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A B S T R A C T

An imide-based O-donor ligand, 4-carboxyphenyl-1,3-dioxoisoindoline-5-carboxylic acid (H2In-4-ba), and one
Zn(II) coordination polymer, [Zn(In-4-ba)(py)2]n (1, py ¼ pyridine), have been synthesized. Single-crystal X-ray
diffraction indicates that 1 has a quasi-31 helical chain structure, which shows one-dimensional to two-dimen-
sional (1D → 2D) extension to be a homochiral layer of consecutively interweaving poly-helices with the same
helicity. Coexistence of such homochiral layers in opposite chirality makes individual crystal of 1 to be in a
racemic manner. Thermogravimetric (TG) analysis indicated that 1 shows high thermal stability approaching 440
�C. Thermal activation of 1 gives a desolvated phase, [Zn(In-4-ba)]n (1′), as supported by TG trace. Of particular
note, reversible crystal-to-crystal transformations between solvated 1 and desolvated 1′ have been achieved upon
decoordination and recoordination of the py ligands, as evidenced by XRPD patterns, IR spectra, and TG diagrams.
The photoluminescence properties of as-synthesized 1, desolvated 1′, and resolvated 1′/py have also been
studied. All of them exhibit an emission band centered at 486, 492, and 486 nm, respectively, which is originated
from the ligand-centered charge transfer. Further, the emission intensity of 1′ is weaker than that of 1 and 1′/py,
implying the influence of coordinated py ligands and/or structure regulation on photoluminescence.
1. Introduction

Coordination polymers with infinite multi-dimensional periodical net
structure of metal ions/clusters connected by organic linkers have
attracted a great deal of interest in the past decades due to their fasci-
nating structure characteristics of many kinds of net topologies and
multiple functionalities in gas sorption, catalysis, chemical sensing, en-
ergy storage and conversion, and so on [1–14]. From a structural point of
view, one fascinating discovery is the stimuli-responsive structural flex-
ibility, which results in solid-state structural transformations [15–18]. Up
to now, several driving forces involving external chemical stimuli, such
as solvent exclusion [19–23], solvent exchange [23–25], and ion ex-
change [26–28], and external physical stimuli, such as heat [20,29,30],
light [31,32], and mechanochemical force [30,33] have been found to
trigger the occurrence of solid-state structural transformations. On the
other hand, there are several types of reversible or irreversible structural
transformations, such as single-crystal to single-crystal transformation
showing the maintenance of single-crystal character [23–27,30–32],
crystal-to-crystal transformation showing the loss of single-crystal char-
acter but retention of crystallinity [19,28,29,33], crystal-to-amorphous
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transformation showing the collapse of crystallinity [20–22]. Of partic-
ular note, solid-state structural transformations demonstrate not only
remarkable framework conversion but also the change of physical
properties [21,29–31].

Our group is interesting in this field, and has reported several cases
that show reversible one-dimensional to two-dimensional (1D-to-2D)
single-crystal to single-crystal (SCSC) transformation [34], reversible
two-dimensional to two-dimensional (2D-to-2D) [35,36] and
zero-dimensional to one-dimensional (0D-to-1D) [37] crystal-to-crystal
transformation, and irreversible structural transformation [38–40].
Herein, we have designed an imide-based O-donor ligand, 4-carboxy-
phenyl-1,3-dioxoisoindoline-5-carboxylic acid (H2In-4-ba, Scheme 1),
and synthesized a high thermally stable helical chain structure,
[Zn(In-4-ba)(py)2]n (1, py ¼ pyridine), under hydro(solvo)thermal con-
ditions. Noteworthy, 1 and its desolvated phase, [Zn(In-4-ba)]n (1′),
show reversible crystal-to-crystal transformations upon decoordination
and recoordination of py ligands. Further, photoluminescence properties
of as-synthesized, desolvated, and resolvated materials have also been
studied.
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Scheme 1. Molecular structure of H2In-4-ba.

Table 1
Crystallographic data for 1.

Empirical formula C26H17N3O6Zn

Mw 532.79
Crystal system Monoclinic
Space group C2/c
a/Å 15.6419(8)
b/Å 20.7242(8)
c/Å 22.0140(16)
β/� 110.727(6)
V/Å3 6674.3(7)
Z 8
T/K 150(2)
λ/Å 0.71073
F000 3264
R1,a wR2

b (I > 2σ (I)) 0.0645, 0.1633
R1,a wR2

b (all data) 0.0969, 0.1709
GOF on F2 1.107
Δρmax, Δρmin/e Å�3 0.789, �0.902

a R1 ¼ PjjFoj � jFcjj =
P jFoj.

b wR2 ¼ fP½wðFo2 � Fc2Þ2� =
P½wðFo2Þ2�g1=2.
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2. Experimental section

2.1. Materials and instruments

Chemical reagents were purchased commercially and were used as
received without further purification. 1H NMR spectrumwas recorded on
a Bruker AMX-300 Solution-NMR spectrometer. All chemical shifts are
reported in δ unit with reference to the residual protons of the deuterated
solvent. Coupling constants are given in Hertz. Mass spectra were
recorded on a JEOL JMS-700 double focusing mass spectrometer. Ther-
mogravimetric (TG) analyses were recorded on a Thermo Cahn Versa-
Therm HS TG analyzer under nitrogen atmosphere. X-ray powder
diffraction (XRPD) measurements were recorded on a Shimadzu XRD-
7000 diffractometer with a graphite monochromatized Cu Kα radiation
(λ ¼ 1.5406 Å) at 40 kV and 30 mA. Infrared (IR) spectra were recorded
on a Perkin-Elmer RX1 FT-IR spectrometer in the 4000�500 cm�1 region
using KBr discs. Solid-state excitation and emission spectra were recor-
ded on a Hitachi F7000 fluorescence spectrophotometer at ambient
temperature. CHN elemental microanalyses were performed on an Ele-
mentar Vario EL III analytical instrument.

2.2. Synthesis of 4-carboxyphenyl-1,3-dioxoisoindoline-5-carboxylic acid
(H2In-4-ba)

In a round bottle, 4-aminobenzoic acid (0.69 g, 5.0 mmol) in glacial
acetic acid (10 mL) was slowly added into a solution of trimellitic an-
hydride (0.96 g, 5.0 mmol) in glacial acetic acid (30 mL), and then the
solution was heated to 180 �C with stirring for 8 h (Scheme S1). After
cooling to room temperature, the solution was stirred for further 6 h and
then the reaction solvents were removed under reduced pressure. The
crude residue was washed with deionized water (100 mL) to give H2In-4-
ba as white powders. Yield 84% (1.32 g, 4.2 mmol). 1H NMR (300 MHz,
DMSO‑d6): δ 8.42 (dd, J¼ 7.5, 1.2 Hz, 1H), 8.32 (d, J¼ 0.6 Hz, 1H), 8.09
(dd, J ¼ 6.8, 2.1 Hz, 3H), 7.61 (dd, J ¼ 6.9, 1.8 Hz, 2H) ppm. MS (EIþ):
m/z 311.1 [M]þ (calcd for C16H9NO6: m/z 311.25). Anal. calcd for
C16H9NO6: C, 61.74; H, 2.91; N, 4.50%. Found: C, 61.93; H, 3.03; N,
4.59%. IR (KBr pellet): ν 1782, 1734, 1708, 1605, 1510, 1483, 1429,
1375, 1300, 1218, 1090, 927, 771, 724, 547 cm�1.

2.3. Synthesis of [Zn(In-4-ba)(py)2]n (1)

H2In-4-ba (31.1 mg, 1.0 � 10�1 mmol), Zn(OAc)2 (9.2 mg, 5.0 �
10�2 mmol), and pyridine (py, 5 mL) were conducted in an acid digestion
bomb at 90 �C for 36 h. After cooling to room temperature, the solvents
were filtered off. Colorless prismatic crystals were collected in a yield of
96% (25.8 mg, 4.8 � 10�2 mmol). Anal. calcd for C26H17N3O6Zn: C,
58.61; H, 3.22; N, 7.89%. Found: C, 59.24; H, 3.36; N, 7.81%. IR (KBr
pellet): ν 1780, 1720, 1622, 1606, 1508, 1448, 1360, 1220, 1068, 1046,
836, 780, 730, 698 cm�1.
2

2.4. X-ray crystallography

X-ray diffraction intensity data for 1 were collected on an Oxford
Diffraction Gemini S diffractometer equipped with a graphite mono-
chromated Mo Kα radiation at 150(2) K. Starting models for structure
refinement were found by direct methods using SHELXS-97 [41] and
refined anisotropically on F2 by the full-matrix least-squares technique
using the SHELXL-2014/7 [42] and WINGX [43] program packages.
Experimental details for X-ray data collection and the refinements are
summarized in Table 1. CCDC 2060260 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.ccdc.c
am.ac.uk/data_request/cif.

3. Results and discussion

3.1. Synthesis and crystal structure of [Zn(In-4-ba)(py)2] (1)

Coordination polymer 1 was synthesized from the hydro(solvo)ther-
mal reactions of Zn(OAc)2 and H2In-4-ba using pyridine (py) as solvent at
90 �C for 36 h. As a well-known fact that the hydro(solvo)thermal syn-
thesis gives a unique combination of pressure and temperature condi-
tions for crystallization of such products [44–47]. Single-crystal X-ray
diffraction analysis reveals that 1 crystallized in the monoclinic space
group C2/c. In the asymmetric unit, there are two crystallographic
distinct Zn(II) centers, where Zn(1) located at a special position
symmetry-related by a 2-fold rotation axis while Zn(2) located at a
general position, and two crystallographic distinct In-4-ba2� ligands,
where one is general case with fully occupation and the other is disor-
dered over a 2-fold rotation axis with half-occupation. For the
fully-occupied In-4-ba2� ligand, one of the two carboxylate groups is
disordered over two statistical positions with site-of-occupancy of
approximately 0.55 for O(3) and O(4) and 0.45 for O(3’) and (O4’).
Selected bond lengths and bond angles are listed in Table S1. In
considering the coordination environments around the Zn(II) centers,
Zn(1) is coordinated by two py ligands (N(3) and N(3)#1, #1 ¼ –x, y, –z
þ 1/2), with a uniform Zn(1)�N bond length of 2.059(4) Å, and four
carboxylate O atoms (O(3), O(4), O(3)#1, and O(4)#1, #1 ¼ –x, y, –z þ
1/2) of two In-4-ba2� ligands, with the Zn(1)�O bond lengths of
1.991(8)�2.304(7) Å, to form a distorted octahedral {ZnN2O4} coordi-
nation geometry (or alternatively, Zn(1) is coordinated by two py ligands
(N(3) and N(3)#1, #1 ¼ –x, y, –z þ 1/2), with a uniform Zn(1)�N bond
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Fig. 1. The coordination environments around the two crystallographic distinct
Zn(II) centers and the coordination modes of the two crystallographic distinct
In-4-ba2� ligands in 1. The disordered part is omitted for clarity. Color scheme:
cyan, Zn; grey, C; blue, N; red, O. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. TG curves of as-synthesized 1, desolvated 1′, and resolvated 1′/py.
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length of 2.059(4) Å, and two carboxylate O atoms (O(3’) and O(3’)#1,
#1 ¼ –x, y, –z þ 1/2) of two In-4-ba2� ligands, with a uniform Zn(1)�O
bond length of 2.023(9) Å, to form a distorted tetrahedral {ZnN2O2}
coordination geometry), while Zn(2) is coordinated by two py ligands
(N(4) and N(5)), with the Zn(2)�N bond lengths of 2.029(4)�2.032(4)
Å, and two carboxylate O atoms (O(5) and O(9)) of two In-4-ba2� ligands,
with the Zn(2)�O bond lengths of 1.944(3)�1.956(4) Å, to form a dis-
torted tetrahedral {ZnN2O2} coordination geometry, as shown in Fig. 1
and Fig. S4. In considering the coordination behaviors of the In-4-ba2�

ligands, one of the two crystallographic distinct In-4-ba2� ligands, with
fully occupation, bridges one Zn(1) and one Zn(2) centers with a Zn⋯Zn
separation of 16.31 Å through the two carboxylate groups, where one is
in a monodentate mode and the other is in a bidentate of asymmetric
chelating mode (or alternatively, both are in a uniform monodentate
mode), while the other distinct In-4-ba2� ligand connects two Zn(2)
centers with a Zn⋯Zn separation of 15.87 Å through the two carboxylate
groups both in a uniform monodentate mode, as shown in Fig. 1 and
Fig. S5. Connections of Zn(II) centers and In-4-ba2�ligands generate
one-dimensional quasi-31 helical chain screwing in the a direction with a
pitch of 15.64 Å (Fig. 2a). Any two neighboring helices with the same
helicity are interweaved each other to lead to consecutively interweaving
poly-helices along the crystallographic b axis in ABAB sequence, resulting
Fig. 2. Representations of (a) the one-dimensional right-handed (blue) and left-ha
interweaving left-handed poly-helices in ABAB order along the b axis, and (c) the ra
dividual crystal of 1. Color scheme: blue and pale-blue: right-handed helical chains; pi
to colour in this figure legend, the reader is referred to the Web version of this artic
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in a two-dimensional homochiral layer lying on the ab plane (Fig. 2b).
Two neighboring homochiral layers display opposite chirality, thus in-
dividual crystal of 1 is in a racemic manner (Fig. 2c).

3.2. Thermal stability

The thermal stability of 1 was examined by thermogravimetric (TG)
analysis, performed on polycrystalline samples under a nitrogen atmo-
sphere. As shown in Fig. 3, the TG curve of 1 showed a largely unchanged
until the coordinated py ligands were released between 230 and 305 �C
(found, 29.1%; calcd. 29.6%). The remaining coordination framework
was retained until the temperature was raised to approaching 440 �C,
followed by a decomposition of the species. The final decomposition
product was reasonably assigned to ZnO (found, 15.3%; calcd. 15.0%).
The TG analysis implies that 1 shows high thermal stability.

3.3. Reversible crystal-to-crystal transformations

X-ray powder diffraction (XRPD) analysis indicated that the experi-
mental and simulated diffraction patterns of 1 are closely matched,
implying that the bulky materials are formed in a high purity of single
phase (Fig. 4a). On heating a crystalline sample of 1 at a temperature of
300 �C for 1 h gave a desolvated phase, [Zn(In-4-ba)]n (1′). It is noted
that the desolvated phase 1′ retained the visual crystal morphology but
lost the transparency of the crystals (Fig. 4b), so that its single-crystal
character became very poor for single-crystal X-ray diffraction analysis.
nded (pink) quasi-31 helical chains, (b) the homochiral layer of consecutively
cemic packing arrangement of homochiral layers with opposite chirality in in-
nk and pale-pink: left-handed helical chains. (For interpretation of the references
le.)



Fig. 4. (a) XRPD patterns of simulated and as-synthesized 1, desolvated 1′, and
resolvated 1′/py. (b) Photographs of crystals for the reversible crystal-to-crystal
transformations of solvated 1 to desolvated 1’ and back to solvated 1.

Fig. 5. IR spectra of as-synthesized 1, desolvated 1′, and resolvated 1′/py.

Fig. 6. Solid-state fluorescence excitation (dashed lines) and emission (solid
lines) spectra of H2In-4-ba, as-synthesized 1, desolvated 1′, and resolvated 1′/py
at room temperature. The wavelength of emission monochromator is set to be
450 nm for H2In-4-ba, 1, and 1′/py and 500 nm for 1′ for excitation spectra. The
wavelength of excitation monochromator is set to be 320 nm for H2In-4-ba, 1,
1′, and 1′/py for emission spectra.

C.-Y. Chang et al. Journal of Solid State Chemistry 298 (2021) 122129
However, the XRPD patterns of 1′ showed broadened peaks that are
different from the simulated and as-synthesized ones (Fig. 4a), resulting
in phase conversion to form a new crystalline phase in poor crystallinity,
might be due to desolvation-induced framework distortion or structure
reorganization. Of particular interest, when desolvated phase 1′ was
allowed to immerse in py solvent at room temperature for 1 day, the so-
obtained solids, 1′/py, showed the recovery of diffraction peaks (Fig. 4a),
compared to the XRPD patterns of simulated and as-synthesized 1. This
confirms the regeneration of solvated 1 very well, even though the single-
crystal character is not good enough (Fig. 4b). As a result, reversible
crystal-to-crystal transformations between solvated 1 and desolvated 1′
have been achieved upon reversible decoordination and recoordination
of py ligands. In particular, the single crystals keep morphology instead
of collapse in this process (Fig. 4b).
4

On the other hand, TG curve of desolvated 1′ shows a large of flat
before framework collapse at about 440 �C, as shown in Fig. 3. After
immersing 1′ in py solvent, the recovered solids, 1′/py, showed similar
TG trace as that of as-synthesized 1. In addition, IR spectra show dramatic
changes after desolvation. As shown in Fig. 5, the vibrations at 1360 and
1606 cm�1 for 1 are respectively blue-shifted to 1692 and 1614 cm�1 for
1′ whereas the vibrations at 1622, 1448, 1068, 1046, and 698 cm�1 are
disappeared. In addition, the vibrations in the region of 1662�1458
cm�1 are apparently broadened for 1′. These changes, however, would be
completely returned back after resolvation of 1′. Therefore, TG analysis
and IR spectra provide further supports for the reversible crystal-to-
crystal transformations between solvated 1 and desolvated 1′.

To the best of our knowledge, reversible crystal-to-crystal trans-
formations are relatively rare for one-dimensional coordination polymers
[29,34,37,48], compared to that for two- and three-dimensional frame-
works. The recoverable transformation characteristics induced by des-
olvation and resolvation make 1 to be a potential solvent carrier [19–23,
34,35].

3.4. Photoluminescence properties

Photoluminescence properties of the free H2In-4-ba and 1 were
investigated in solid-state at room temperature (Fig. 6). The free ligand
exhibits an emission band centered at 486 nm (λex¼ 320 nm), reasonably
assigned to the ligand-centered π*→π and/or n→π transitions. Compared
to the free H2In-4-ba, the emission band of 1 are slightly blue-shifted to
482 nm (λex ¼ 320 nm), which is tentatively assigned to originate from
the ligand-centered charge transfer from the band shape and position.
Upon thermal activation, desolvated 1′ exhibits an emission band
centered at 492 nm (λex ¼ 320 nm), which is largely weakened in the
intensity, suggesting the effect of coordinated py ligands and/or structure
regulation [34,49,50]. After resolvation in py solvent, resolvated 1′/py
shows emission spectrum very similar to that of as-synthesized 1, con-
firming again the recovery of 1.

4. Conclusion

In this work, a luminescent zinc(II) coordination polymer 1 showing
high thermal stability with a temperature approaching 440 �C and
ligand-centered solid-state emission with a maximum at 486 nm has been
hydro(solvo)thermally synthesized and structurally characterized. Co-
ordination polymer 1 has a quasi-31 helical chain structure obtained from
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achiral components; these helical chains with the same helicity inter-
weave each other consecutively, resulting in a homochiral layer and thus
causing 1D → 2D dimensionality extension. Noteworthy, individual
crystal of 1 is racemic instead of conglomerate as a result of the coexis-
tence of homochiral layers of opposite chirality in equal amounts. The
obtained compound broadens an increasing family of luminescent zin-
c(II) coordination polymers [3–6]. Moreover, XRPD patterns, IR spectra,
TG diagrams, and photoluminescence spectra have evidenced that the
solvated 1 and desolvated 1′ would process reversible crystal-to-crystal
transformation induced by decoordination and recoordination of py li-
gands. This phenomenon make 1 potential candidate to be applied as a
solvent carrier.
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