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Abstract: The reactions of 1,2,4,5-benzenetetracarboxylic acid (H,BTEC) with the transition metal ions in the pres-

ence of neutral viologen moiety, 1-carboxyethyl-4, 4'-bipyridine (CEbpy), led to three isostructural co-crystals

[M(H,0);(BTEC),] - (CEbpy) (M=Mn (1), Zn

(2), Co (3)) in an alkaline environment. Upon UV irradiation, these

three compounds exhibited obvious photochromic behaviors owing to the formation of viologen radicals through

photo-induced electron transfer. Meanwhile, compound 3 exhibited irreversible hydrochromic behavior upon heat-

ing, while compounds 1 and 2 did not. The influence of metal ions on their chromic behaviors has been discussed.
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Co-crystals, formed by two or more different
molecular moieties through intermolecular non-covalent
interactions, such as hydrogen bonding, van der Waals
interactions and halogen bonding, have the advantages
of easy processing, highly adjustable structures and
performances’. Drug co-crystallization has been wide-

ly studied as the strategy to improve the stability and

Wik H #1:2020-11-25, W& ek H #1:2021-01-05,

physicochemical properties of drugs™. In recent years,
molecular co-crystal materials have attracted great
interest because of their excellent optical functionality
in many fields, such as fluorescent polarizer, chemical
sensors, light-driven actuator and nonlinear optics®.
Therefore, the design and development of photo-

functional co-crystals are of great significance for ad-
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justing and controlling the property. In this respect, the
formation of co-crystals not only provides a platform for
the synthesis of new photo - functional materials, but
also provides an effective way to explore new chemical
and physical phenomena'"l.

In the past years, photochromic materials have
received extensive attention not only due to their
unique photophysical and photochemical properties,
but also due to their potential technological applica-
tions ranging from chromic devices to clean energy.
Among these photochromic materials, photoactive co -
crystals have received more and more research interest
in the construction of photo-functional system because
of the vital role in changing the photo-related property

[6]

of molecular solids®. Viologens (4, 4'-bipyridinium
derivates) have excellent electron-accepting ability,
and contain the charged bipyridinium moiety in the
conjugation process, which have been widely used in
the construction of chromic materials”. Thus, as an
effective component of the redox activity, viologens are
ideal units to construct photochromic co-crystals due to
the reversibility of electron transfer (ET)™. Recently,
we have reported some viologen coordination polymers
(CPs) with different metal ions to adjust their photo-
chromic behaviors, indicating that metal ions can regu-
late photo-induced intermolecular ET”. However, the
influence of metal ions on the viologen photochromic
co-crystals has rarely been reported. Therefore, it is
still a huge challenge to develop metal-controlled
responsive co-crystals with adjustable performances.
Herein, we report three viologen photochromic
materials with different metal ions based on the
co-crystal formation. The neutral viologen derivate, 1-
carboxyethyl-4,4" -bipyridine (CEbpy) has been select-
ed to act as the template. CEbpy has terminal nitrogen
and oxygen atoms simultaneously serving as coordina-
tion sites, where one acetic acid group is introduced to
4,4’ - bipyridine, which is usually used to construct
viologen CPs and rare co-crystals''”. On the other hand,
we used low cost, non-toxic and environmentally friendly
metal ions, namely Mn(Il), Zn(Il) and Co(Il), to coordinate
with 1,2,4,5-benzenetetracarboxylic acid (H,BTEC) to
form the [M(H,0);(BTEC),5] component in an alkaline

environment. The assembly of two molecular moieties
guides the formation of co-crystals, [M(H,0);(BTEC),;]-
(CEbpy) (M=Mn (1), Zn (2), Co(3)), through the inter-
molecular non-covalent interactions. In addition to
characterizing these three co - crystals, the photochro-
mic behaviors of compounds 1~3 were also investigat-
ed. As expected, these three compounds exhibited
photochromic behaviors, resulting from both photo-
induced electron transfer (PET) and the formation of
CEbpy radicals upon irradiation. In addition, com-
pound 3 exhibited irreversible hydrochromic behavior
because of dehydration, while compounds 1 and 2 did
not. The influence of metal ions on their chromic

behaviors has been discussed.
1 Experimental

All chemicals used in the synthesis were pur-
chased from commercial sources without further purifi-
cation. CEbpy was synthesized according to the litera-
ture'"'. A Rigaku Ultima IV -185 diffractometer was used
to collect powder X-ray diffraction (PXRD) patterns at
40 kV, 40 mA with Cu Ka radiation (A=0.154 06 nm)
and a graphite monochromator scanning from 5° to 50°.
A Vario EL Il CHNOS elemental analyzer was used to
perform elemental analysis of C, H and N. FT-IR spec-
tra (4 500~500 cm™) was obtained by a Nicolet 5DX
spectrometer by use of KBr pellets. A Varian Cary
5000 UV-Vis spectrophotometer was used to perform
UV - Vis diffuse reflectance spectrum (DRS) at room
temperature. A Bruker A300-10/12 spectrometer was
used to record electron paramagnetic resonance (EPR)
spectrum at room temperature. A ThermoFisher ES-
CALAB 250 X -ray photoelectron spectrometer (pow-
ered at 150 W) was used to perform X-ray photoelec-
tron spectroscopy (XPS) by Al Ko radiation (A=0.835 7
nm; spot size, 500 m). A HTG-3 equipment was used to
perform thermogravimetric (TG) experiments in air be-
tween 30 and 800 °C at a rate of 10 C-min™".

1.1 Preparation of 1~3

The general procedures for preparations of com-
pounds 1~3 were as follows: a mixture of Mn(CH,COO),
+4H,0 for 1 (24.5 mg, 0.10 mmol)/Zn(CH,CO0),+2H,0
for 2 (22.0 mg, 0.10 mmol)/Co(NO,),+6H,0 for 3 (29.0
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Scheme 1 Preparation of compounds 1~3

mg, 0.10 mmol) and CEbpy (21.4 mg, 0.10 mmol) was
added into 10 mL water. Another mixture of NaOH (8.0
mg, 0.2 mmol) and H,BTEC (12.7 mg, 0.05 mmol) was
heated to dissolve in 20 mL water, and filtrated. After
mixing the above two mixtures and stirring for 10 min,
the residue was filtered. The filtrate was allowed to
stand for several days to give block crystals. Yield for
yellow 1: 42%, for colorless 2: 35%, for orange 3: 46%,
based on CEbpy. IR (KBr pellet, cm™): 2 026, 1 484,
1459,1417,1371,1322,1220,1 191, 1139, 1 076,
1 002, 925, 819, 763, 723, 692, 617, 580, 524. Anal.
Calcd. for C;;H,,MnN,O,, (compound 1, %): C 42.16, H
4.38, N 5.78; Found(% ): C 42.37, H 4.31, N 4.50.
Anal. Caled. for C;H,,ZnN,0O,, (compound 2, % ): C
41.27, H 4.29, N 5.66; Found(%): C 41.47, H 432, N
5.45. Anal. Caled. for C,,H,,CoN,O,, (compound 3, %):
C 41.81, H 4.34, N 5.74; Found(%): C 42.02, H 4.40,
N 4.37. PXRD patterns were recorded to confirm the

phase purity, and all main peaks were consistent with

the simulated PXRD, indicating the high purity and
homogeneity of these three compounds (Fig.S1, Sup-
porting information). The thermal stabilities of 1~3
were investigated by TG analysis in a temperature
range of 30~800 °C as shown in Fig.S2.
1.2 X-ray crystallorgraphy

X - ray diffraction data of compounds 1~3 was
collected on an Oxford Gemini diffractometer at 293 K
using graphite monochrome Mo Ka (A=0.071 073 nm).
The SCALE3 ABSPACK scaling algorithm was used to
perform empirical absorption correction of spherical
harmonics'”. The SHELXTL-97 program was used to
solve and refine the structure on F? by direct method
and full matrix least squares technique'. All non-
hydrogen atoms were anisotropically refined. The crys-
tallographic data of 1~3 are listed in Table 1, and the
selected bond lengths and bond angles are listed in
Table S1.

CCDC: 1953749, 1; 1954911, 2; 2032783, 3.

Table 1 Crystal data and structure refinement for 1~3

Compound 1 2 3
Empirical formula C,;H,,;MnN,0,, C,,H,,ZnN,0, C,,H,,CoN,0,
Formula weight 484.30 494.73 488.29
Crystal size / mm 0.30x0.30%0.20 0.43x0.40x0.35 0.30x0.30%0.20
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2,/n P2,/n P2,/n
a/nm 1.033 30(3) 1.028 98(7) 1.025 60(6)
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Continued Table 1

b/nm 0.887 20(5)
¢/nm 2.205 50(6)
BI() 98.743(6)
Volume / nm? 1.988 6(10)
A 4

D,/ (g cm™) 1.610
F(000) 1000

@/ mm™! 0.726
Reflection collected 26 353
Unique reflection 4 854

R, 0.045 4

R, 0.029 6
Goodness-of-fit on F? 1.041

Ry, wR, (1220 (]
R, wR, (all data)

0.0432,0.120 7
0.0453,0.1225

0.882 19(6) 0.882 75(5)
2.179 21(16) 2.185 62(13)
98.587(2) 98.544(10)
1.956 0(2) 1.956 8(2)

4 4

1.680 1.657

1020 1008

1.322 0.943
22582 27192
3790 4808

0.021 1 0.0182
0.0154 0.014 0
1.050 1.071

0.025 8, 0.067 7
0.026 7, 0.068 2

0.031 4, 0.090 2
0.033 3,0.091 5

SR =ZNE|-IF NN ZIF |, P wR,=[ Zw(F *=F 2 X w(F 2"

o

2 Results and discussion

2.1 Structure description

X -ray single crystal diffraction analyses reveal
that the three compounds are isostructural and crystal-
lize in the monoclinic system with the space group
P2,/n. Because of the same structure for the three com-
pounds, compound 1 was chosen as the representative
of the discussion. The asymmetric unit of 1 contains
one CEbpy molecule, one Mn(Il) ion, half one coordinat-
ed BETC* ligand and five coordinated water mole-
cules. As shown in Fig.1, each Mn(Il) ion is located in a
distorted octahedral coordination sphere, which is sur-
rounded by five water molecules and one oxygen atom
from the BETC* ligand to form the [Mn(H,0),(BTEC),]
molecule. For the neutral CEbpy, the N and O atoms
do not take part in the coordination process. In the
three crystal structures, the CEbpy molecule binds to
[M(H,0)s(BTEC),s] through O—H---N hydrogen bonds
with H---N distances of 0.193 9, 0.193 2 and 0.188 5
nm for 1, 2 and 3, respectively (Fig.S3). The intermo-
lecular O—H---N hydrogen bond interactions formed
between CEbpy and coordinated H,0 molecule immobi-
lize the functionalized CEbpy moiety and enhance the
stability of the structure. In addition, other intermolecu-
lar interactions including C—H---O and O—H---0

hydrogen bonds promote the formation of the entire

Hydrogen atoms are omitted for clarity; Symmetric codes: A: —x,

2-y, —z
Fig.1 X-ray crystal structure of 1 drawn with ellipsoids
at 30% probability level

molecular aggregate.
2.2 Photochromism

Compounds 1~3 containing the viologen moiety
typically showed photochromic behavior owing to PET
from the electron-rich group to the viologen moiety'.
As expected, all the three compounds are photosensi-
tive. Compound 1 turned from yellow to blue (1P) with-
in 10 min upon sunlight or UV irradiation (Hg lamp,
365 nm, 175 W) (Fig.2a), compound 2 changed from
colorless to blue (2P) within 2 min upon sunlight or UV
irradiation (Fig. 2b), while compound 3 turned from
orange to dark red (3P) within 30 min only upon UV
irradiation (Fig.2¢). The PXRD patterns of these three
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photoproducts matched the primary crystals, further
proving that the photochromism is not photoisomeriza-
tion or photolysis"?. When the photoproducts of them
were bleached, their crystal structures also matched
the original samples well (Fig.S1). We believe that this
behavior should be attributed to the free radicals pro-
duced by PET. To confirm this supposition, the UV-Vis
and EPR spectra were measured. The UV-Vis DRS
spectra of three compounds all displayed two character-
istic bands located at about 410 and 630 nm after irra-
diation (Fig.2a, 2b and 2c), which are the typical char-
acteristics of those photo - generated viologen radi-
cals"®. The EPR spectra of these three compounds had
strong signals (Fig.2d, 2e and 2f): 1 of g=2.004, 2 of g=
2.002, 3 of g=2.002. These signals were also consistent
with those reported viologen radicals"”. All the charac-
teristics indicate that CEbpy was reduced to CEbpy™
radicals upon irradiation, leading to the color changes.
Prior to irradiation, characteristic bands of compound 2
were detected in the UV-Vis and EPR spectra (Fig.2b
and 2e), which may be due to its strong photosensitivi-
ty. In synthetic 2, the production of viologen radicals
may be caused by indoor photoactivation, which is
indeed supported by the fact that at g=2.002. The

narrow signal of CEbpy radicals was increased upon

further UV irradiation. The photoproducts of three com-
pounds can remain stable in the air, and the samples
were left in the dark for about a week before the colors
returned to their original states. In addition, the faded
samples showed color changes after re-irradiation, indi-
cating that the photo-induced coloration-decolorization
processes of these three compounds are reversible.
These reversible processes all can be repeated at least
five times without significant color losses.

It is well known that for these viologen-based com-
pounds, the distances and orientations between the
donor and acceptor in the solid state play an important
role in PET". In order to better understand the path-
way of ET, the molecular stacking structures of these
three compounds have been analyzed. Among the three
photochromic compounds, electron - deficient pyridine
groups are electron acceptors, and electron-rich carbox-
ylate groups are widely reported as electron donors'.
The structural analysis shows that in compound 1, the
distance of O1---N1 is 0.272 8 nm (Fig.S3a) and the an-
gle of O1---N1---C2 is 61.07°; in compound 2, the dis-

tance of 05---N1 is 0.273 4 nm (Fig.S3b) and the angle
of 05---N1:--C7 is 60.84°; in compound 3, the dis-
tance of O1---N2 is 0.273 3 nm (Fig.S3c) and the angle
of O1---N2---C2 is 61.08°. Such distances and orienta-

2] @ ®)

4 (0

8 8 8
E £ 08 E
= = =
= = 0.6 =
0.4
0.2
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700
Wavelength / nm Wavelength / nm Wavelength / nm
H 2 3
—1P — -
@ () —2p ® —3pP
r T T T T T T I T T T T T L T T T T T |
1.2 1.4 1.6 1.8 20 22 24 26 14 1.6 1.8 2.0 22 24 26 14 1.6 1.8 2.0 22 24 2.6
Hlg Hlg Hlg

Fig.2  Photographs and UV-Vis DRS spectra before and after irradiation for 1 (a), 2 (b) and 3 (c);
EPR spectra before and after irradiation for 1 (d), 2 (e) and 3 (f)
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tions are suitable for PET™. Tt is reasonable to assume
that CEbpy radicals originate from ET, from the O atom
of the carboxylate group to the N atom of the pyridini-
um ring. So, when they are exposed to irradiation, the
color changes happen. In addition, we have performed
XPS test of 2 to identify the PET process. It showed
that the core - level spectra of Zn2p and Cls did not
change before and after irradiation (Fig.3a and 3b),
while the core-level spectra of Ols and N1s were signif-
icantly changed. The Ols peak of 2 was located at
531.06 eV, and moved to 531.36 eV after irradiation.
The binding energy was increased by 0.3 eV because
of electron dissociation of the O atom (Fig.3c), showing
that the O atoms of the carboxylate group are electron
donors. For Nls, it transited to the lower binding ener-
gy from 400.08 to 399.88 eV after irradiation (Fig.3d),
showing that N atoms of CEbpy are electron acceptors.
The results show that the photochromic behavior of 2 is
owing to the presence of PET from the O atom of the
carboxylate group to the N atom of the pyridinium ring.

According to the structural analysis, these three

(a) Cls

compounds own O—H---N hydrogen bonds, and the H
---N distances of 1, 2 and 3 are 0.193 9, 0.193 2 and
0.188 5 nm, respectively (Fig. S3). The O—H---N
hydrogen bonds have been systematically demonstrated
to be applicable to so-called through-space ET®'.
Thus, if PET is supported by such O—H---N hydrogen
bonds, then logically the photochromic behavior of 3 is
greater than or close to 1 and 2. In fact, on the con-
trary, the photochromic behavior of 3 was the worst,
apparently. Therefore, the O—H---N hydrogen bonds
are not the key factor in photochromism. It is well
known that metal ions play a crucial role in the struc-
ture and properties of viologen-based compounds™.
The metal ions with good electron-withdrawing ability
have positive effects on photochromism. We know that
the electronegativity value of Mn(Il) is 8.88, Zn(Il) is
10.38 and Co(I) is 9.10%. Thus, the strongest electron-
withdrawing ability of Zn(Il) leads to the best photochro-
mic behavior in 2. But compound 3 has the worst photo-
chromic performance, not 1. The possible reason is that

the color of 3 was much darker than 1, leading to the

(b) Zn2p

L e L L B A e |
280 282 284 286 288 290 292 294 296 298
Binding energy / eV

(c) Ols

T T T T T T T T
1015 1020 1025 1030 1035 1040 1045 1050

Binding energy / eV

(d) N1s

T T T T T T T T T T
526 528 530 532 534 536 538 540 542 544
Binding energy / eV

r T T T T T T T T 1
392 394 396 398 400 402 404 406 408 410
Binding energy / eV

Fig.3 XPS core-level spectra of 2 before (black line) and after irradiation (red line)
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rate of color change in 3 slower than 1.
2.3 Hydrochromism

Interesting, solid compound 3 exhibited distin-
guishable hydrochromic behavior, while compounds 1
and 2 did not. Compound 3 changed from orange to
purple (3T) at room temperature after heating at 70 °C
within 3 min (Fig.4a). Unfortunately, the X-ray single
crystal data of 3T cannot be obtained due to dehydra-
tion. PXRD studies indicate that the dehydrated phase
was a little amorphous, different from 3 (Fig.Slc).
Therefore, it is speculated that 3T is the dehydrated
phase, formed by losing water molecules after heating
at 70 °C, which was confirmed by the TG test (Fig.S2).
The solid UV-Vis spectrum of 3 showed a wide absorp-
tion band in a range of 400~600 nm, which is attribut-
ed to the d-d transition of Co(Il)**. The UV -Vis spec-
trum of 3T shows another absorption at 450~700 nm,
similar to another geometric red shift of the Co(Il) coor-
dination field d-d transition, with the absorption band

extending to a higher frequency™'. Thus, this chromic

behavior should be attributed to the coordination envi-
ronment change of Co(ll) due to dehydration. To further
study the effect of water molecules on heating, com-
pound 3 was heated in water at 70 °C, and no color
change was observed. In addition, the EPR signal of
3T was silent, consistent with that of 3, excluding
heat-induced ET and free radical generation (Fig.4b).
Thus, the main cause of discoloration during heating is
dehydration. The heated sample cannot return to the
original crystalline state even after exposed to moisture
for almost one month, indicating that the color change
due to dehydration is irreversible. The three com-
pounds have the same structure, and the difference in
their chromic behaviors may be owing to their different
metal ions. The Co(Il) ion, a classical substitutive active
metal ion, is known for its chromic behavior caused by
coordination geometry”®. The configuration of d-orbital
will be significantly affected by the rearrangement of
the coordination sphere, and the color changes will be

obvious after heating.

(@

Absorbance

()
—3
—3T

400 500 600

Wavelength / nm

200 300

700

14 15 16 17 18 1.9 20 21 22 23 24 25 26
Hlg

Fig.4 Photographs and UV-Vis spectra (a) and EPR spectra (b) for 3 before and after heating

3 Conclusions

In summary, we present the synthesis and crystal
structures of three isostructural co-crystals containing
different metal ions based on the neutral viologen deriv-
ative, 1-carboxyethyl-4, 4’-bipyridine. Interestingly,
they all show obvious photochromic behaviors due to
photo-induced electron transfer when exposed to irradi-
ation. In addition, compound 3 exhibits irreversible
hydrochromic behavior due to dehydration. This work

illustrates the effect of metal ions on the chromism of

viologen-based co-crystals and we hope that it will pro-
vide valuable insights into the design of new chromic

materials.

Supporting information is available at http://www.wjhxxb.cn
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