533 B 1 T HL ik 2% 2 Eird Vol.33 No.1
201741 A CHINESE JOURNAL OF INORGANIC CHEMISTRY 115-122

HmHIETFHEHEHN SR EBREZLERESOMEATAA
In()/CAMBEAI B E Y . NEH FiEE#H 05 R

PG WFMR Fhte s RIGK A A £ K Fakr
(RBEIXFUZERBEHFFR RO EEALEARSE BT EEEE P 723001)

WE., FEHEARESET AT 2 A8/ )Eﬂf‘l%A% :{[Zn(1,3-bip)(bpde)]-0.5H,bpde}, (1), {[Cdy(1,3-bip),(bpde),]- DMF}, (2),
H,bpde=4,4"-BR — R, 1,3-Bip=1,3- (WKW BN bg, JFad X S 45 @A i, B ok XRD (ZLAMEHE 03 451 L SRR 43 B

Xt HLEE R AT RAL MR R BT A R, @au%«*% 12— A IEFH 3D—3D =4z [ MK ARG 2 2125
ZEA Y 2D—2D 4 (4, 4) RS ZARG Y, Y AN BT 2 AN B SRS WA E IR T i AR S RE

KB HRIG N BCALRA Y BRI b 9EutiaE
HESES. 0614.24'1; 0614.2472 MERARIREE . A MEHS . 1001-4861(2017)01-0115-08
DOI:10.11862/CJIC.2017.001

Two Zn(I)/Cd(I) Complexes Constructed by the Same Biphenyl-dicarboxylate
and N-Donor Ligands: Different Interpenetrating Structures
and Photoluminescence Properties
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ZHAO Cai-Bin ZHENG Nan JIANG Min GE Hong-Guang*
(Shaanxi Province Key Laboratory of Catalytic Foundation and Application, College of Chemical &
Environment Science, Shaanxi Sci-Tech University, Hanzhong, Shaanxi 723001, China)

Abstract: Two metal coordination polymers, namely {[Zn(1,3-bip)(bpdc)]-0.5H,;bpde}, (1), {{Cdx(1,3-bip),(bpdc),]+
DMF}, (2), where 1,3-bip=1,3-bis(imidazol)propane, H.bpdc=biphenyl-4,4"-dicarboxylic acid, were synthesized by
changing the central ion with the same mixed ligands under solvothermal conditions. The complexes were further
characterized by single crystal X-ray diffraction, powder XRD, FTIR, TGA and elemental analysis techniques.
Single crystal X-ray analysis revealed that complex 1 exhibits a 5-fold 3D —3D parallel interpenetrating
frameworks. Complex 2 features a 2D—2D (4,4) net, which are interlocked with each other to form a 2-fold
parallel interpenetrating 2D architecture. The varieties in coordination numbers of the central metals are the key
reasons for the structural differences. In addition, the photoluminescence properties of 1 and 2 in the solid state
at room temperature were also investigated. CCDC: 1011050, 1; 1013480, 2.

Keywords: solvothermal synthesis; coordination polymers; interpenetrating frameworks; photoluminescence properties

Wﬁ H397.2016-02-14, W& ks H 81.2016-09-22,,

TAE H AR 42 (No.21603133) B P 3 T K 2 1l 1 )i 2 28 2% (No.SLGKYQD2-13 , SLGK Y QD 14-10) 1B 78 3L T K 2% 4% ¢ 5t H
(NO.SIACKY15—36)')F'H§EJ] .
“HAEK R A, E-mail ;jiufulu@163.com , gehg@snut.edu.cn



116 Jd Hl fk

#o% 4R %33 %

Construction of new metal coordination polymers
(MCPs) has attracted attention due to their diverse
structural topologies and potential applications as
functional materials such as gas storage, magnetism,
catalysis, and luminescence!. Metal-directed self-
assembly to construct rigid and robust metal-organic
polymers (MCPs) has provided an extensive class of
solid materials with high stability and desired physical
properties®®. Within this context, interpenetration and
polycatenation networks with optimal functionalities
have attracted particular attention. Interpenetrating
net can be described as a series of independent nets
that penetrate mutually and polycatenation nets can
be described molecules with loops through loops. The
structures of interpenetration and polycatenation

arrays not only provide interesting topological
structures but also exhibit promising applications as
superhard materials for their peculiar magnetic,
optical, and catalytic properties, etc'.

In recent years, the direct use of two types of
organic ligands have been found to be an effective
method for the synthesis of MCPs, because of their
rich coordination modes, including monodentate,
bridging and chelating!*"*. To date, many MCPs have
been prepared on the basis of carboxylate-type O-
donors and amine- or N-donors. Thereinto, Diphenic
acid as O-donor ligand has received much attention in
the designed synthesis of coordination polymers >,
for example, biphenyl-4,4"-dicarboxylic acid (H,bpdec)
is a good candidate for construction of coordination
polymers. Meanwhile, flexible bis (imidazole) ligands
(such as 1,2-bis(imidazole) ethane (1,2-bie), 1,3-bis
(imidazole)propane (1,3-bip), 1,4-bis (imidazole)butane
(1,4-bib), 1,5-bis (imidazole)pentane (1,5-bip), 1,6-bis
(1,6-bih) and 1,4-bis (imidazol-1-

ylmethyl) benzene (bix)"**")) bearing alkyl spacers are

(imidazole)hexane

good choice of N-donor ligands, in which the flexible
nature of spacers allows the ligands to bend and rotate
when it coordinates to metal centers, and this often
causes the structural diversity and different capacities
of spatial extension.

In this paper, we report the metal ions induced

synthesis of two new complexes, {[Zn(1,3-bip)(bpdc)]-

0.5H;bpdc}, (1) and {[Cd,(1,3-bip),(bpdc),] - DMF}, (2),
biphenyl-4,4" -

dicarboxylic acid and 1,3-bis(imidazole)propane as the

constructed by using the same

mixed ligands.
1 Experimental

1.1 Materials and measurements

All reagents used in the syntheses were of
analytical grade. Elemental analyses for carbon,
hydrogen, and nitrogen atoms were performed on a
Vario EL Il elemental analyzer. The infrared spectra
(4 000~400 cm™) were recorded by using KBr pellet
on an Avatar 360 E.S.P. IR spectrometer. Thermo-
gravimetric analysis (TGA) was performed on a TA-
SDT Q600 thermal analyzer under N, atmosphere with
a heating rate of 10 “C *min™" in the range of 30~1 000
°C. The fluorescence spectra of samples were measured
with a Hitachi F-4500 fluorescence spectrophotometer
at room temperature using powder crystal samples.

1.2 Synthesis of complex
1.2.1 Synthesis of {[Zn(1,3-bip)(bpdc)]-0.5H,bpdc},
@)

A mixture of Zn(NO;),+6H,0 (0.2 mmol, 58.2 mg),
1,3-bip (0.20 mmol, 35.2 mg), NaOH (0.2mmol, 8mg)
and H,bpde (0.20 mmol, 58.2 mg) in DMF-H,0 (6 mlL,
1:1, V/V) binary solvent was placed in a 25 mL Teflon-
lined stainless steel container, which was heated at
150 °C for 3 d, and then cooled to room temperature
over 24 h. Colourless block crystals of 1 were collected.
Yield: 75% based on Zinc. Elemental analysis Caled.
for C3H,sZnN,04(%): C 59.81, H 4.15, N 9.30; Found
(%): C 59.36, H 3.96, N 9.81. IR(cm™): 3 442(w), 3 125
(m), 2 919(w), 1 693(s), 1 612(s), 1 532(m), 1 382(s),
1 252(s), 1 105(m), 852(m) and 763(m).

1.2.2  Synthesis of {|Cdy(1,3-bip)y(bpdc),|- DMF}, (2)

The preparation of 2 was similar to that of 1
except that Zn(NO;),+6H,0 was replaced by Cd(NOs),-
4H,0 (0.20 mmol, 61.6 mg). Colourless block crystals
of 2 were obtained. Yield: 75% based on Cadmium.
Elemental analysis Caled. for CyH,Cd,NgOo(%): C
52.00, H 4.16, N 11.14; Found(%): C 52.36, H 4.02,
N 11.41. IR(em™): 3 444(w), 3 111(m), 2 919(w), 2 865
(w), 1 671(m), 1 585(m), 1 524(s), 1 393(s), 1 238(w),
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1 088(m), 846(m) and 771(m). temperature. An empirical absorption correction was
1.3 Determination of crystal structures applied using the Semi-empirical from equivalents

Crystals of 1 (0.22 mmx0.18 mmx0.14 mm) and 2 program™. The structures were both solved by direct
(0.23 mmx0.18 mmx0.14 mm) were carefully selected methods using SHELXS-97%.  Crystallographic data

under an optical microscope, and data collection for 1 and 2 are presented in Table 1. The main bond
were performed on a CCD automatic diffractometer lengths and angles are listed in Table 2.
with graphite-monochromatized Mo Ka radiation (A= CCDC: 1011050, 1; 1013480, 2.

0.071 073 nm) by using the w-scan mode at room

Table 1 Crystallographic data and structure refinement for 1 and 2

Compounds 1 2
Formula CyHysZnN,Oy CaHrCdaNoOy
Formula weight 602.90 1130.78
T/K 293(2) 293(2)

Crystal system Monoclinic Monoclinic
Space group C2/e P2//c

a/ nm 2.261 31(5) 1.537 18(5)

b / nm 1.724 26(5) 2.873 15(9)

¢/ nm 1.361 89(3) 1.103 94(4)
B/ 94.122(2) 93.025(4)

V /nm? 5.296 4(2) 4.868 8(3)

A 4 4

D./ (g-em™) 1.510 1.543

F(000) 2 480 2 288

GOF on F? 1.093 1.105
Reflection, unique 4 654, 370 8 551, 624

R\, wRy" [I>20(1)] 0.048 5, 0.108 3 0.069 1, 0.150 0
R\, wRy" (all data) 0.070 9, 0.118 2 0.084 9, 0.156 0

‘Ri=X (IE-IFIN S IE), wR=[ S (1F,P~IFIPH S w(F3)]"

Table 2 Selected bond lengths (nm) and angles (°) for 1 and 2

1
Zn(1)-0(1) 0.196 0(2) Zn(1)-N(4) 0.199 1(3) Zn(1)-N(1) 0.202 2(3)
Zn(1)-0(3) 0.196 7(2)

0(1)-Zn(1)-0(3) 110.05(10) 0(3)-Zn(1)-N(4) 103.25(7) 0(3)-Zn(1)-N(1) 106.22(11)

0(1)-Zn(1)-N(4) 117.16(11) 0(1)-Zn(1)-N(1) 98.32(12) N(4)-Zn(1)-N(1) 109.92(12)

2
Cd(D)-0(1) 0.235 4(5) Cd(D)-N(1) 0.224 5(9) Cd(2)-0(7) 0.228 2(6)
Cd(1)-02) 0.232 8(5) Cd(1)-N@) 0.227 5(8) Cd(2)-0(8) 0.239 3(6)
Cd(1)-0(3) 0.252 4(6) Cd(2)-05) 0.236 8(5) Cd(2)-NG5) 0.228 3(6)
Cd(1)-0(4) 0.224 3(5) Cd(2)-0(6) 0.238 2(5) Cd@2)-N@®) 0.228 4(6)

0(4)-Cd(1)-N(1) 102.0(3) 0(4)-Cd(1)-02) 156.7(3) N(5)-Cd(2)-N(8) 96.3(2)

0(4)-Cd(1)-N(4) 103.2(3) 0(7)-Cd(2)-N(5) 98.5(2) 0(7)-Cd(2)-0(5) 147.8(2)

N(1)-Cd(1)-N(4) 98.6(3) 0(7)-Cd(2)-N(8) 114.3(2)

Symmetry codes: " —x, y, —z+1/2; " x+1/2, y+1/2, z; " —x+1/2 for 1; " —x, y+1/2, —z+1/2; ¥ —x, —y, —z; " x, —y=1/2, 2=1/2 for 2



118 Jd Hl fk

#o% 4R

%33 8

2 Results and discussion

2.1 Description of the structures
2.1.1 Crystal structural description of 1

Single X-ray diffraction study revealed that
complex 1 was isostructural with {[Co(1,3-bip)(bpdc)]-
0.5H,bpdc},, which has been previous reported by our
group!”. The asymmetric unit of 1 is composed of a
four-coordinate Zn(Il) center, a 1,3-bip ligand, a bpdc*
ligand and a half uncoordinated H,bpdc molecule
(Fig.1a). Znl

geometry, coordinating to two nitrogen donors of two

ion adopts a distorted tetrahedral

1,3-bip ligands and two oxygen donors of two bpde*~
ligands (Zn1-01 0.196 0(3) nm, Zn1-03 0.196 7(4) nm,
Z1-N1 0.202 2 nm, Z1-N4 0.199 1 nm). Both Zn-N
and Zn-O bond lengths are well-matched to those
observed in similar complexes™*!. Then, 1,3-bip ligand
adopts a bis-monodentate bridging mode connecting
two Zn(Il) centers to form a [Zn(1,3-bip)],** macrocyclic

unit (Fig.1b). Neighboring [Zn(1,3-bip)],** macrocyclic

2

unit as a 4-connected secondary building unit are
further linked by two conformations of bpdc?~ ligands
in which the two phenyl rings about the central bond
have a twist with a dihedral angle of 0° and 41.02° to
([Zns(1,3-
bip),|s(bpde)e}, and the uncoordinated H,bpde molecules

form a 12-connected oblong building unit

are bound inside the pores with intermolecular O-H
---0 hydrogen bonding interactions (Oy; 4. —H:** Opa)
between O atom of the coordinated bpdc® ligand and
O atom of uncoordinated H,bpde molecule with O---O
distances of 0.262 6 nm (Fig.1c). The bpdc?™ acts as a
bridging ligand with bis-monodentate coordination
mode connecting above-mentioned 12-connected oblong
building unit to form the porous 3D architecture (Fig.
[Zn (1,3-

bip)l,** macrocyclic unit can be considered as a 4-

1d). From the topological perspective, the

connected uninodal node with a Schlfli symbol of
(6°,8) cds type topology. By mutual interpenetration of

five independent equivalent frameworks, it leads to

Some hydrogen atoms are omitted for clarity; Symmetry codes: ' —x, v, —z+1/2; " x+1/2, y+1/2, z; ™ —x+1/2, y+1/2, —z+1/2 in (a)

Fig.1 (a) Coordination environment of Zn(Il) ion in 1; (b) View of a 4-connected second building unit of [Zn(1,3-bip)],*;

(¢) View of uncoordinated H,bpde molecules encapsulated in the pore of the 3D framework of 1; (d) View of the

3D network along the ¢ axis in 1; (e) 5-fold 3D—3D parallel interpenetrating structure of 1
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the formation of 5-fold 3D—3D parallel interpenetra-
ting architecture (Fig.le).
2.1.2  Crystal structural description of 2

The complex 2 crystallizes in the monoclinic
system with P2,/c space group. Each asymmetric unit
of 2 contains two Cd(I) ion, two bpdc?~ anions, two
1,3-bip ligands and one DMF molecule. As shown in
Fig.2a, the two Cd(Il) ion exhibit same coordination
geometry and are coordinated by four carboxylate O
atoms (Cd-O 0.228 2(6)~0.252 4(6) nm)
bpdc?~ anions as the chelate form and two N atoms
(Cd-N 0.224 5(9)~0.228 4(6) nm) from two 1,3-bip
ligands, showing a distorted octahedral geometry. Each

from two

1,3-bip acts as a bridging ligand coordinating the
adjacent Cd(I) ion to form a one dimensional {[Cd
(1,3-bip)]},>** chain, where the 1,3-bip ligands show

e

22 22
sV B 3V By

de
iy

the cis-conformation with the same Cd---Cd distance
of 1.109 4(9) nm. These chains are further linked by
bridging bpdc* ligands to generate a 2D infinite
undulated rectangular (4,4) grid incorporating a
[Cd4(1,3-bip)a(bpdc),] window of 1.109 nmx1.524 nm
based on the Cd---Cd distances (Fig.2b). Then a pair
of identical 2D single nets are interlocked with each
other to form a 2-fold parallel interpenetrated 2D
architecture by (Cy;,—H--- 0y,,.0.234 8, 0.247 0, 0.255 5,
0.258 2, 0.271 9 nm) hydrogen bonds (Fig.2¢ and d),
in which the DMF molecules are resided. Although
the two MCPs

carboxylate and N-donor ligand, coordination modes

were constructed by the same

are quite different, resulting in variable framework of

the structures, respectively.
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Hydrogen atoms are omitted for clarity; Symmetry codes: ' —x, y+1/2, —z+1/2; ¥ —x, —y, —z; " x, —y—1/2, z2=1/2

Fig.2 (a) Coordination environment of Cd(Il) ion in 2; (b) View of 2D infinite undulated rectangular (4,4) grid in 2;

(¢) Perspective view of the 2D coordination network along the a axis in 2; (d) Schematic view of the

2-fold interpenetrating along the b axis in 2

2.2 FTIR spectra, X-ray powder diffraction
patterns and thermal properties
As shown in Fig.3, the middle band at 3 442 cm™
for 1 further indicates the presence of hydron band

between uncoordinated dicarboxylate ligand and

molecular skeleton. The weak bands at 3 444 cm™ for
2 can be assigned to N-H stretching frequency of
DMF molecule. The middle band at 3 111 em™ and
strong band at 1 693 c¢cm™ belong to O-H and C=0
band  of

stretching  vibration uncoordinated
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dicarboxylate ligand, respectively. The strong peak at
1382 ecm™ for 1 and 1 393 ecm™ for 2 indicate the
presence of deprotonated -COO~ groups. The peaks at
1585 and 1393 em™ for 2 correspond to the asymmetric Exveri
xperimental
and symmetric vibration of the carboxylate group
(COO"), and the difference of the value between them
is less than 200 cm !, which indicates that the
carboxylate groups behave as the chelate coordination
27] Simulated
modes!’.
T T T T T T T .
1 10 20 30 40 50
20/ ()
Fig.5 XRD pattern of complex 2
1004
2
80
S 60
g
S
2 404
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™ 20+ 1
Fig.3 FTIR spectra of complexes 1 and 2 0 2

Fig.4 and 5 show the powder XRD patterns of
as-synthesized compounds and the simulated patterns
on the basis of single-crystal structures of 1 and 2,
respectively. The diffraction peaks on patterns
correspond well in position, indicating the phase

purity of the as-synthesized samples.

Experimental

Simulated

10 20 30 40 50
20/ ()

Fig4 XRD pattern of complex 1

Thermogravimetric measurements were

(TG)
carried out from 30 to 1 000 °C under N, atmosphere
flow with a heating rate of 10 “C+min™. As shown in

Fig.6, the framework of complex 1 is stable up to 350

200 400 600 800
Temperature / 'C

Fig.6 TG curves of complexes 1 and 2

C and then the framework begins to collapse. A
subsequent weight loss of 88.2% in the temperature
range of 350~980 °C corresponds to the release of
coordinated 1,3-bip, bpdc* ligands and a half uncoor-
dinated H,bpde molecule (Caled. 89.3%). Complex 2
exhibits a weight loss of 6.07% from 100 to 230 C,
corresponding to the loss of one free DMF molecule
(Caled. 6.45%). Tt is stable up to about 350 °C and
then the framework starts to collapse after that temp-
erature. The ultimate frameworks of 1 and 2 can be
stabilized up to 350 °C, which are larger than the usual
non-interpenetration and polycatenation structures™,
2.3 Fluorescence properties

The solid-state luminescence

properties  of
complexes 1 and 2 as well as the free 1,3-bip ligand
were investigated at room temperature. Free 1,3-bip
shows emission with a maximum at 462 nm upon
excitation at 330 nm in solid state, matching with the

[19]

previous reports As shown in Fig.7, the maximum

emission peaks for complexes 1 and 2 are observed at
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458 and 460 nm upon excitation at 330 nm, respectively,
which show slight blue shift in wavelength compared
with 1,3-bip ligand. The blue shift of the emission
maximum between the complex and the ligand may
originate from the coordination of the ligand to the
metal centers. The Zn (I)/Cd (I) ion are difficult to
oxidize or reduce because of the d' configuration. So
the emissions of these MCPs are neither metal-to-
(MLCT) nor ligand-to-metal
charge transfer (LMCT) in nature™*. Thus, they may

ligand charge transfer

be assigned to a mixture characteristics of intraligand
and ligand-to-ligand charge transition (LLCT), as
reported for other Zn(Il) MCPs constructed from mixed
N-donor and O-donor ligands™!.

luminescence in d" complexes may be attributed to

The enhancement of

ligand chelation to the metal center which effectively
increases the rigidity of the ligand and reduces the
loss of energy by radiationless decay. The difference
of the emission behaviors for 1 and 2 probably derives
from the differences in the rigidity of solid-state
crystal packing.

2

400 500 600 700 800
Wavelength / nm

Fig.7 Solid-state emission spectra of the complexes 1

and 2
3 Conclusions

In conclusion, two coordination polymers based
on H,bpde and 1,3-bip mixed ligands have been
prepared under solvothermal conditions. By changing
the central ion, two new complexes with different
structures were constructed. Complex 1 features a 3D
—3D fivefold interpenetrating framework via the

connectivity among cationic [Zn(1,3-bip)],* macrocycles

and bpdc* ligands. Complex 2 features a 2D—2D
(4,4) net. In addition, the photoluminescence investi-
gation shows that two coordination polymers appear
potentially applied as luminescent materials. Further
experiments exploring the structural effects of the
spacer length of bis(imidazole) ligands on coordination
polymers, and any resulting changes in physico-

chemical properties, are underway in our laboratory.
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