXU-1 was
studied by exposing polycrystalline SXU-1 under UV light
(300 W Xe lamp). PXRD and FTIR studies reveal that SXU-1
can maintain its original crystalline structure and chemical
constituents even after 12 h of UV irradiation, indicating the
high radiolytic stability of SXU-1 (Figures 4a and S12).
Generally, the structures of one-dimensional coordination
polymers are regarded as unstable. In this case, the radiolytic
stability of SXU-1 could be attributed to the robust bonds
between the uranyl and organic ligand and the significant π−π
stacking between the two parallel uranyl-PBPCA chains.
Owing to such structure features, SXU-1 also exhibits
remarkable moisture and thermal stabilities. As shown in
Figure 4b, PXRD studies uncover that no obvious trans-

formation of crystalline structure is observed when exposed to
different relative humidity (RH) conditions (55, 75, and 95%)
for 12 h. Moreover, thermogravimetric analysis (TGA)
demonstrates that SXU-1 shows suitable thermal stability
and can maintain its structure up to 160 °C (Figure S13). To
further verify the stability of SXU-1, we selected two well-
formed single crystals which were subjected to different
treatments, including exposure to 95% humidity for 12 h and
12 h of UV irradiation. Then, SC-XRD data of the two single
crystals were collected. In addition, the UV-irradiated crystal
was heated at 80 °C for 10 h, and its SC-XRD data were
collected again. Finally, the reliable SC-XRD data can
demonstrate the stability of SXU-1 (see more details in the
Supporting Information).

UV Dosimeter Based on SXU-1. Taking the advantage of
the observable color evolution of crystals upon the
accumulated radiation dose, SXU-1 can be used as a
colorimetric dosimeter for the visualized detection of UV

Figure 3. Local structural changes of SXU-1 and SXU-1-UV. (a)
Dihedral angles between the pyridine ring and adjacent aromatic
rings, (b) bond lengths of C−C, C−N, C−O, and U�O, and (c)
∠C−C−C, ∠C−N−C, and ∠C−C−N angles of pyridine ring and
∠C−O−C angle of carboxylate.
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radiation. However, such a strategy for the detection of
radiation dose is semiquantitative and cannot meet the
demand for an accurate dose determination. To tackle this
issue, a novel RGB-based dosimeter was developed using a
custom-built optoelectronic device integrating with SXU-1 as a
radiation-sensitive component in the present work.65 As shown
in Figure 5a, the top of the device (outer diameter of 5 cm) is a

signal collector, and the bottom is a sample holder. The
outside of the top part is equipped with a microcontroller unit
(MCU, STMicroelectronics, STM32F103C8T6), and a mini-
USB serves as a processor and a connection port, respectively.
A set of bulbs (TUOZHAN Optoelectronics, TZ35UVA +
UVC02−014) for UV irradiation and an RGB sensor (AMS,
TCS34725) for readout are embedded on the inside of the top
part. In addition, the bottom part of the device served as a
sample holder placed vertically below the RGB sensor. Before
the measurement of the UV dose, finely ground SXU-1 (30
mg) was pressed into a tablet (with a diameter of 6 mm) as the
radiation-sensitive component which was loaded on the sample
holder at the bottom of the device. With continuously being
irradiated by the UV radiation (30 mJ/s·cm2), the colorimetric
profile of SXU-1 was captured and converted into an RGB
readout synchronously (Figure 5b). Figure 5c demonstrates
the relative increase of the R/G value as a function of the
accumulated dose (0−1.36 J) of UV radiation, where R0/G0 is
the initial measured value, and R/G is the value measured after
UV irradiation. Obviously, there are five regions showing linear
responses, with the R2 values ranging from 0.986 to 0.992. As
shown in Figures S15 and S16, the regeneration and
repeatability experiments exhibit good reproducibility. There-
fore, this device can provide a digital readout of the RGB color
value for a real-time and accurate measurement of UV dose.

■ CONCLUSIONS
In summary, a photosensitive coordination polymer, SXU-1,
with excellent photochromism properties was synthesized via

Figure 4. (a) Powder XRD patterns of nonirradiated and UV-
irradiated SXU-1. (b) Powder XRD patterns of SXU-1 exposed to
different RH conditions.

Figure 5. (a) Photographs of the RGB-based dosimeter developed using a custom-built optoelectronic device integrating with SXU-1 as a
radiation-sensitive component. (b) Schematic illustration exhibiting the operating principle of the dosimeter for on-site UV detection. (c) Relative
increase of R/G value of SXU-1 as that versus UV radiation dose.
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the self-assembly of uranyl ions and PBPCA ligands under
solvothermal conditions. Remarkably, the fresh samples of
SXU-1 underwent an ultrafast UV-induced color variation
from yellow to orange in less than 1 s, making SXU-1 a
splendid photoresponsive material for monitoring the UV
radiation dose. The mechanism of radical-induced photo-
chromism was intensively studied by UV−vis absorption, EPR,
and SC-XRD. To overcome the qualitative nature of the
previously developed photochromic UV sensors, we intro-
duced SXU-1 into a custom-built device which can directly
convert the UV dose to an RGB readout and realized on-site
UV radiation detection. Notably, this is the first case so far to
develop a UV dosimeter by integrating a uranyl-bearing
photochromic material into an optoelectronic device. Fur-
thermore, the high radiolytic and chemical stabilities of SXU-1
make it possible for real-world application.
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