CrystEngComm

Accepted Manuscript

s s e This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

.. ‘w Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

CrysttngComm

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

Q?@ﬁgggﬁ; apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWw.rsc.org/crystengcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 29 CrystEngComm

Seven Dicarboxylate-Based Coordination Polymers
with Structural Varieties and Solvent Resistance
Property Changing Derived from the Introduction of

Small Organic Linkers

Chao Huang, Feixiang Ji, Lu Liu, Na Li, Haofei Li, Jie Wu*, Hongwei Hou*, Yaoting Fan

The College of Chemistry and Molecular Engineering, Zhengzhou University, Zhengzhou, Henan,

450052, P. R. China

* To whom correspondence should be addressed. Fax: (86) 0371-67761744;

E-mail: wujie@zzu.edu.cn

E-mail: houhongw@zzu.edu.cn




CrystEngComm Page 2 of 29

ABSTRACT: Seven new coordination polymers (CPs), namely,
{[Cos(sdba);-2H,O-DMF]-2DMF}, (1), {[Coy(sdba)-(us—OH)(trz)-H,O]-H,0}, (2), {[Cox(sdba)-(u3—
OH)-(atz)-H,O]'H,0},  (3), {[Co(sdba)-(ti)>'H,O]-1.5H,0}, (4), {[Cu(sdba)-H,O]-1.5H,0}, (5),
{[Cuy(sdba)-(u3—OH)-(trz)-H,O]-H,0}, (6), {[Zny(sdba)-(atz),]-0.5H,0}, (7) (Hzsdba =  4.4’-
sulfonyldibenzoic acid, Htrz = 1H-1,2,4-triazole, Hatz = 1H-1,2,4-triazol-3-amine, Hti = 4-(1H-
benzo[d]imidazol-2-yl)thiazole), have been solvothermally sythesized and characterized by IR
spectroscopy, elemental analysis and X-ray single-crystal diffraction. Complex 1 displays a 6-connected
three-dimensional (3D) framework with {4'2.6°} peu topology, which consists of two-dimensional (2D)
zigzag sheets connected in an alternate fashion. Complexes 2, 3 and 6 are isostructural, exhibiting a 8-
coonected “onion” 3D framework with the first reported {3°4'°.5°.6°} whel topology. Complex 4
exhibits a one-dimensional (1D) helix chain, which is further connected by the hydrogen bonds, giving a
2D supramolecular framework. Complex 5 reveals a 1D oo-like chain. Compound 7 is a 3D metal-
organic framework, which shows tetranodal 3,3,4,4-c net with the point symbol
{4°.8%.10'%} {4°.8°.10} {4°.8} {4%.2} named whe2 topology. The solvent resistance property of 1-7 has
been investigated in detail. It demonstrates that with the introduction of rigid organic molecules (Htrz,
Hatz, and Hti) as auxiliary ligands, complexes 2—4, 6 and 7 show remarkable hydrothermal stability and
boiling organic solvents resistance. More importantly, an alternative strategy for the rational assembly
of CPs with both good solvent resistance and intriguing structural topologies has been proposed. In
addition, the luminescent properties of complexes 2, 6, and 7 are discussed, and the thermal stabilities of

complexes 2 and 7 are also investigated.

INTRODUCTION

In recent years, tremendous interest has been paid to the design and synthesis of coordination
polymers (CPs), stemming from not only their fascinating nature of molecular connectivities and
topologies, but also their potential applications as functional materials in the areas of gas adsorption,’
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catalysis,2 drug delivery,3 molecular magnetism,4 and photolumininescent properties.’ Therein, for the
practical application of CPs as solid-state functional materials in single-crystal to single-crystal,’
separation,’ especially in drug delivery and heterogeneous catalysis,8 advantage factor, a high level of
solvent resistance property is very essential to be considered. Though a large number of metal-organic
coordination polymers have been prepared, it is still a challenge to search for new approaches to attain
applied CPs with good solvent resistance property and predictable functional properties, because of
many factors, such as the coordination geometry of the central metal ions, connective modes of organic
ligands, hydrogen bonding interaction, aperture diameters, and geometric matching of the metal ions
with ligand, which have great influences on the frameworks of resulting structures and the interaction of
solvent and materials.” It has been proposed that the organic ligands, which can meet the coordination
request of metal ions with the slightest bend and twist, play important roles in determining the stability
of the coordination frameworks and topologies of CPs.'® In addition, the solvent resistance property of
the CPs can also be effectively improved and modulated by changing the property and aperture diameter
of cavities.'' The urge to synthesize CP-based materials with both high level of solvent resistance and
predictable functional properties has driven the chemists to design and explore new ligands or mixed-

ligands strategy capable of forming extended networks upon complexation with transition metals.

In our continuing quest to develop new strategies necessary for the rational assembly of CPs with high
solvent stability and intriguing structural topologies,'*'°¢ a rigid V-shaped bicarboxylate ligand
featuring two benzoic acid groups connected by sulfonyl group, named 4,4’-sulfonyldibenzoic acid
(Hpsdba), captured our attention. ' Ligand Hj,sdba, as a multidentate O-donor ligand with versatile
coordination conformations and strong coordination ability, can adopt a variety of coordination modes
to conform to the requirements of the coordination geometries of metal centers and, thus, result in stable
diverse multidimensional architectures. It also could exhibit regular orientations with the two benzoic
acid groups bent at ca. 90° arising from the distorted tetrahedral geometry of SO,C»."> The conformation

is in favour of improving the stability of the formed frameworks because it can best meet the geometric
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requirement of metal centers.'® "’

In addition, the sulfonyl group is a fascinating functional group
because it tends to form hydrogen bonds among themselves and interact negligibly with guest molecules
as well as the counter anions to further stabilize the framework. Furthermore, it was anticipated that the
introduction of small organic N-donor ligands (Htrz, Hatz, and Hti) into the CPs based on Hysdba could
further improve the solvent resistance property and tune structural topologies. These small organic
molecules could adopt flexible bidentate chelating or bridging modes to link center metal ions and
increase the number of connected nodes. Furthermore, they could also form potential hydrogen bond

and decrease the aperture diameters and the intermolecular forces between the solvent and the crystals,

consequentially, improving the solvent resistance property of final compounds.

Herein, as an extension of this methodology, seven new CPs based on Hjsdba and ancillary ligands
(Htrz, Hatz, and Hti) (Scheme 1), namely {[Cos(sdba);2H,O-DMF]-2DMF}, (1), {[Cox(sdba)-(u3—
OH):(trz)-H,O]-H,0}, (2), {[Coa(sdba)-(u3—OH)-(atz)-H,O]-H,0}, (3), {[Co(sdba)-(ti),'H,O]-1.5H,0},
(4), {[Cu(sdba)-H,O]-1.5H,0}, (5), {[Cuy(sdba)-(u3—OH)-(trz)-H,O]-H,0}, (6),
{[Zny(sdba)-(atz),]-0.5H,0},, had been synthsized under solvothermal conditions. Their structures are
characterized by IR spectroscopy, elemental analysis, X-ray crystallography, and X-ray powder
diffraction. Their solvent resistance property in boiling water, methanol, ethanol, acetonitrile, DMF,
dilute acid and base solutions had been discussed. In addition, the luminescent properties of complexes

2, 6, and 7 were discussed, and the thermal stabilities of complexes 2 and 7 were also investigated.
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Scheme 1. Schematic molecular structure of Hpsdba and bix ligands.

EXPERIMENTAL SECTION

Materials and Physical Measurements. All reagents and solvents were commercially available and
used as received without further purification. FT-IR spectra were recorded on a Bruker-ALPHA
spectrophotometer with KBr pellets in 400-4000 cm™ region. Elemental analyses (C, H, and N) were
carried out on a FLASH EA 1112 elemental analyzer. Powder X-ray diffraction (PXRD) patterns were
recorded using Cu Ka,; radiation on a PANalytical X’Pert PRO diffractometer. Thermal analyses were
performed on a Netzsch STA 449C thermal analyzer at a heating rate of 10 °C'min"' in air. The
luminescence spectra for the powdered solid samples were measured at room temperature on a Hitachi

850 fluorescence spectrophotometer. The excitation slit and emission slit were both 2.0 nm.

Synthesis of {[Co3(sdba);2H,O-DMF]-2DMF}, (1). A mixture of CoCl,-6H,0 (0.028 g, 0.1 mmol),
Hjsdba (0.031 g, 0.1 mmol), CH3;0H (5 mL) and DMF (5 mL) was placed in a 25 mL Teflon-lined
stainless steel container. The mixture was sealed and heated at 160 °C for three days. After the mixture

was cooled to ambient temperature at a rate of 5 °C/h, purple crystals of 1 were obtained with a yield of
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63% (based on Co). Anal. calcd for Cs;H49C03N30,3S3: C, 45.55 %; H, 3.67 %; N, 3.12 %. Found: C,
46.08 %; H, 3.68 %; N, 3.20 %. IR (KBr, cm™): 3076 (m), 2220 (vw), 1660 (s), 1514 (w), 1431 (w),
1205 (w), 1173 (m), 1088 (w), 878 (vw), 857 (vw), 721 (m), 667 (W), 488 (vw).

Synthesis of {[Co,(sdba)-(u3-OH)-(trz)-H,0]-H,0}, (2). A mixture of Co(OAc),-4H,0 (0.028 g, 0.1
mmol), Hpsdba (0.031 g, 0.1 mmol), Htrz (0.007 g, 0.1 mmol), CH3CN (5 mL) and H,O (5 mL) was
placed in a 25 mL Teflon-lined stainless steel container. The mixture was sealed and heated at 120 °C
for three days. After the mixture was cooled to ambient temperature at a rate of 5 °C/h, purple crystals
of 2 were obtained with a yield of 64% (based on Co). Anal. calcd for C;sH;5C0,N309S: C, 35.38 %; H,
2.78 %; N, 7.74 %. Found: C, 35.33 %; H, 2.82 %; N, 7.79 %. IR (KBr, cm'l): 3544 (m), 3395 (m),
3249 (m), 2254 (vw), 1622(s), 1566 (m), 1163(m), 1405 (w), 1077(m), 893 (vw), 868 (vw), 845 (vw),
619 (w), 499(vw), 437 (vw).

Synthesis of {{Co,(sdba)-(u3-OH)-(atz)-H,O]-H,0}, (3). A mixture of Co(OAc),-4H,0 (0.028 g, 0.1
mmol), Hpsdba (0.031 g, 0.1 mmol), Hatz (0.008 g, 0.1 mmol), CH;0H (5 mL) and H,O (5 mL) was
placed in a 25 mL Teflon-lined stainless steel container. The mixture was sealed and heated at 180 °C
for three days. After the mixture was cooled to ambient temperature at a rate of 5 °C/h, purple crystals
of 3 were obtained with a yield of 73% (based on Co). Anal. calcd for C;¢H;sC02,N4O0S: C, 34.42 %; H,
2.89 %; N,10.34 %. Found: C, 34.37 %; H, 2.93 %; N, 10.40 %. IR (KBr, cm™): 3495 (m), 3386 (m),
1677 (s), 1600 (m), 1514 (w), 1410 (m), 1193 (m), 1133 (vw), 1077 (w), 868 (w), 845 (vw), 739 (m),
619 (w), 428(vw).

Synthesis of {[Co(sdba)-(ti)-H,0O]:1.5H,0}, (4). A mixture of Co(OAc),-4H,0 (0.028 g, 0.1 mmol),
Hjsdba (0.031 g, 0.1 mmol), Hti (0.020 g, 0.1 mmol), CH;0H (5 mL) and H,O (5 mL) was placed in a
25 mL Teflon-lined stainless steel container. The mixture was sealed and heated at 170 °C for three
days. After the mixture was cooled to ambient temperature at a rate of 5 °C/h, purple crystals of 4 were
obtained with a yield of 73% (based on Co). Anal. calcd for C4H19CoN30gsS,: C, 47.37 %; H, 3.14 %;

N, 6.91 %. Found: C, 46.19 %; H, 2.95 %; N, 6.79 %. IR (KBr, cm™): 3481 (m), 3095 (s), 2963 (w),
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1592 (s), 1542 (s), 1424 (s), 1291 (m), 1160 (w), 1100(w), 873(vw), 835(vw), 745 (w), 618 (vw),
579(vw), 482(vw).

Synthesis of {[Cu(sdba)-H,0]:1.5H,0}, (5). A mixture of CuCl,-2H,0 (0.017 g, 0.1 mmol), H,sdba
(0.031 g, 0.1 mmol), CH3CN (4 mL) and H,O (4 mL) was placed in a 25 mL Teflon-lined stainless steel
container. The mixture was sealed and heated at 130 °C for three days. After the mixture was cooled to
ambient temperature at a rate of 5 °C/h, blue crystals of 5 were obtained with yield of 52% (based on
Cu). Anal. calcd for Ci4H3CuOg;sS: C, 40.72 %; H, 3.17 %. Found: C, 40.58 %; H, 2.99 %. IR (KBr,
cm™): 3056 (m), 2160 (vw), 1680 (s), 1534 (w), 1401 (w), 1195 (w), 1173 (m), 1062 (w), 868 (vw), 847
(vw), 746 (m), 641 (w), 464 (vw).

Synthesis of {{Cuz(sdba)-(u3-OH)-(trz)-H,O]-H,0}, (6). A mixture of Cu(NO3),-:3H,0 (0.024 g, 0.1
mmol), Hpsdba (0.031 g, 0.1 mmol), Htrz (0.007 g, 0.1 mmol), CH;0H (9 mL) and H,O (1 mL) was
placed in a 25 mL Teflon-lined stainless steel container. The mixture was sealed and heated at 160 °C
for three days. After the mixture was cooled to ambient temperature at a rate of 5 °C/h, blue crystals of
6 were obtained with a yield of 64% (based on Co). Anal. calcd for CicH;sCu;N300S: C, 34.78 %; H,
2.74 %; N, 7.61 %. Found: C, 34.74 %; H, 2.80 %; N, 7.67 %. IR (KBr, cm'l): 3494 (m), 3375 (m),
3149 (m), 2224 (vw), 1662(s), 1506 (m), 1143(m), 1385 (w), 1007(m), 853 (vw), 828 (vw), 745 (vw),
649 (w), 489(vw), 457 (vw).

Synthesis of {|Zn,(sdba)-(atz),]:0.5H,0}, (7). A mixture of ZnSO4-6H,O (0.028 g, 0.1 mmol),
Hjsdba (0.1 mmol), Hatz (0.008 g, 0.1 mmol), CH;0H (5 mL) and H,O (5 mL) was placed in a 25 mL
Teflon-lined stainless steel container. The mixture was sealed and heated at 160 °C for three days. After
the mixture was cooled to ambient temperature at a rate of 5 °C/h, colorless crystals of 7 were obtained
with a yield of 73% (based on Zn). Anal. calcd for C1sH;5NgO¢sSZn,: C, 35.43 %; H, 2.48 %; N, 18.36
%. Found: C, 35.37 %; H, 2.52 %; N, 18.42 %. IR (KBr, cm™): 3444 (m), 3365 (m), 3149 (m), 2054
(vw), 1672(s), 1556 (m), 1463(m), 1405 (w), 1007(m), 883 (vw), 858 (vw), 838 (vw), 599 (w), 489(vw),

457 (vw).
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Crystal Data Collection and Refinement. The data of the 1-7, were collected on a Rigaku Saturn
724 CCD diffractomer (Mo-Ka, A = 0.71073 A) at temperature of 20 £+ 1 °C. Absorption corrections
were applied by using multi-scan program. The data were corrected for Lorentz and polarization effects.
The structures were solved by direct methods and refined with a full-matrix least-squares technique
based on F* with the SHELXL-97 crystallographic software package.'* The hydrogen atoms were
placed at calculated positions and refined as riding atoms with isotropic displacement parameters. The
distribution of peaks in the channels of 1-7 was chemically featureless to refine using conventional
discrete-atom models. To resolve these issues, the contributions of the electron density by the remaining
DMF and water molecules in 1, the water molecules in 2—7 were removed by SQUEEZE routine in
PLATON."” Final formulas were determined by combing single-crystal structures, elemental
microanalyses, TGA and the electron count of the SQUEEZE results. Crystallographic crystal data and
structure processing parameters for 1-7 and parts of complexes under specific conditions are
summarized in Table 1. Selected bond lengths and bond angles for 1-7 and parts of complexes under
specific conditions are listed in Table S1 (Supporting Information), respectively. Crystallographic data
for 1-7 have been deposited at the Cambridge Crystallographic Data Centre with CCDC reference

numbers 960060-960066.

Please insert Table 1 close to here

RESULTS AND DISCUSSION

Crystal Structure of 1. Single crystal X-ray diffriaction analysis reveals that complex 1, which
crystallizes in the monoclinic space group P2;/c, is a 3D coordination framework. Its asymmetric unit
contains three Co(Il) ions, three sdba® groups, one DMF molecule and two coordinated water
molecules. As illustrated in Figure la, there are three unique Co(Il) centers with the different
coordination environment. Col ions possess typical six-coordinated octahedral coordination geometry,

which is coordinated by six oxygen atoms from six sdba’ ligands. Co2 is coordinated by four oxygen



Page 9 of 29 CrystEngComm

atoms from three sdba® ligands, one oxygen atom from DMF molecule and one oxygen atom from
coordinated water molecule, showing a distorted octahedral arrangement. While the Co3 is a distorted
tetrahedral coordination geometry, which is coordinated by three oxygen atoms from three sdba™
ligands, one oxygen atom from coordinated water molecule. The distances of Co—O are 1.938(5)—
2.294(12) A, which is within the normal ranges."®

All the carboxyl groups from H,sdba ligands are deprotonated and adopt two different coordination
modes. One carboxyl group takes a bismonodetate coordination mode to link two Co centers (Col and
Co3) while the other carboxyl group adopts cheating/bridging bidentate coordination mode to bridge
two Co centers (Col and Co2) (Figure 1b). The coordination modes are different from that of [Zns(p-
OH);,(sdba),],-2nH,0, in which the H,sdba ligands adopt a (KI-KI)-(KI-KI)-/M coordination mode with the
torsional angle between the two phenyl rings being 81.441°."” Three Co atoms are joined by three sdba”
ligands to form a trinuclear Co(Il) cluster as a secondary building unit (SBU) with Co2--Col---Co3
distance of 3.492 and 3.658 A , respectively. These SBUs can be further extended by carboxylate groups
of the sdba® ligands to give a 2D zigzag sheet, in which the two benzene rings bent at ca. 103.2(4)—
103.8(3)° (C5-S1-C8, C19-S2-C22, and C36-S3-C39) (Figure S1). Interestigly, the sheets are
connected in an alternate fashion by Col atoms to generate a 3D framework without obvious cavity
(Figure 1c). From the topological point of view, if the trinuclear Co(II) cluster are regarded as a
connected node and the ligands are considered as linker, the structure of 1 can be described as a 6-

connected peu topology with the point symbol of (4'26”) (Figure 1d).
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Figure 1. (a) Coordination environments of the Co(II) ions in 1. Hydrogen atoms are omitted for clarity.
(b) The coordination mode of sdba®” and secondary building unit (SBU). (¢) The 3D sheet are connected

by Col(pink) to form a 3D framework. (d) Topological structure of the 3D framework.

Crystal Structure of 2. Compared with 1, the structure of 2 had changed enormously when importing
Htrz. Compound 2 crystallizes in the Tetragonal space group 14(1)/a and constains an interesting 3D
“onion” polymeric architecture. The asymmetric unit consists of two Co(II), one coordinated sdba®
ligand, one deprotonated trz” group, one coordinated water molecule and one x3—OH group, as shown in
Figure 2a. The central Col ion has a slightly distorted trigonal bipyramid coordination geometry with
two oxygen atoms (O4A and O8) from two sdba” ligands, two oxygen atoms (O1 and O1A) from two
13—OH groups and one nitrogen atom (N3) from one deprotonated trz” group. Co2 ion is six-coordinated
by two oxygen atoms (O3 and O7) from two sdba®" ligands, one oxygen (02) from coordinated water
molecule, one oxygen atom (O1l) from u3—OH and two nitrogen atoms (N1 and N2) from two
deprotonated trz” groups. The Co—O bond distances vary in the range of 2.010(3)-2.196(3) A, and the

Co-N bond distances vary in the range of 2.018(3)-2.089(3) A.
10
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As shown in Figure 2b, two pairs of symmetry-related Co(II) atoms (Col, ColA; Co2, Co2A) are
bridged together by two u3-hydroxides to form a [Cos(u3—OH),] cluster ( Co--Co 3.167-3.631 A, Co-
0—Co 79.20-117.59 A) as a tetranuclear Co(II) SBU. These SBUs can be further extended by triazole
groups and carboxylate groups of the symmetrical sdba” ligands. The coordination mode of ligand
Hysdba was different from 1. All carboxyl groups from Hjsdba are deprotonated and adopt a
bismonodentate coordination mode to bridge Col and Co2 of tetracobalt SBU with the distances of
3.630 A for Col-+Co2, generating a 3D framework (Figure S2). The two benzene rings bent at ca.
103.1(2)° (C7-S1-C10). Moreover, each trz unit act as bridging linker and connect with the
neighboring tetracobalt clusters to further stabilize the 3D framework (Figure 2c). Compound 2
possesses 1D channels (void = 18.6%) along ¢ axis and all trz” groups point to the square-shape
channels, with the maximum and minimun aperture diameters of 3.8 and 2.9 A, respectively.

From the topological point of view, if the trinuclear Co(II) cluster is regarded as a connected node,
this tetracobalt SBU can be defined as uniondal 8-connected node, and the carboxylate acts as 2-
connected linkers and triazole acts as 2-connected linkers. Topological analysis shows that the Schléfli
symbol for this netwok is {3°.4'°.5°.6°} named whel topology (Figure 2d). This topology has been

theoretically expected but not yet observed prior to this work.

11
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Figure 2. (a) Coordination environments of the Co(II) ions in 2. Hydrogen atoms are omitted for clarity.
(b) The tetranuclear cobalt (II) cluster. (¢c) Connectivity between two sheets through trz unit to form the
3D framework along the ¢ axis. (d) Schematic view of the {3°.4'°.5°.6°} topology ( the tetranucler

cobalt cluster respresented as rose red ball mode).

Crystal Structure of 3. In consideration of the fact that Hatz is similar with Htrz and contains a
specific -NH; group to form fascinating hydrogen bond, complex 3 was obtained when Hatz was
utilized in place of Htrz under appropriate reaction conditions. The single crystal X-ray analysis shows
that complex 3 is isostructural with 2. Similar to 2, the two pairs of Co(Il) atoms are linked together by
two us-hydroxides to construct a [Cos(u3-OH),] cluster as a tetranuclear Co(Il) SBU. The SBUs are
bridged by atz” groups and H,sdba with the two benzene rings bent at ca. 103.1(5)° (C5-S1-C8) to form

a 3D “onion” framework. (Figure S3). Compound 3 possesses 1D channels along ¢ axis. All atz” groups

12
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point to the channel and the hydrogen atoms of amino groups are exposed on the pore surface, which
further decreasing the aperture diameters. As expected, the hydrogen-bonding interactions [N4---O8 =
2.999(12) and N4---N3 = 3.129(12)] were formed by —NH, group, which further stabilize the framework
(Table S2).

Crystal Structure of 4. In contrast with 1, 2, and 3, single crystal X-ray analysis shows that complex
4 crystallizes in monoclinic crystal system space group C2/c, indicating a 1D helix chains when
bidentate chelating ligand Hti is imported. The asymmetric unit contains one Co(Il) cation, one Hpsdba
ligand, one Hti and one coordinated water molecule.

The Co(Il) is surrounded by three oxygen atoms (O1, O2 and O6) from two sdba® groups, two
nitrogen atoms (N1 and N3) from Hti and one oxygen atom (O7) from water molecule, giving a
distorted octahedral coordination geometry (Figure 4a). The carboxylate groups of the ligands connect
the adjacent Co(II) cations to form a single-strand helix chain with the Co---Co distance of 13.1562(36)
A (Figure 4b). The two benzene rings bent at ca. 104.9(2)° (C5-S1-C8). In addtion, the adjacent 1D
helix chains are further bridged by hydrogen-bonding interactions [O7--O5 = 2.836(5) A] (Table S2)
between the oxygen atoms of coordination water molecule and the adjacent uncoordination oxygen
atoms from the ligands to give a two-dimensinal (2D) supramolecular framework (Figure 4c). PLATON

analysis gives the free void volume ratio of 11.5 % in compound 4.

13
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Figure 3. (a) Coordination environments of the Co(Il) ions in 4. Hydrogen atoms are omitted for clarity.
(b) View of 1D helical chain along a axis. (¢) View of the 2D network of compound 4 along b axis. The

inter-chain strong hydrogen bonds are represented by dashed lines.

Crystal Structure of 5. Complex 5 crystallizes in the monoclinic space group C2/m and exhibits a
1D oo-like chains. The asymmetric uint contains one Cu(Il), one sdba® and one coordinated water
molecule. The Cu(Il) atom is coordinated by four oxygen atoms from four sdba® [Cu—O1 = 1.961(3)
and Cu—02 =1.959(3) A] and one oxygen atom from one coordinated water molecule [Cu-O4 =
2.184(51) A], giving a distorted squre pyramidal coordination geometry, where the O4 atom locates at
the top of the square pyramid and the four carbaoxylate oxygen atoms frame the bottom (Figure S4).
The fully deprotonated Hysdba ligand indicates a bidentate coordinattion mode and the pairs of Cu(Il)
cations are linked by two symmetrical sdba” ligands to form a dinuclear Cu(Il) “paddlewheel” type

SBU with a Cu---Cu space of 2.6244(15) A. These SBUs are further crossed through the second terminal

14
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carboxylate group of the symmetrical sdba” ligands into 1D chains (Figure 4a). Furthermore, there exist
weak 77 stacking interactions (centroid-to-centroid distance of 3.8549(7) A) among adjacent aromatic
cycles of sdba” ligands, which give a two-dimensinal (2D) supramolecular framework (Figure 4b).

PLATON analysis gives the free void volume ratio of 18.3 % in compound 5.

Figure 4. (a) An infinite 1D co-like chains formed by Cu(II) cation centers and sdba® ligands. Hydrogen
atoms are omitted for clarity. (b) View of the 2D network of compound 5 down a axis. The weak n--®

stacking interactions are represented by dashed lines.

Crystal Structure of 6. Crystal structure determination reveals that 6 crystallizes in the Tetragonal
space group I4(1)/a, is isostructural with 2. Two pairs of symmetry neighbored Cu(Il) atoms are
connected together by two u3-hydroxides to develop a [Cus(us—OH);] cluster as a tetranuclear Cu(Il)
SBU. Each tetranuclear Co(II) SBU is joined by four completely deprotonated H,sdba ligands and trz’

units to form a 3D framework. Compound 6 possesses 1D channels (void = 18.6%) along ¢ axis and all
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trz” groups point to the square-shape channels, with the maximum and minimun aperture diametersof 3.5

and 2.8 A, respectively.

Crystal Structure of 7. Complex 7 crystallizes in the orthorhombic space group Pbcn and exhibits a
3D coordination framework consisting of Zn-triazolate layers and dicarboxylate pillars. Its asymmetric
unit contains two independent Zn(II) ions, one sdba” ligand and two atz” ligands (Figure 5a). Znl atom
is four-coordinated by three nitrogen atoms (N1, N6 and N7) from three atz" ligands, one carboxylate
oxygen atom (02) from one sdba® ligand, conforming a distorted tetrahedrally geometry. Zn2 atom is
also tetrahedrally coordinated by three nitrogen atoms (N4, N5 and N8) from three atz’, one carboxylate
oxygen atom (O6) from one sdba® ligand. The Zn—N bond length is vary 1.985 to 2.022 A, and the Zn-
O bond length is 1.931 and 1.954 A, which are in the normal ranges in both cases.'® As shown in Figure
5b, the Zn(Il) cations are linked through the atz ligands to form a 2D layer structure. Such layers are
further bridged by bent dicarboxylate pillars, in which the two carboxylate groups adopt a monodentate
coordination mode, leading to the formation of a 3D framework (Figure 5c). In order to better
understand the whole structure, we can simplify the intricate structure as node-and-connecting nets.
Hence, from the viewpiont of structural topology, each Zn(II) unit can be viewed as a 4-connectd node,
the sdba” ligand acts as a linear linker and each Htaz ligand can be reduced to a 3-connected node. So
the whole framework possesses a new tetranodal 3,3,4,4-c net with the point symbol
{4°.8%.10"} {4°.8°.10} {4°.8} {4*.2} named whe?2 topology. (Figure 5d). In addition, these 3D framework
are further stabilized by hydrogen bonds (N2---O1 = 2.834(6), N6--O2 = 2.984(6), N6--O6 = 2.964(6),
N2:--02 = 3.279(6) ), which is formed by —NH, group and oxygen atoms of carboxylate group (Table

S2). PLATON analysis gives the free void volume ratio of 18.2 % in compound 7.
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Figure 5. (a) Coordination environments of the Zn(II) ions in 7. Hydrogen atoms are omitted for clarity.
(b) View of the 2D network formed by atz ligands and Zn(II) cations in 7. (c) Connectivity between
two networks through sdba® unit to form the 3D framework along the ¢ axis. (d) Schematic

representation of 4-connected topology of 7 (purple nodes: Zn; yollow nodes: Hatz ligands).

Analyses of solvent resistance property. The solvent resistance property of the complexes 1-7 was
examined by suspending samples in boiling water, methanol, ethanol, acetonitrile, DMF, dilute acid and
base for 48 h, which imitated the typical industrial chemical processes. During this process, samples

were regularly observed under an optical microscope.

It was found that the crystals of complex 1 could keep their original shapes in boiling organic solvents
conditions for more than 48 h and dissolved in boiling water (Table 2). Complex 5 dissolved in boiling

methanol, ethanol, and DMF conditions and could just keep the original shapes under boiling water and
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acetonitrile for 48h. Single crystal X-ray diffraction showed the unit cell parameters of complexes 1 and
5 after treatment basically did not change (Table S3). Complexes 1 and 5 were directly assembled by
metal ion with H,sdba. The solvent resistance property of 1 in boiling organic solvents can be ascribed
to the rigidity of the linker, dense structure, and its stable 3D framework without obvious cavity. In
addition, the ligand is a rigid V-shaped linker with different coordination modes to meet with the
requirements of coordination geometries of the center metal ions and provides a “pi-pocket” formed by
two phenyl rings and rules the stability of the final structures.'” As to 5, its macrocyclic subunits are

liable to be attacked by solvent molecules (Figure 6).

Please insert Table 2 close to here

Complexes 2—4 were prepared by the self-assembly of Co(Il) ion, Hsdba, with Htrz, Hatz, and Hti,
respectively. The structure of 2 and 3 showed a 8-coonected 3D metal-organic framework with new
{3°.41°.5% 6% topology, due to the bridging effect of the auxiliary ligands. Complex 4 showed a 1D
helix chains. Compared with 1, the crystals of complexes 2—4 could keep their original shapes under
boiling methanol, ethanol, acetonitrile, DMF and water more than 4 days. Single X-ray diffraction
studied that their unit cell parameters basically did not change (Table S4). That is to say, complexes 2—4
have more excellent boiling water and organic solvents resistance than that of 1. This may due to the
introduction of small organic N-donor ligands (Htrz, Hatz, and Hti) into the framework, which could
further improve the skeleton stability. The small organic N-donor ligands (Htrz, Hatz, and Hti) could
adopt bridging and bidentate chelating modes to link the center metal ions, increase the coordination
number of the center metal ions, and tune structural topologies. More importantly, the organic N-donor
ligands point to the channels of CPs, occupy the cavity, form hydrogen bonds and decrease the aperture
diameters, which will reduce the interaction between the solvent and the crystals and prevent the

dissolution of the frameworks.
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Figure 6. The channels in complexes 5 (a) and 2 (b) are attacked by solvent molecules( the solvent

molecules respresented as green ball mode).

The same phenomenon had occurred in complexes 5 and 6. With the introduction of auxiliary ligand
Htrz, complex 6 exhibits a 3D “onion” framework and has remarkable chemical resistance to boiling
water and organic solvents. Complex 7 was synthesized by the self-assembly of Zn(II) ion, H,sdba and
Hatz. It showed a 3D coordination framework consisting of Zn-triazolate layers and dicarboxylate
pillars and indicated a good solvent resistance property. In addition, it was found that 2—4, 6 and 7 could
keep the original shapes for several minutes when the samples were immersed in 0.5 M hydrochloric
acid solution or aqueous sodium hydroxide, but 1 and 5 were soluble immediately when the samples

were immersed in the acid/base solution.

To confirm whether the crystal structures remained unchanged after treatment, the XRD power
patterns for compounds 2 and 7 had been collected on a PANalytical X prtPro diffractometer using
graphite-monochromated Cu Ka radiation in the angular range 26 = 5-50°. The powder patterns of
compounds 2 and 7 matched with the ones calculated from their single crystal structure data, which
indicated that their crystals could retain their crystallinity in boiling water, methanol, ethanol,

acetonitrile, and DMF (Figure 7).
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Figure 7. (a) PXRD patterns of 2: (i) simulated, (ii) as-synthesized, (ii1) boiling water, (iv) boiling
CH;O0H, (v) boiling CH3CH,OH, (vi) boiling CH3CN, (vii) boiling DMF. (b) PXRD patterns of 7: (i)
simulated, (ii) as-synthesized, (iii) boiling water, (iv) boiling CH3OH, (v) boiling CH3;CH,OH, (vi)

boiling CH;CN, (vii) boiling DMF.

Analyses of the thermal stability. The thermogravimetric analysis (TGA) experiments of 2 and 7
were carried out (Figure S5). The curve of compound 2 shows a weight loss of 6.23% in the 75-320 °C
range attributed to the departure of lattice water molecules (calculated 6.59%). After that an additional
weight loss of 60.22% up to 533 °C can be attributed to the gradual release of coordinated H,sdba and
Htrz ligands. TG curve of 7 exhibits that it is stable up to 421.3 °C. The thermal stability of 7 is mainly
due to the stable 3D coordination framework consisting of Zn-triazolate layers and dicarboxylate pillars.
And then, the following weight loss may be attributed to the gradual release of the Hysdba and Htrz
ligands ended at 608 °C with retention of weight of 12.84% (calculated 13.28 %), corresponding to

Zn0.

Photoluminescence properties. The fluorescent properties of complexes 2, 6 and 7, together with
the free Hysdba ligand, the co-ligands of Htrz and Hatz, were investigated at ambient temperature, as
depicted in Figure. S6. The free Hysdba ligand displays intense emission bands at 329 nm (A = 277
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nm), which is assigned to the n*—n or n*—n transition.” As strong electron withdrawing groups,
triazole and its derivatives almost have no significant contribution to the fluorescent emission.”’ Thus,
the emission of the coordination polymer is mainly associated with the presence of the Hpsdba ligands.
Complexes 2 and 6 show no detectable fluorescence due to the fact that Co(II)/Cu(II) ion provides an
efficient pathway for quenching the fluorescence of the ligand because of the fluorescence quenching
nature of paramagnetic Co(I)/Cu(Il).”> While complex 7 exhibits an emission maxima at 404 nm (hex =
385), which is red-shifted 75 nm as compared with the free Hpsdba ligand. Such fluorescence behavior
could be due to the metal ion, carboxylate ligand and encapsulated lattice molecule. However, the role
of structural complexity and framework robustness can not be ignored. Considering the above factors, it
is neither metal-to-ligand charge transfer (MLCT) nor ligand-to-metal charge transfer (LMCT), but it
may be assigned to a change in energy levels (HOMO-LUMO) of carboxylate-based ligands. The

profile of emission bands suggests the possibility of intraligand (=—n*) transitions.”

CONCLUSIONS

In summary, we have successfully synthesized and characterized seven new CPs by the self-assembly
of Hpsdba, auxiliary ligands (Htrz, Hatz, and Hti), and Co(II), Cu(Il), Zn(II) cations under solvothermal
conditions. The title complexes display versatile coordination features with 1D, 2D, and 3D
frameworks. Therein, with the introduction of rigid organic molecules (Htrz, Hatz, and Hti) as auxiliary
ligands, complexes 2-3, 6 and 7 exhibit interesting 3D frameworks with the first reported topologies
whel and whe2. The investigation of solvent resistance property had demonstrated that complexes 2—4,
6 and 7 have more excellent boiling water and organic solvents resistance than that of 1 and 5. Their
excellent solvent resistance property can be ascribed to the rigidity of the linker, dense structure and
stable frameworks. In addition, the auxiliary ligands could adopt bridging and bidentate chelating modes

to link the center metal ions, decrease the aperture diameters and form hydrogen bond to reduce the
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interaction between the solvent and crystal. Herein we have shown a rational approach can be taken
toward the construction of CPs with good solvent resistance property and intriguing structural
topologies. Actually, there is more work to be done to clarify the intermolecular forces between the
solvent and crystal. Further investigations about the solvent resistance property of metal-organic

frameworks (MOFs) are currently underway.
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Table 1. Crystallographic data and structure refinement details for complex 1-7*°
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Complex 1 2 3 4 5 6 7
Formula Cs1HyoCo3N; Ci6HisCooN - Ci6HiCooNg  CysHi9CoN; Ci4Hi3Cu0g  CieHisCuN - CigHisNgOs.
u

0238; 3008 0,8 0555, sS 3008 sSZny
fw 1344.93 543.23 558.25 608.48 412.85 552.46 610.24
T/K 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
A (Mo K), A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

) ) ) Orthorhomb
Cryst syst monoclinic Tetragonal Tetragonal monoclinic monoclinic ~ Tetragonal )
ic

Space group P2(1)/c 14(1)/a 14(1)/a C2/c C2/m 14(1)/a Pbcn
a(h) 16.654(3) 25.087(4) 25.370(10) 23.564(5) 12.248(2) 24.344(3) 30.671(6)
b(A) 20.426(4) 25.087(4) 25.370(10) 7.1412(14) 22.262(5) 24.344(3) 16.577(3)
c(A) 21.802(7) 15.026(3) 15.204(3) 32.254(7) 7.1435(14) 15.067(3) 9.851(2)
Q) 128.991(18) 90 90 105.50(3) 124.47(3) 90 90
V(A% 5754(2) 9457(3) 9786(6) 5230.2(18) 1605.8(6) 8929(3) 5008.3(17)
VA 4 16 16 8 4 16 8
Degrea- (grem™) 1.550 1.526 1.516 1.545 1.708 1.644 1.619
Reflections

10730 /10730 4409/4409  14539/4544 4864 /4864 6035/1536  4390/4390 4638 /4638
collected / unique
abs coeff/mm’’! 1.038 1.533 1.485 0.864 1.521 2.043 2.048
F(000) 2596 4224 4352 2368 780 4288 2416
6% 1.56-25.50 1.58-25.50 1.56-25.50 2.49-25.50 1.83-25.49 1.67-25.99 1.40-25.50
GOF 1.118 1.119 1.149 1.142 1.070 1.039 1.023
R (I>2sigma(D))* 0.0939 0.0410 0.1078 0.0623 0.0409 0.0722 0.0505
WRy(I>2sigma(I))°  0.2407 0.1055 0.2408 0.1252 0.0950 0.1833 0.1138

Ry = SNF - IF SNl "WRy = [Sw(Fo: -FO) Y w(Fo )™,
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Table 2. Chemical stability of the complexes 1-7 in boiling water, MeOH, EtOH, MeCN, DMF for 48h.

Solvent
Boiling
MeOH EtOH MeCN DMF

Complex water

1 -- stability | stability | stability | stability
2 stability | stability | stability | stability | stability
3 stability | stability | stability | stability | stability
4 stability | stability | stability | stability | stability
5 stability | -- -- stability | --

6 stability | stability | stability | stability | stability
7 stability | stability | stability | stability | stability
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Captions for Figures

Scheme 1. Schematic molecular structure of Hysdba and bix ligands.

Figure 1. (a) Coordination environments of the Co(II) ions in 1. Hydrogen atoms are omitted for clarity.
(b) The coordination mode of sdba®” and secondary building unit (SBU). (¢) The 2D sheet are connected
by Col (pink) to form a 3D framework. (d) Topological structure of the 3D framework.

Figure 2. (a) Coordination environments of the Co(II) ions in 2. Hydrogen atoms are omitted for clarity.
(b) The tetranuclear cobalt (II) cluster. (¢c) Connectivity between two sheets through trz unit to form the
3D framework along the ¢ axis. (d) Schematic view of the {3°.4'°.5°.6°} topology (the tetranucler cobalt
cluster respresented as rose red ball mode).

Figure 3. (a) Coordination environments of the Co(Il) ions in 4. Hydrogen atoms are omitted for clarity.
(b) View of 1D helical chain along a axis. (¢) View of the 2D network of compound 4 along b axis. The
inter-chain strong hydrogen bonds are represented by dashed lines.

Figure 4. (a) An infinite 1D oo-like chains formed by Cu(Il) cation centers and sdba® ligands. Hydrogen
atoms are omitted for clarity. (b) View of the 2D network of compound 5 down a axis. The weak n--®
stacking interactions are represented by dashed lines.

Figure 5. (a) Coordination environments of the Zn(II) ions in 7. Hydrogen atoms are omitted for clarity.
(b) View of the 2D network formed by atz™ ligands and Zn(II) cations in 7. (¢) Connectivity between
two networks through sdba® unit to form the 3D framework along the ¢ axis. (d) Schematic
representation of 4-connected topology of 7 (purple nodes: Zn; yollow nodes: Hatz ligands).

Figure 6. The channels in complexes 5 (a) and 2 (b) are attacked by solvent molecules( the solvent

molecules respresented as green ball mode).

Figure 7. (a) PXRD patterns of 2: (i) simulated, (i1) as-synthesized, (iii) boiling water, (iv) boiling
CH;0H, (v) boiling CH3CH,OH, (v1) boiling CH3CN, (vii) boiling DMF. (b) PXRD patterns of 7: (1)
simulated, (ii) as-synthesized, (iii) boiling water, (iv) boiling CH3OH, (v) boiling CH3;CH,OH, (vi)

boiling CH;CN, (vii) boiling DMF.
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Seven Dicarboxylate-Based Coordination
Polymers with Structural Varieties and Solvent
Resistance Property Changing Derived from the
Introduction of Small Organic Linkers

Chao Huang, Feixiang Ji, Lu Liu, Na Li, Haofei Li, Jie Wu*, Hongwei Hou*, Yaoting Fan

Introducing organic molecules as coligands, several coordination polymers with new

topologies and remarkable solvents resistance property have been obtained.




