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Recent research has demonstrated the effective synthesis of photochromic coordination compounds via

the assembly of nonphotochromic ligands (electronic donors and acceptors) and a metal center (joint

points). To enrich this system, the metal center could be expanded to binuclear or multinuclear, but

related studies are rare. Two new photochromic coordination compounds with different metal joint dots

were obtained using expanded metal centers. In this work, [Zn2(Bpy)1.5(CTA)4$2H2O] (1, CTA ¼ crotonic

acid, Bpy ¼ 4,40-bipyridine) and [Zn2(Bpy)(CTA)4] (2) were synthesized under different pH conditions.

Compound 1 features a 1-D chain structure with 4,40-bipyridine coordinating to mono zinc ions and

binuclear Zn units simultaneously. Compound 2 also features a 1-D chain structure, where only the

binuclear Zn is bridged by the 4,40-bipyridine. This work will help to obtain new and promising

photochromic compounds with different multinuclear metal centers and high performance.
Introduction

Electron transfer (ET) photochromic materials have attracted
great attention due to their increasing applications, such as
catalysis and optic, electric, and magnetic switches.1,2 In past
decades, much effort has been concentrated on the traditional
families of ET photochromic compounds, such as viologens and
polyoxometalates of group VIB metals, due to their merits.3,4 In
recent years, a new class of ET photochromic compounds has
been composed of non-photochromic ligands and metal ions
through coordination.5,6 These includemetal–organic compounds
(MOCs), with various functional materials based on MOCs having
been produced with electronic,7 magnetic,8 and nonlinear optical9

characters. Therefore, exploring this type of photochromic species
based on MOCs is valuable, and may offer new opportunities to
enrich the system and obtain promising photochromic materials.

Few examples of photochromic compounds with non-
photochromic ligands have been reported. Their structures
usually comprisemetal ions and carboxylate groups connected by
a coordinated conjugated ligand. Studies have reported the use of
conjugated ligands, such as 4,40-bipy, trigonal 3-connector 2,4,6-
tris(4-pyridyl)-1,3,5-triazine, 4,40-bis(1-imidazolyl)-biphen, 1,3-
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di(4-pyridyl)propane, as electron acceptors, carboxylate as the
electron donor,10–12 and electron transfer from the carboxylate to
the conjugated ligand via through-bond and through-space
paths.13 The corresponding radicals could be trapped at room
temperature in a photochromic (conjugated ligand–metal–
carboxylate) system by photoexcitation.14 Therefore, these
compounds can be synthesized largely via ligand design for
photochromic studies and applications. Furthermore, the inu-
ence of different metal ions on photosensitivity has been
discovered by the Zhang group,15 whereas photosensitivity is
seldom tuned through designing the metal centers in a dinuclear
or trinuclear form. Works related to this have so far not been
published.

As part of our research into the construction of solid
photochromic materials via non-photochromic ligand design,16

we investigated this type of photochromic compounds using
multi-metal joint points. We obtained two new Zn(II) coordi-
nation compounds, [Zn2(Bpy)1.5(CTA)4$2H2O] (1, CTA ¼ cro-
tonic acid, Bpy ¼ 4,40-bipyridine) and [Zn2(Bpy)(CTA)4] (2).
These were synthesized in different pH environments and were
sensitive to UV light. Controlling the environments is a useful
approach to building various fascinating multimetal clusters17

as the joint point of different photochromic compounds. Here,
their synthetic crystal structure, and photochromic and photo-
luminescence properties, are presented.
Experimental section
Materials and instruments

Analytical reagent grade 3Zn(OH)2$2ZnCO3, crotonic acid,
acetonitrile, and 4,40-bipy were purchased from commercial
RSC Adv., 2017, 7, 34901–34906 | 34901
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Table 1 Crystal data and structural refinements for compounds 1 and
2

Complex 1 2
Empirical formula C31H36N3O10Zn2 C26H28N2O8Zn2

Mr (g mol�1) 741.37 627.28
Crystal system Triclinic Triclinic
Space group P�1 P�1
a (Å) 7.7660(3) 7.8730(4)
b (Å) 11.3054(5) 9.2372(5)
c (Å) 19.0411(7) 9.9610(5)
a (�) 99.745(3) 72.004(5)
b (�) 91.795(3) 76.996(4)
g (�) 91.783(3) 76.160(4)
V (Å3) 1645.72(11) 659.95(6)
Z 2 2
Dc/g cm�3 1.496 1.578
m/mm�1 1.517 1.869
F(000) 766 322
Reections collected 15 047 6107
Unique reections 7997 3260
GOF 1.032 1.020
R1

a [I > 2s(I)] 0.0361 0.0434
wR2

b (all data) 0.1832 0.1167
CCDC no. 1542261 1542260

a R1 ¼
P

(Fo � Fc)/
P

Fo.
b wR2 ¼ [

P
w(Fo

2 � Fc
2)2/

P
w(Fo

2)2]1/2.
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sources. Water was deionized and distilled before use.
Elemental analyses for C, H, and N were measured on an Ele-
mentar Vario EL III microanalyzer. A PLSSXE300C 300 W xenon
lamp system equipped with an IR lter was used to prepare
colored samples for UV-visible (UV-Vis), powder X-ray diffrac-
tion (PXRD), and electron spin resonance (ESR) studies, with
a distance between the samples and the xenon lamp of around
40 cm. UV-visible spectra were recorded using a PerkinElmer
Lambda 900 UV/Vis/near-IR spectrophotometer equipped with
an integrating sphere in the wavelength range 200–1000 nm.
BaSO4 plates were used as a reference (100% reection), on
which the sample was coated as a nely ground powder. PXRD
patterns were collected with a Rigaku MiniFlex II diffractometer
powered at 30 kV and 15 mA for Cu-Ka radiation (l¼ 1.54056 Å)
in the range 5–50� at room temperature. Simulated PXRD
patterns were achieved using Mercury Version 1.4 soware
(http://www.ccdc.cam.ac.uk/products/mercury/) and reported
single-crystal X-ray diffraction data. Thermogravimetric analysis
(TGA) experiments were performed on an NETZSCH STA 449F3
Jupiter thermogravimetric analyzer under N2 with the sample
heated in an Al2O3 crucible at a rate of 15 K min�1. ESR spectra
were recorded at the X-band frequency (9.867 GHz) on a Bruker
ELEXSYS E500 spectrometer. In situ photoluminescence (PL)
determination was conducted on a single-grating Edinburgh
FL920 uorescence spectrometer equipped with a 450 W Xe
lamp and a R928P PMT detector.

Synthesis of compounds

[Zn2(Bpy)1.5(CTA)4$2H2O] (1). A mixture of 4,40-bipy
(0.2 mmol), CTA (0.8 mmol), 3Zn(OH)2$2ZnCO3 (0.1 mmol), and
H2O (4.5 mL) (pH z 6.2) was sealed in a poly(tetrauoro-
ethylene)-lined stainless steel container under autogenous
pressure, heated to 100 �C for 3 days, and then allowed to cool to
room temperature. Colorless block-shaped crystals suitable for
X-ray analysis were obtained. Yield: 50% (based on Zn) for 1,
anal. calcd for C31H36N3O10Zn2: C, 50.20; H, 4.89; N, 5.66%.
Found: C, 50.00; H, 4.84; N, 5.41%.

[Zn2(Bpy)(CTA)4] (2). A mixture of 4,40-bipy (0.2 mmol), CTA
(0.8 mmol), 3Zn(OH)2$2ZnCO3 (0.1 mmol), H2O (1.5 mL), and
CH3CN (3 mL) (pH z 5.8) was sealed in a poly(tetrauoro-
ethylene)-lined stainless steel container under autogenous
pressure, heated to 100 �C for 3 days, and then allowed to cool to
room temperature. Colorless block-shaped crystals suitable for
X-ray analysis were obtained. Yield: 80% (based on Zn) for 2,
anal. calcd for C26H28N2O8Zn2: C, 49.78; H, 4.49; N, 4.46%.
Found: C, 49.44; H, 4.47; N, 4.48%.

Crystal structure determination

Single-crystal X-ray diffraction measurements of 1 and 2 were
performed on a Rigaku Pilatus CCD, which was all equipped
with Mo Ka radiation (l ¼ 0.71073 Å), using the u-scan tech-
nique to collect intensity data sets. Primitive structures were
solved using direct methods and reduced using CrystalClear
soware.18 All hydrogen atoms were obtained by Fourier
synthesis and using a full-matrix least-squares renement on F2

to obtain the nal structure. All non-hydrogen atoms used
34902 | RSC Adv., 2017, 7, 34901–34906
anisotropic renement and hydrogen atoms were generated on
C and N atoms using the theory of hydrogenation method and
rened using the O–H distance restrained to a target value of
0.85 Å, the H/H distance restrained to 1.34 Å, and Uiso(H) ¼
1.5Ueq(O). All calculations were performed using the Siemens
SHELXTL version 5 crystallographic soware package.19 Rele-
vant crystal data, structural renement results, and selected
bond distances and angles for 1 and 2 are listed in Tables 1 and
S1,† respectively.

Entries CCDC-1542261 and CCDC-1542260 contain supple-
mentary crystallographic data for 1 and 2.†
Results and discussion
Crystal structure and characterization

Compounds 1 and 2 were crystallized in the triclinic P�1 space
group, as identied using single-crystal and powder XRD tech-
niques (Fig. S1†). The thermogravimetric analysis (TGA) curves
(Fig. S2†) showed that 1 had a weight loss of 4.40% in the
temperature range 30–120 �C, corresponding to the loss of two
free water molecules (calcd, 4.85%). Continued heating led to
decomposition of the framework at �172 �C. TGA data for 2
showed a stable platform in the temperature range 30–230 �C,
while continuous heating led to the breakdown of the
framework.
Crystal structure

For 1, there were two crystallographically independent Zn(II)
centers, one and a half 4,40-bipy ligands, four CTA ligands and
two free water molecules in the asymmetric unit (Fig. 1a). One
Zn atom (Zn1) was four-coordinate with two nitrogen atoms
(Zn1–N, 2.0527–2.0763 Å) from two 4,40-bipy ligands and two
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Structure of compound 1: (a) asymmetric unit; symmetry
codes: ① �1 � x, 1 � y, �z; ② 1 � x, 3 � y, 1 � z. (b) View of 1-D
trapezoidal chain structure along b axis; and (c) 3-D packing structure.
Hydrogen bonds ((d), green dashed line) and p/p stacking interaction
((e), pink dashed line) are shown.

Fig. 2 Structure of compound 2: (a) asymmetric unit; symmetry
codes: ① 1 � x, 2 � y, �z; ② 2 � x, 2 � y, 1 � z. (b) 1-D linear chain
structure along a axis; (c) packing structure viewed along b axis; and (d)
p/p stacking interaction between a pyridinium ring and the CTA
double bond.
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oxygen atoms (Zn1–O, 1.9292–1.9756 Å) from two CTA ligands,
while the Zn2 atom had a rectangular pyramidal coordination
sphere, with four oxygen atoms from four CTA ligands (Zn2–O,
2.0191–2.1162 Å) and one nitrogen atom (Zn2–N, 2.0402 Å) from
one 4,40-bipy ligand. Two Zn2 atoms were bridged by carbox-
ylate groups to form binuclear Zn units with a neighboring Zn/
Zn separation of 2.9308(5) Å. The 4,40-bipy ligands were alter-
nately connected with the binuclear Zn units and Zn1 ion. Stair-
like 1D chain structures were formed along b axis in 1 (Fig. 1b).
The center-to-center distance between the nearest pyridinium
ring and double bond of CTA was 3.5230(1) Å and the angle
between the pyridinium plane and CTA plane was 11.91(15)�

(Fig. 1e). Accordingly, p/p stacking interactions between the
pyridinium ring and CTA were not overlooked. As shown in
Fig. 1c, the distance between two different adjacent chains
(green and orange chains) was about 4.0034(59) Å (O1/C5, O1
in the green chain, C5 in the orange chain). Consequently, they
were connected by water molecules through O(1w)–H(36A)/
O(1), O(1w)–H(36B)/O(7), O(2w)–H(37A)/O(4), and O(2w)–
H(37B)/O(1w). The hydrogen bond distances and angles20 are
summarized in Table 2. Chains connected via p/p interac-
tions21–23 were further linked though hydrogen bonding inter-
actions with water molecules, leading to a 3D supramolecular
structure (Fig. 1c).

Only one crystallographically independent Zn(II) center
(Fig. 2a) existed, with two CTA ligands and one 4,40-bipy ligand
in an asymmetric unit of compound 2. Each Zn(II) center was
coordinated by one nitrogen atom (Zn–N, 2.0389) from the 4,40-
bipy ligand and four oxygen atoms (Zn–O, 2.0335–2.0708) from
four different CTA ligands. Every two Zn atoms were bridged by
carboxylate groups to form a classic dinuclear unit with
a neighboring Zn/Zn separation of 2.8996(1) Å (Fig. 2a). These
Table 2 Hydrogen bond distances (Å) and angles (�) in compound 1

Hydrogen bond Distance (Å) Hydrogen bonds Angles (�)

O4–H37A 2.06(24) H36A–O1W/H37B 130.63(1861)
O1W–H37B 2.06(33) H36B–O1W/H37B 119.96(1074)
O7–H37B 2.18(156) H37B–O2W–H37A 109.50(383)
O1–H36A 2.11(314) H36A–O1W–H36B 108.41(3467)

This journal is © The Royal Society of Chemistry 2017
classic dinuclear units were further linked to a 4,40-bipy ligand,
forming a 1-D –[Zn2(CTA)4-Bpy-Zn2(CTA)4]n– linear chain
structure along the a axis (Fig. 2b). In compound 2, 4,40-bipy
ligands act as screws to connect units. The nearest distance of
two neighboring chains (C3/C14) was about 3.3239(36) Å, and
the center-to-center p/p distance (pink dashed line shown in
Fig. 2d) between the pyridinium ring and CTA double bond was
3.3624(2) Å, with these two planes forming an angle of 6.20(4)�

(Fig. 2d). Structural analysis of 2 revealed the presence of ap/p

stacking interaction between the pyridinium ring in 4,40-bipy
and the double bond in CTA from different chains. Finally,
these chains formed a 3-D crystal structure along the b axis
(Fig. 2c).

As we proposed previously, the coordination assembly of one
conjugated ligand (as an electron acceptor), one ligand with
groups containing lone pairs of electrons (as an electron donor),
and a metal center could obtain photochromic compounds.24

Compounds 1 and 2 were not exceptions, showing electron
transfer behavior under photoirradiation.

Photochromic properties

As shown in Fig. 3, bulk colorless crystals of 1 turned light
purple aer irradiation with a 300 W Xe lamp under ambient
conditions. The photoresponse range was �330–370 nm for 1,
with an optimal wavelength of about 340 nm. The UV-Vis
absorption spectrum showed that two new broad absorption
Fig. 3 Photochromism of 1 (top) and 2 (bottom).

RSC Adv., 2017, 7, 34901–34906 | 34903
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bands centered at �385 and 562 nm emerged and gradually
grew larger with increasing irradiation time (Fig. 4). ESR indi-
cated that a symmetric single-line radical signal with a g value of
2.0038 emerged (Fig. 5) during the photochromic process,
which was very close to that of a free electron (2.0023). This
demonstrated that the photochromic process of 1 originated
from photo-induced free radical generation and was an
electron-transfer process. The photoproduct of 1, 1P, could be
bleached slowly in the dark under ambient conditions
(Fig. S4†), but was also easily bleached by annealing under O2 (1
MPa) at 70 �C for 30 min. These photoinduced coloration–
decoloration processes were reversible, which demonstrated
that 1 had photochromism characteristics. Compound 2 also
underwent a color change from colorless to purple aer pho-
toirradiation using the same energy xenon lamp under ambient
conditions (Fig. 3). The photoresponse range was �330–370 nm
for 2, with an optimal wavelength of about 340 nm. The UV-Vis
absorption spectrum showed two new broad absorption bands
centered at�385 and 572 nm, which grew larger with increasing
irradiation time (Fig. 4). An ESR study indicated a symmetric
single-line radical signal with a g value of 2.0038 emerged
(Fig. 5) in the photochromic process, and the generation of
radicals. The photoproduct of 2, 2P, could be bleached slowly in
the dark under ambient conditions (Fig. S4†), but was also
Fig. 4 UV-Vis absorption spectra of 1 (top) and 2 (bottom), which are
dependent on illumination under ambient conditions.

Fig. 5 ESR spectra of 1 and 2 before and after irradiation (1P, 2P) and
decolored (1D, 2D) under ambient conditions.

34904 | RSC Adv., 2017, 7, 34901–34906
bleached aer annealing at 130 �C for 2 h in air or aer
annealing at 130 �C under O2 (1 MPa) for 1 h (Fig. S6†).

The UV-Vis spectra of 3Zn(OH)2$2ZnCO3 and crotonic acid
(CTA) (Fig. S3†) showed no obvious changes in 3Zn(OH)2-
$2ZnCO3 and CTA before and aer irradiation for 2 h. There-
fore, according to previous work, the photochromic process
should be an electron-transfer process from CTA (electron
donor) to 4,40-bipy (electron acceptor). The nearest distances
between the carboxylate oxygen atom and the nitrogen atom of
the pyridinium ring were 3.0244(34) Å for 1 and 3.0761(32) Å for
2. As these distances were almost identical, the inuence of
distance on electron transfer in the two compounds was not
distinct. However, p/p stacking interactions between the
pyridinium rings and CTA double bonds with their center-to-
center distances of 3.5230(1) Å for 1 and 3.3624(2) Å for 2
showed that they might be more helpful for generating free
radicals and electron transfer in 2.

The time-dependent UV-Vis spectra data underwent linear
tting at 562 nm for 1 and 572 nm for 2 (Fig. 6) and illustrated
that their photochromic behaviors followed rst-order reaction
kinetics, which can be explained using the following equation:

ln(A0 � AN)/(At � AN) ¼ Kt

where K is the rst-order reaction kinetics rate constant, and A0,
At, and AN are the absorbances before irradiation, aer irradi-
ation for time t, and at the end of the reaction, respectively.25,26

The tting rate constants (Kobs) for compounds 1 and 2 were
�9.60 � 10�4 and 1.14 � 10�3 s�1, respectively. According to
the UV-Vis spectra, the conversion rate of these two complexes
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 First-order kinetics of photoinduced coloration process of 1
(top) and 2 (bottom) under ambient conditions.

Fig. 7 Time-dependent fluorescence spectra (lex ¼ 370 nm) of 1 (top)
and 2 (bottom) under ambient conditions.
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at the beginning was faster than at a later time. This phenom-
enon was caused by photochemical reactions occurring on
surfaces initially and then inside in the nal stages.27 This
showed that the coloration speed of 2was faster than that of 1 in
Fig. 6. Consequently, the p/p stacking interaction between the
pyridinium ring and CTA double bond should be the main
factor in the color of compound 2 changing faster than that of 1.
Photoluminescence properties

The photochromic process is generally associated with a change
in the uorescence properties.5,28–30 As shown in Fig. 7,
compounds 1 and 2 had two broad emissive bands upon exci-
tation with a 370 nm Xe light under ambient conditions,
centered at 453 nm for 1 and 446 nm for 2, respectively. BPY and
CTA showed PL emission bands with peaks at 434 nm and
469 nm, respectively (Fig. S7†). By comparing the peak values of
1, 2, BPY, and CTA, the conclusion that the PL of 1 and 2 can be
a preliminary denition due to the combination of emission
from BPY and CTA can be obtained. The time-dependent PL
spectra of 1 and 2 showed that the PL intensity decreased
gradually with increasing irradiation time, reaching about
47.1% for 1 and 41.8% for 2 of the initial value aer 120 min.
This journal is © The Royal Society of Chemistry 2017
When the emission values did not change further with
increasing irradiation time, the colors of compounds remained
stable with extended irradiation times. Accordingly, the UV-Vis
absorption data peaked. This further proved that PL quenching
was also accompanied by the ET process. Such a phenomenon is
common for compounds that can undergo ET photochromism.
The different PL intensity decreases also corresponded with the
coloration processes in 1 and 2, which further supported that
ET was signicantly affected by p/p stacking interactions
between the pyridinium ring and CTA double bond.
Conclusions

In summary, two new photochromic coordination compounds
with non-photochromic ligands were prepared and charac-
terized. This work proposed using multi-metal units as
connections in photochromic coordination compounds with
non-photochromic ligands, which has enriched this system.
Meanwhile, the p/p interactions proved to be benecial for
electron transfer in these photochromic compounds. These
results will aid the design and synthesis of new photochromic
compounds with different multinuclear metal centers and
high performance.
RSC Adv., 2017, 7, 34901–34906 | 34905
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