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a b s t r a c t

Tuning white-light emission via free radicals is still a challenge in molecular-based functional materials.

Herein, a new photoactive Zn2+ oxalate-based chain containing a polypyridine ligand was designed and

synthesized with remarkably bifunctional photochromism and photo-actuated greenish white-light emis-

sion after UV, sunlight or Xe lamp light irradiation at room temperature. The photo-actuated coloration

process was induced by the photogeneration of stable radicals originated from intermolecular electron

transfers from oxalate components to the protonated polypyridine units, as demonstrated by UV–vis, IR,

electron spin resonance and X-ray photoelectron spectra and magnetic measurements. Importantly, the

on/off greenish white light emission (WLE) could be reversibly switched by generation and elimination

of radicals via light irradiation and heat treatment, providing a feasible strategy for designing photo-

switchable light emission diodes materials.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Molecule-based materials with external stimuli-responsive ac-

tuation, such as light, temperature, humidity and pressure, have

attracted much attention and hold a great promise among vari-

ous practical applications in the field of functional materials [1–

12]. Especially, electron transfer photochromic architectures, with

bistable states of different color and electronic forms, have been

universally utilized in chemical switches, memories, molecular

sensors and anti-counterfeiting devices [13–21]. Via incorporation

of electron donor/acceptor ligands and metal ions, hybrid elec-

tron transfer photochromic complexes could be efficiently synthe-

sized showing both the merits of organic and inorganic compo-

nents [22–27]. In recent years, multiple properties including non-

linear optical properties, semiconductors, single molecular mag-

nets, room temperature phosphorescence and proton conductivi-

ties have been achieved in this kind of photochromic complexes

[28–36]. However, it is still a challenge for the combination of this

photochromism with photoluminescence, in particular white light

emission (WLE) simultaneously, due to the fact that typically pho-

togenerated radicals just decreased the emission intensities of pho-

toluminescence [37]. Photochromic materials possessing WLE per-

formance may display fascinating application features in displays,

optical switches and other optical devices [38–41].

In general, the WLE devices could be fabricated by the combi-

nation of the different emissions from separate chromophores or
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multiple components [42–46]. The problem lies that the distinct

decay speeds of the respective phosphors could induce the grad-

ual changes of emissions during practical application. Another ef-

fective method to produce WLE is directly synthesizing a single-

component structure, doping different halide/lanthanide ions or

encapsulating specific organic dyes into the metal-organic com-

plexes [47–52]. In addition, the WLE of the single-component ma-

terials could be achieved via the alternation of temperature or ex-

citation band [53–56], but it suffers from inconvenience to control

the operating temperature or modulate different lasers. By con-

trast, utilizing room temperature single light irradiation to realize

the WLE offers a promising route for the preparation of emitting

solids and would probably simplify the fabrication procedure for

the device application.

In this regard, the electron transfer photochromic materials

with tunable photoluminescence may provide an opportunity to

obtain WLE solids excited by a single light source under ambi-

ent conditions. In our previous work, a 1,3,5-tris(4-pyridyl)benzene

(TPB) ligand was utilized to construct an electron transfer pho-

tochromic complex with tunable fluorescence/phosphorescence

dual-emission [57]. This pyridine-derived molecule could be ca-

pable of an alternative component for the construction of pho-

tochromic complexes with WLE benefitting from the following as-

pects: (1) Free radicals could be simultaneously photogenerated in

the protonating TPB ligands and further tuning photo responsive

coloration as well as luminescence performance; (2) The photo-

generated radicals could be alternatively stabilized by intermolec-
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Fig. 1. Crystal structure of 1. (a) The asymmetric unit; (b) The zinc oxolate chain;

(c) H-bonding interactions between chelated oxalates and isolated TPB ligands; (d)

Three-dimensional supramolecular structure. Atom legend: Zn, turquoise; N, blue;

O, red; C, gray −40%. Polyhedral legend: [ZnO6], light blue. Water molecules and

part H atoms are omitted for clarity.

ular stacking interactions and quenched by heat treatment, enrich-

ing and improving the reversibly photochromic performance of the

constructed materials; (3) The fluorescence/phosphorescence dual-

emission property of this ligand offers a capacity for tuning WLE

during coloration. Considering the above thoughts, introducing the

electron-deficient TPB ligand with luminescence and phosphores-

cence dual-emission to the photochromic architectures could prob-

ably result in single-component WLE through the alternation of

two emission bands in the presence of photogenerated radicals.

In this work, via self-assembly of TPB ligand, oxalic acid

and ZnSO4·7H2O, a new photochromic complex [Zn(C2O4)2]·(H2-

TPB)·H2O (1) showing an infinite chain was synthesized with inter-

esting photoactive phenomenon. After Xe-lamp illumination, this

compound underwent reversible photochromic behavior accompa-

nied with the crystal color changed from claybank to charcoal

gray, giving rise to the totally colored samples 1a. The in-depth

measured UV–vis, photoluminescent emission, electron spin res-

onance (ESR) and X-ray photoelectron spectra (XPS) and variable

temperature magnetic measurements demonstrated that photogen-

erated radicals appeared with a ligand-to-ligand electron transfer

from oxalate donors to TPB acceptors. Moreover, the greenish WLE

could be readily achieved with 270nm excitation via tuning the

fluorescence/phosphorescence dual-emission behavior during pho-

tochromism. Interestingly, the emission color between blue and

greenish white could be reversibly switched by generation and re-

moval of radicals via light irradiation and heat treatment, provid-

ing a strategy for designing photoswitchable light emission diodes

materials via electron transfer photochromism.

Complex 1 crystallizes in the triclinic Pı̄ space group and dis-

plays an infinite chain structure (Table S1 in Supporting informa-

tion). The asymmetric unit contains one Zn2+, two C2O4
2−, one

protonated H2-TPB
2+ and one lattice water molecule (Fig. 1a). As

shown in Fig. 1b, the Zn2+ center is connected with three dis-

crete oxalates, with one of the oxalate anions chelating to the

metal ion and the other two chelating/bridging two adjacent Zn2+

atoms, forming a one-dimensional chain along the a axis. The

lengths of Zn−O bonds lengths are measured to be in the range

of 2.064(2)−2.118(3) Å, with the O−Zn−O angels ranging from

78.32(10)° to 169.78(9)° (Table S2 in Supporting information). A

continuous shape measurement indicates that the [ZnO6] configu-

ration is in a distorted octahedron (CShM=1.504, Table S3 in Sup-

porting information). It is worth noting that H-bonding interac-

tions are formed between chelated oxalate O atoms and H atoms

Fig. 2. (a) Photochromism of powder samples for compound 1. (b) Time-dependent

UV–vis spectra of 1. Insert: Photochromism of crystal samples. (c) Solid state ESR

spectra of 1 and 1a under ambient conditions. (d) Temperature-dependent suscep-

tibilities for 1a under a dc field of 1000Oe.

of TPB ligands, with the corresponding distances being within

1.837(1)−2.011(1) Å (Fig. 1c and Table S4 in Supporting infor-

mation). The H-bonding interactions are beneficial for the elec-

tron transfer photochromic behavior for 1. In this complex, neigh-

boring chains are further connected by H-bonds with TPB an-

ions and dissociative water molecules to form a three-dimensional

supramolecular structure (Fig. 1d).

The stability of the compound 1 was firstly tested by thermo-

gravimetric analysis (TGA). As shown in Fig. S1 (Supporting in-

formation), in the low temperature regions, there are three obvi-

ous weight loss steps in 30−150 °C, 215−240 °C and 265−295 °C
(exp.: 2.70%, 9.02% and 26.95%, respectively), corresponding to the

loss of one crystal water, one CO2 molecule and the decomposi-

tion of oxalate ligands. As the temperature rises above 320 °C, the
curve drops sharply, which is due to the decomposition of TPB lig-

ands. Experimental powder X-ray diffraction (PXRD) of compound

1 was also performed before photochromism, and the curve in ac-

cordance with the simulated one from SCXRD data confirms the

purity of the polycrystalline samples (Fig. S2 in Supporting infor-

mation).

The photochromic behavior of 1 is performed with light ir-

radiation at room temperature. Markedly, once being exposed to

Xenon lamp (320−780nm, 300W), solid 1 presents an obvious

color change from claybank to brown in just a few seconds and

finally becomes dark blue over time (Fig. 2a). In addition, the sin-

gle crystal color can also display the similar phenomenon during

illumination (Fig. 2b, insert). Besides, this photochromism can also

be induced by sunlight or UV light, showing a high sensitivity

and a wide wavelength of light response. The decoloration process

could be realized via putting the samples in the dark for 7 days or

heating for 10 h. To explore its photochromic behavior, the time-

dependent solid-state ultraviolet-visible (UV–vis) spectra of com-

pound 1 are measured during light irradiation by Xenon lamp. As

shown in Fig. 2b, two new absorption peaks centered at 560nm

and 735nm appear and get stronger with the duration of light

irradiation, implying the generation of TPB• radicals. After decol-

oration, these characteristic peaks almost disappear and the sam-

ple returns to its initial state again, showing a reversible photoac-

tivity of 1. The unchanged crystal data, PXRD and IR spectra be-

fore and after light irradiation (Table S2, Figs. S2 and S3 in Sup-

porting information) also exclude the photoinduced photolysis or

isomerization, suggesting an electron transfer process in this pho-

tochromism.
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Additionally, to confirm the photogenerated radicals, the elec-

tron spin resonance (ESR) spectra before and after irradiation have

been studied at solid state with a frequency of 9.84GHz. As de-

picted in Fig. 2c, a clearly sharp signal at g=2.003 appears for 1a,

demonstrating the photogeneration of TPB• radicals, which is con-

sistent with the changes of the above UV–vis spectra. The small

peak of radical signal before irradiation also suggests a high sensi-

tivity to light for 1. Furthermore, temperature-dependent suscepti-

bilities for 1a are measured between 300K and 2K under a direct

current (dc) field of 1000Oe (Fig. 2d). The χT value is 0.24 cm3

K/mol at 300K, suggesting the generation of relatively stable rad-

icals. Then the χT values linearly decrease to nearly zero at 2K,

showing the temperature independent paramagnetism for the free

radicals in 1a.

XPS measurements were performed to provide deeper insight

into the photochromic mechanism and electron transfer pathway.

Compared with the spectrum before irradiation, the core-level

spectrum of Zn2+ 2p shows negligible changes after irradiation, in-

dicating that Zn centers do not contribute to photochromism and

maintain its +2-valence state in the photodecomposition process

(Fig. S4 in Supporting information). However, the positions of the

major peaks in the C, O and N core-level spectra exhibit discernible

variations before and after irradiation (Figs. S5−S7 in Support-

ing information). For C 1s, the fitted binding energies move from

284.67 and 285.97 eV to 284.80 and 287.03 eV after coloration.

Also, the fitted O 1s peaks at 531.27 and 529.97 eV shift to 531.65

and 530.25 eV with higher binding energies after irradiation, sug-

gesting C and O atoms in oxalate units lose electrons during irra-

diation and may be decarboxylated after light irradiation. Mean-

while, the N 1s peaks at 398.97 and 400.95 eV shift to lower bind-

ing energies of 398.85 and 400.75 eV after irradiation, indicating N

atoms in TPB ligands accept electrons, and consistent with other

reported electron transfer photochromic materials [58]. The above

XPS analyses indicate that the photochromism of 1 originated from

the photogeneration of radicals should be caused by electron trans-

fer process from electron-rich oxalate units to electron-deficient

TPB components.

For further exploring the light-induced coloration process, in-

situ time-dependent photoluminescent (PL) emission spectra for

1 are also studied at ambient conditions. The photoluminescent

emission spectrum of the TPB ligand has been confirmed in our

previous work [57], accompanied with the fluorescence and phos-

phorescence properties. For compound 1, a sharp emission peak

centered at 380nm appears after the powder samples are ex-

cited by 270nm light, which should be ascribed to the TPB lig-

ands (Fig. 3 and Fig. S8 in Supporting information). The lifetime

of this fluorescence is fitted as 1.25ns (Fig. S9 in Supporting in-

formation). As the illumination time increases, the peak inten-

sity clearly decreases, indicating the TPB radical analogs gradu-

ally generate and induce the fluorescence quenching. Interestingly,

a broad peak centered at 550nm appears and becomes stronger

in intensity upon irradiation, indicating the enhanced RTP behav-

ior. This phosphorescence phenomenon is confirmed by the life-

time (26.51ms) of delayed PL spectra of 1 excited at 270nm (Fig.

S10 in Supporting information), as demonstrated in our previous

work [57]. This anomaly should be due to the increased radical

absorption band and the delocalization of photogenerated radi-

cals in the π-conjugated TPB ligands, which further induces vari-

ations in the torsion angles and intermolecular C−H···π stacking

interactions in TPB ligands (Fig. S11 in Supporting information)

[58,59]. After decoloration, the intensity of fluorescence and phos-

phorescence returns to the initial state (Fig. S8), indicating that the

photochromism and photoluminescence of compound 1 is switch-

able and reversible under ambient conditions. Meanwhile, the re-

versibility and fatigue resistivity could be further confirmed by in-

situ fluorescence spectra via alternative light irradiation and heat

Fig. 3. Time-dependent photoluminescent spectra of 1. Insert: Photo-excited im-

ages under 270nm irradiation during reversible photochromism; Chromaticity co-

ordinates of 1 at different irradiation time (λex =270nm, 150W; CIE= (0.20, 0.16)

for 0min, (0.21, 0.19) for 2min, (0.22, 0.21) for 5min, (0.23, 0.23) for 10min, (0.24,

0.26) for 30min, (0.25, 0.29) for 60min, (0.26, 0.31) for 120min, (0.27, 0.33) for

180min).

Fig. 4. (a) Photos of commercial 270nm UV LED in light-off and light-on states.

Photos of commercial 270nm UV LED covered by thin layer of (b) sample 1, (c) 1a

and (d) after decoloration in light-off and light-on states.

treatment, and the coloration/decoloration process for 1 could be

cycled at least fifteen times (Fig. S12 in Supporting information).

It can be seen from Fig. S8 that the fluorescence intensity at

380nm drops dramatically by 83.92% when exposing the sam-

ples to 270nm light for 3h, while the phosphorescence intensity

at 550nm increases by 211.02% of the initial value. Interestingly,

accompanied with the reversible photochromism between clay-

bank and dark blue, the photoluminescence emission color can be

changed from blue to white with the duration of light irradiation.

The luminescence colors could be quantified by the CIE coordinates

based on the 1931 CIE chromaticity diagram [60], with the (x, y)

values being (0.20, 0.16) and (0.27, 0.33) before and after irradia-

tion, respectively (Fig. 3 and Fig. S8). Notably, the value after col-

oration is close to the pure white light (0.33, 0.33). The photolumi-

nescent intensity changes lead to the transition from blue light to

greenish white light emission of compound 1. For the first time,

the reversibly controlled WLE behavior via tunable luminescent

and phosphorescent dual emission induced by continuous single

light irradiation is achieved in the electron transfer photochromic

materials.

As is well known, the white light emitting diodes (WLEDs)

possess broad application prospects and great commercial values

in the solid-state lighting and displaying field. The photochromic

and WLEDs phenomenon mentioned above enlighten us to explore

practical applications for compound 1. The photos of commercial

270nm UV LED in light-off and light-on states are firstly shown in

Fig. 4a. Then the claybank thin layer made from the mixed pow-

der sample of 1 and transparent resins are coated on the surface

of a commercial 270nm UV LED (Fig. 4b and Fig. S13). When the
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LED turns on, the sample emits a blue light. After coloration for 1a,

the fabricated LED shows a bright WLE in the light-on state with

the color of thin layer being changed to charcoal gray (Fig. 4c). Af-

ter decoloration, the color of layer itself and photoluminescence

relax back to claybank and blue respectively (Fig. 4d). As men-

tioned above, compound 1 can maintain coloration/decoloration

process for at least 15 times, suggesting this photochromic com-

pound could be regarded as promising phosphor materials for

practical lighting applications.

In conclusion, a zinc oxalate-based chain complex with pho-

tochromism, photo-enhanced RTP and photo-controlled WLE prop-

erties was synthesized under the assembly of a fluorescence and

phosphorescence dual emission TPB ligand. The compound under-

goes the electron transfer process from oxalate groups to TPB lig-

ands upon light irradiation, which is confirmed by UV–vis, ESR,

IR, XPS spectra and magnetic analysis. Meanwhile, the photogen-

erated radicals could lead to the changes in electronic and crystal

structures of the title compound, leading to the enhanced RTP be-

havior. The reversible photoluminescence between blue and green-

ish white light emission was innovatively achieved in this pho-

tochromic zinc oxalate chain system by generation and removal

of radicals using external stimuli. This study could serve as a rep-

resentative architecture for rational design of novel photochromic

materials with photoswitchable WLE, opening a new way for de-

veloping stimuli-switchable white light-emitting diodes.
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