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ABSTRACT: Multifunctional photochromic coordination poly-
mers (CPs) have shown great potential in many areas, like
molecular switches, anticounterfeiting, magnetics, and optoelec-
tronics. Although multifunctional photochromic CPs can be
obtained by introducing photoresponsive functional units or by
exploiting the synergy effect of each component, relatively limited
photochromic ligands hinder the development of various multi-
functional photochromic CPs. In this work, we reported two
multifunctional coordination polymers {[Zn(bpdo)(fum)-
(H2O)2]}n (1) and {[Mn(bpdo)(fum)(H2O)2]}n (2) based on
an easily accessible but underestimated photoactive molecule 4,4′-bipyridine-N,N′-dioxide (bpdo). Compound 1 exhibits
photochromism and white-light emission with an ultra-high color rendering index (CRI) of 92.1. Interestingly, compound 1 could
emit intrinsic white light in the crystalline state upon UV irradiation both before and after photochromism. Meanwhile, compound 2
displays photochromic and photomagnetic properties, induced by the photogenerated radicals via a photoinduced electron transfer
mechanism.

1. INTRODUCTION
Multifunctional photochromic compounds, as an important
branch of photoresponsive materials, have attracted extensive
attention due to their potential applications in the fields of
molecular switches, anticounterfeiting, and magnetism.1−5

Compared with pure inorganic or organic photochromic
compounds, photochromic coordination polymers (CPs) can
not only maintain or improve the characteristics of each
component but also generate new photoresponsive properties
such as tunable white-light emission or photomagnetism
features, due to the synergistic effect of each component.6−10

It has been shown that multifunctional CPs can be effectively
synthesized by introducing functional ligands.11,12 However, in
addition to traditional viologen, diarylethene, and azobenzene
derivatives, the available functional photochromic ligands are
relatively limited, thus preventing further exploration of
multifunctional photochromic CPs. It is still desirable to explore
a variety of multifunctional photochromic CPs with new
functional photochromic organic ligands.

Owing to the synthesis of multifunctional photochromic CPs
usually requires the presence of suitable coordinating groups in
the ligands, various coordinating groups such as pyridine,
carboxylic acid, and imidazole have to be attached to
photochromic molecules through a series of complex organic
reactions.13 Recently, we discovered an easily accessible photo-
active molecule 4,4′-bipyridine-N,N′-dioxide (bpdo) that can

be obtained by simple oxidization of 4,4′-bipyridine.14 The
bpdo exhibits an obvious photochromic phenomenon with
stable charge-separated state.15 On the other hand, according to
the literature,16 bpdo exhibits diverse coordination types with
metal ions via the O atoms ofN-oxide groups, making it suitable
for constructing of multifunctional photochromic CPs. To date,
although approximately 400 bpdo-based complexes have been
deposited in the CCDC database, their photochromic and
derived versatility has been underexplored.17 In this work, two
new two-dimensional (2D) isostructural crystalline CPs {[Zn-
(bpdo)(fum)(H2O)2]}n (1) and {[Mn(bpdo)(fum)(H2O)2]}n
(2) (fum: fumaric acid) based on bpdo and fum ligands with
different metal ions (Zn2+, Mn2+) have been synthesized. They
both have evident photochromic properties. Compound 1
displays white-light emission with an ultra-high color rendering
index (CRI) of 92.1. Interestingly, complex 1 can emit intrinsic
white light in the crystalline state upon UV irradiation both
before and after photochromism. Due to the synergy between
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the photochromic ligand and the Mn(II) ion, compound 2 also
exhibits photomagnetism.

2. RESULTS AND DISCUSSION
2.1. Crystal Structures of 1 and 2. From the results of

single-crystal X-ray diffraction (SXRD), compounds 1 and 2 are
isostructural and both crystallize in the triclinic crystal system,
space group P1̅ (Table S1). Each Zn2+ or Mn2+ is 6-fold
coordinated and connects two O atoms from two bpdo, two O
atoms from two fumaric acid carboxyl groups, and two O atoms
from two coordinating water molecules. They both present 2D-
layered structures (Figure 1) parallel to crystallographic planes
[100], composed of bpdo ligands and fumarate dianions that
behave as bis-monodentate spacers connecting Zn(H2O)2
(Figure 1a) and Mn(H2O)2 (Figure 1b) units, respectively,
the metals being located on a center of symmetry. The synthesis
methods of compounds 1 and 2 are provided in the Supporting
Information (for the details, see SI). The phase purity of
compounds 1 and 2 was confirmed by powder X-ray diffraction
(PXRD), infrared (IR) spectra, and thermogravimetric (TG)
(Figures S1−S6, for the details, see Supporting Information).
Therefore, their crystalline samples were directly used for tests
on photochromic, white-light emission, and photomagnetic
properties.
2.2. Photochromic Properties of 1 and 2. Before

irradiation, the fresh crystalline sample of 1 was pink. After
irradiation by the 210W (15 V × 14 A) Xe lamp for 1 and 5 min
under ambient conditions, the color gradually turned into
yellowish green (Figure 2a). At the same time, the bands of the
electronic absorption spectra of 1 between 400 and 1200 nm had
a gradual enhancement under irradiation (Figure 2b). In order
to rule out the cause of structural change, we performed PXRD
and IR tests before and after irradiation. As shown in Figures S1
and S2, there are no new peaks created and old peaks
disappeared, which precludes the possibility of photoisomeriza-
tion or photolysis. Furthermore, we tested EPR to explain the
color change and the increase in absorption bands. Before
irradiation, compound 1 had no radical signal. By contrast, the
irradiated sample 1 had a strong radical signal at g = 2.0037
(Figure 2c). Therefore, the change in color and the increase in
absorption bands of 1 could be attributed to the formation of
radicals generated by photoinduced electron transfer. In
addition, colored 1 can partially fade. It is difficult to fade to
the original state after placing in the dark for almost 2 months at

room temperature in air (Figure S7a) or after heat at 120 °C for
7 h (Figure S7b), which implies the presence of an ultra-long-
lived and stable charge-separated state.18

As for 2, the coordinate metal ion is Mn(II). After irradiation
by the 210W (15 V × 14 A) Xe lamp under ambient conditions,
the brightly red crystalline-state sample of 2 gradually turned
into dark red (Figure 2d). The PXRD (Figure S4) and IR
(Figure S5) experiments have shown that no significant crystal
structure change occurs in the irradiated sample, and thus, the
possibility of photolysis or photoisomerization can be excluded.
Similar to 1, the band of the electronic absorption spectra of 2
between 550 and 1200 nm had a gradual enhancement under
irradiation (Figure 2e). Therefore, the color change may be
caused by photoinduced electron transfer. To confirm this
further, solid-state X-band EPR continuous spectrum tests for
compound 2 were performed at room temperature. As shown in
Figure 2f, there is already a broad resonant absorption band
signal at g = 2.035 existing before irradiation, which is attributed

Figure 1. Perspective view of the 2D-layered structure in compounds 1 (a) and 2 (b) developing in the [100] plane.

Figure 2.Colors (a and d), electronic absorption spectra (b and e), and
EPR spectra (c and f) of 1 and 2 before and after irradiation in the
crystalline state, respectively.
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to the Mn2+ ions in the octahedral coordination geometry.19

After continuous light irradiation for 5min at room temperature,
the peak intensity decreases, probably due to the antiferro-
magnetic couplings between Mn2+ ions and the photogenerated
radicals. Thus, as for magnetic metal ions, a bpdo-based complex
could also perform the behavior of electron transfer photo-
chromism.

To investigate the mechanism of the photo-induced
generated radicals of compounds 1 and 2 and the process of
electron transfer in the crystalline state, density of states (DOS)
was calculated at the GGA/PBE level based on the SXRD data in
virtue of the CASTEP package.20 As for 1, the Γa state mainly
consisted of the bonding p orbitals of fumaric acid and oxygen
atoms of bpdo, the Γb and Γc states mainly consisted of the
bonding p orbitals of fumaric acid, while the component in the
Γd state was the antibonding pπ orbitals of bipyridyl of bpdo
(Figure 3a). As for 2, the components for the Γa, Γb, Γc, and Γd

states are similar to that of 1 (Figure 3b). That is, for both 1 and
2, the pathway of electron transfer is mainly from fumaric acid to
bipyridyl of bpdo. The oxygen atoms of bpdo acted as a fraction
of electron donors but mainly increased the electron-accepting
ability of bpdo.

2.3. White-Light Emission of {[Zn(bpdo)(fum)(H2O)2]}n
(1). The photoluminescence properties of 1 were researched in
the crystalline state. As illustrated in Figure 4a, the fresh sample
1 displays broad emission spectra, covering the whole visible
range from 400 to 800 nm upon irradiation with UV light (330−
370 nm) at room temperature. The intensities of the emission
bands peaked at 440 nm which can be tuned by the excitation
varying from 330 to 370 nm. The best excitation wavelength is
330 nm (Figure S8). When the excitation wavelength is 330 nm,
the peak values and full widths at half-maximum (FWHMs) are
440 and 144 nm, respectively. At this point, the Commission
Internationale de l’Eclairage (CIE) coordinates and an
appropriate correlated color temperature (CCT) for 1 are
(0.24, 0.25) and 26,230, respectively, suggesting the emission of
“cold” white light (Figure S9 and Table S2). Meanwhile, it has a
high corresponding CRI of 91.3 (Table S2). It is interesting to
note that sample 1 always emits white light at any excitation
wavelength from 330 to 370 nm, and their CRI values fall in the
range of 88−92 (Figures 4a,c, S9 and Table S2). As shown in
Figure 4b, when excited by a 365 nm UV lamp, the crystalline
sample 1 shows white light emission.

Under the same test conditions, especially the same slit size,
we tested the photoluminescence properties of the irradiated
crystalline sample of 1. Compared with that of the fresh sample,
its fluorescence emission situation has the following differences.
First, the fluorescence intensity decreased overall, either one of
the excitations varying from 330 to 370 nm (Figure 4c,d), which
could be attributed to photoinduced electron transfer. Second,
although they are still in the white light range, the CIEs have
shifted up (Figure S9 and Table S2). Third, both CCTs and
CRIs have declined (Table S2). It is worth emphasizing that
compound 1 exhibits photochromism only when exposed to a
high-power Xenon lamp. The luminescence color of compound
1 does not change under normal ultraviolet. Therefore, the white
light emission of fresh sample 1 can be used like other single-
component white light materials.

Figure 3. Total and partial DOS of 1 and 2 (a and b), respectively. The
Fermi level (EF) is set to zero by default.

Figure 4. (a) Solid-state photoluminescence spectra of sample 1 before photochromism excited at 330−370 nm. (b) Photographs of 1 in ambient light
and under 365 nm UV light. (c) Contradistinctive solid-state photoluminescence spectra excited at 330 nm of 1 before and after photochromism, and
bpdo, respectively. (d) Solid-state photoluminescence spectra of 1 after photochromism excited at 330−370 nm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04892
ACS Omega 2023, 8, 34017−34021

34019

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04892/suppl_file/ao3c04892_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04892/suppl_file/ao3c04892_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04892/suppl_file/ao3c04892_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04892/suppl_file/ao3c04892_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04892/suppl_file/ao3c04892_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04892/suppl_file/ao3c04892_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04892?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To study the mechanism of the dual emission of 1, the decay
curves were recorded and the average decay lifetime was
determined to be 3.80 ns at 440 nm and 4.91 ns at 540 nm before
photochromism (Figures 4a, S10a,b), to be 2.33 ns at 440 nm
and 4.95 ns at 540 nm for after photochromism (Figures 4d,
S10c,d), respectively, implying that are all fluorescent emission,
but the emission peak at 440 nm and shoulder peak at 540 nm
come from two distinct origins. As shown in Figure 4c, when
excited at 330 nm, the ligand bpdo has an emission peak at 463
nm. Thus, the emission peak at 440 nm can be assigned to
ligand-centered emission. Compared with free ligand bpdo, the
new shoulder peak at 540 nm in compound 1 can be ascribed to
the excited state of the ligand-to-metal charge transfer
(LMCT).21

2.4. Photomagnetic Effect of {[Mn(bpdo)(fum)-
(H2O)2]}n (2). Room-temperature photochromic and photo-
magnetic bifunctional materials have captured widespread
attention for practical applications. However, due to the
difficulty in synthesis, only a few photochromic and photo-
magnetic bifunctional compounds have been reported.19,22,23

We aimed to search newmultifunctional systems exhibiting both
photochromic and photomagnetic properties by using the
reported three-in-one synthetic strategy,19 with paramagnetic
metal ions (Mn2+) as spin carriers, bpdo ligands as photo-
responsive components, and fumaric acid (fum) as mixed
pathways for extended superexchange. Thus, a Mn(II)
coordination polymer of formula [Mn(bpdo)(fum)(H2O)2]n
(2) was synthesized to research the photomagnetic properties.

In order to investigate the photomagnetic effect of compound
2, the magnetic studies before and after irradiation by the Xe
lamp at room temperature are performed using the powdered
crystalline sample. The magnetic susceptibilities of 2 were
measured in the 2−300 K temperature range under 1000Oe and
are shown as χMT versus T plots in Figure 5. Before irradiation,

the value of χMT at 300 K is 4.68 cm3 mol−1·K, close to the spin-
only value (4.38 cm3 mol−1 K) for one magnetically isolated
high-spin Mn(II) ions (S = 5/2).19,24 On cooling, the χMT value
first remained essentially constant in the temperature range of
300 to 50 K, then decreased rapidly and reached 1.49 cm3 mol−1

K, showing dominant antiferromagnetic behaviors of Mn(II)
ion. After illumination by Xe lamp in the air for 5 min, the χMT
value at 300 K is 4.33 cm3 mol−1·K, fell by 7.5%. According to the
electronic absorption spectra, EPR spectra, and DOS, photo-
generated radicals in 2 are produced from the electron-rich fum
units and transferred to the electron-deficient bpdo ligands,
showing a metal-assisted ligand-to-ligand electron transfer
process. Thus, the falling of χMT at 300 K for 2 after coloration

may be attributed to the stronger antiferromagnetic interaction
between the photo-generated radicals and the Mn(II) ion.19

3. CONCLUSIONS
In summary, two new multifunctional photochromic 2D
crystalline coordination polymers based on photoactive 4,4′-
bipyridine-N,N′-dioxide (bpdo) ligands with different metal
ions (Zn2+, Mn2+) were synthesized. Compound 1 displays
photochromism and single-component white-light emission
with an ultra-high CRI of 92.1. Compound 2 shows detectable
photochromic behavior and exhibits obvious photomagnetism
due to the stronger antiferromagnetic interaction between the
photogenerated radicals and the Mn(II) ion. Given the
coordination versatility of photochromic molecule bpdo, we
believe this work provides an effective pathway way to achieve
multifunctional photoactive coordination polymers by incorpo-
rating bpdo units.

4. EXPERIMENTAL SECTION
4.1. Materials. All chemicals were purchased commercially

and used without further treatment except bpdo. Bpdo was
prepared according to the reported method.15

4.2. Synthesis of {[Zn(bpdo)(fum)(H2O)2]}n (1). 4,4′-
Bipyridine-N,N′-dioxide (bpdo, 0.1 mmol, 20 mg) and fumaric
acid (fum, 0.1 mmol, 11 mg) dissolved in the mixture of 1 mL
distilled water, 3 mL anhydrous ethanol, and 3 mL DMF, then
got solution A. ZnSO4·7H2O (0.094 mmol, 27 mg) dissolved in
2 mL distilled water, then got solution B. And then, solution B
slowly drops into solution A. Their mixture reacted at 90 °C in a
10 mL sealed glass vial for 24 h. The block pink crystals of
compound 1 were obtained after filtration. The yield was 58%,
based on bpdo. The purity of sample 1 can be identified by
PXRD (Figure S1), IR data (Figure S2), and elemental analyses.
Calcd (%) for 1: C, 41.66; N, 6.94; H, 3.50; found (%): C, 41.51;
N, 6.86; H, 3.42. In addition, the crystals of 1 can remain stable
till about 185 °C (Figure S3).
4.3. Synthesis of {[Mn(bpdo)(fum)(H2O)2]}n (2). Com-

pound 2 was prepared using the same synthetic procedure of 1
but fromMnCl2 (0.094mmol, 12 mg). The crystals obtained are
bright red blocks. The yield was 51%, based on bpdo. The purity
of sample 2 can be identified by PXRD (Figure S4), IR data
(Figure S5), and elemental analyses. Cal. (%) for 2: C, 42.76; N,
7.12; H, 3.59; found (%): C, 42.77; N, 7.15; H, 3.49. In addition,
the crystals of 2 can remain stable till about 200 °C (Figure S6).
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