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Copper(Il) coordination polymers constructed from aromatic
polycarboxylate and flexible triazole ligands with different
spacer lengths: syntheses, structures, and properties

LI TIAN* and SHANG YONG ZHOU

Tianjin Key Laboratory of Structure and Performance for Functional Molecules, Key
Laboratory of Inorganic—Organic Hybrid Functional Material Chemistry, Ministry of
Education, College of Chemistry, Tianjin Normal University, Tianjin, China

(Received 17 January 2013; in final form 18 May 2013)

{[Cuy(btm),(Hbtc)(Habtc),(H20)]°9.5H08, (1), [Cu(bte)(Habte)ln  (2)  {[Cu(btp)(Habte)]:
0.25H,0}, (3) (btm=bis(1,2,4-triazol-1-yl)methane, bte=bis(1,2,4-triazol-1-yl)ethane, btp=bis
(1,2,4-triazol-1-yl)propane, Hsbtc=benzene-1, 3, 5-tricarboxylic acid) have been synthesized and
structurally characterized. 1 features a 1-D double chain, which is interconnected by classical
hydrogen-bonding (O—H- - -O) and 7= interactions to lead to a 3-D supramolecular architecture. 2
and 3 are both 1-D single chains, which are interconnected by 7= interactions to 2-D layer archi-
tectures. Elemental analysis, XRD, IR, TG and EPR spectra have been carried out and discussed.

Keywords: Hsbtc; Bis(1,2,4-triazol-1-yl)methane; Bis(1,2,4-triazol-1-yl)ethane; Bis(1,2,4-triazol-1-yl)
propane; EPR spectra

1. Introduction

Metal coordination polymers have interesting topologies and potential applications in areas
such as catalysis, adsorption (gas storage), luminescence, and magnetism [1-9]. A key step
for construction of polymeric transition metal complexes is to select appropriate multiden-
tate bridging ligands [10, 11]. Flexible bispolyazole-type ligands such as 1- or 4-substi-
tuted 1,2,4-triazole rings tethered by an alkyl spacer can be used to obtain a variety of
polynuclear molecules and linear coordination polymers [12—15]. The flexibility and con-
formational freedom of bispolyazole ligands can offer the possibility for construction of
unpredictable and interesting frameworks.

Owing to the diversity of coordination modes and high structural stabilities, multicarb-
oxylic ligands with suitable spacers, especially benzoic acid — based ligands, are frequently
used for metal-organic networks [16-21]. Benzene-1,3,5-tricarboxylic acid (Hjbtc, also
known as trimesic acid) is a rigid, planar molecule that has been widely used as a bridging
ligand in the synthesis of multidimensional MOFs.
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We reported crystal structures of a series of transition metal coordination polymers
(Cd**, Zn**, Cu*" and Co®") with flexible bis(triazole) ligands [22-25]. In this contribu-
tion, we choose bis(1,2,4-triazol-1-yl)methane (btm), bis(1,2,4-triazol-1-yl)ethane (bte), and
bis(1,2,4-triazol-1-yl)propane (btp) with benzene-1,3,5-tricarboxylic acid as building
blocks. Three coordination polymers, {[Cu,(btm),(Hbtc)(H,btc),(H,0)]-9.5H,0}, (1),
[Cu(bte)(H,btc),], (2) and {[Cu(btp)(H,btc),]-0.25H,0},, and (3), were fabricated and
structurally characterized by X-ray single-crystal analyses. IR spectra, thermal stabilities,
and EPR spectra are also discussed.

2. Experimental

2.1. General remarks

Deionized water was used as solvent in this study. The reagents and solvents employed
were commercially available and used as received without purification. Ligands btm, bte,
and btp were synthesized as reported previously [26]. Elemental analyses (C, H, and N)
were carried out on a Perkin—Elmer elemental analyzer. FT-IR spectra were recorded from
KBr pellets (4000-400cm™ ') on a Bio-Rad FTS 135 spectrometer. Powder X-ray diffrac-
tion measurements were recorded on a D/Max-2500 X-ray diffractometer using Cu-Ko
radiation. TG experiments were performed on a NETZSCH TG 209 instrument with a
heating rate of 10°Cmin~" under nitrogen. EPR spectra were measured on a BRUKER
EMX-6/1 EPR spectrometer.

Table 1. Crystallographic data and structure refinement details for 1-3.

Complex 1 2 3

Formula C37H47CusN15005 5 Ca4 HigCuNgO1 C35H30.5CuNgO 1225

Mr 1242.95 645.99 664.52

Crystal system P2y/n P-1 C2/e

Space group Monoclinic Triclinic Monoclinic

Temperature (K) 293(2) 293(2) 293(2)

a (A) 19.8793(13) 7.1318(10) 6.6211(9)

b (A) 12.0106(5) 9.1002(14) 24.283(3)

c(A) 22.6318(13) 10.5135(16) 16.819(2)

a (°) 90 77.539(13) 90

£ (©) 112.323(7) 70.630(13) 97.681(14)

7 (°) 90 89.441(12) 90

V(A% 4998.7(5) 627.13(16) 2679.9(6)

Z, pealc (Mg/m®) 4, 1.652 1, 1.710 4, 1.647

M (mm™ ) 0.958 0.953 0.895

F (000) 2556 329 1358

0 range (°) 2.42-25.01 2.75-25.00 2.44-25.01

Limiting indices —18<h<23 —5<h<8 —-7<h<7
—14<k< 14 —10<k<10 —19<k<28
—26<1<26 -7<1<12 —-19<1<19

Reflections collected/unique 28,515/8783 1867/1516 5039/2367

R (int) 0.0260 0.0185 0.0243

Goodness-of-fit on F> 1.135 1.062 1.088

Ri/wR, [1>20(1)] R;=0.0452, R;=0.0328, R;=0.0330,
wR,=0.1369 wR,=0.0871 wR,=0.0900

Ri/WR; (all data) R,;=0.0619 R;=0.0343, R, =0.0402,
wR,=0.1440 wR,=0.0880 wR,=0.0928

Largest diff. peak and hole (e A™%)

1.422 and —0.932

0.324 and —0.322

0.497 and —0.521
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2.2. Synthesis of {[Cu,(btm),(Hbtc)(Hbtc),(H,0)]-9.5H,0}, (1), [Cu(bte)(H,btc),], (2),
and {[Cu(btp)(H btc),]-0.25H,0},, (3)

Complexes 1, 2, and 3 were prepared by the following method: a mixture of Cu(NO;),
(154.24mg, 0.5mM), benzene-1,3,5-tricarboxylic acid (106.5mg, 0.5mM), bis-triazole
(0.5mM, btm for 1; bte for 2 and btp for 3), NEt; (1.0mM), and H,O (12mL) into a
Parr Teflon-lined stainless steel vessel (25mL), then the vessel was sealed, heated to
140°C and kept for 3 days. The autoclave was cooled to room temperature at 1.5°Ch™"'.
Blue crystalline products 1-3 were filtered off, washed with distilled water, and dried
in air.

For 1: Yield: 38% (based on Cu). Anal. Calcd for Cs;H47Cu,N;1,0555 (1) (%): C,
35.75; H, 3.78; N, 13.52. Found: C, 35.84; H, 3.35; N, 13.02.

For 2: Yield: 32% (based on Cu). Anal. Calcd for Co4 HigCuNgO(, (2) (%): C, 39.48;
H, 2.49; N, 23.03. Found: C, 39.69; H, 2.79; N, 23.52.

For 3: Yeld: 35% (based on Cu). Anal. Calcd for C,5H,0 5CuNgO12.25 (3) (%): C, 45.18;
H, 3.11; N, 12.65. Found: C, 45.62; H, 3.27; N, 12.22.

2.3. X-ray crystallography

Single-crystal X-ray diffraction measurements of 1-3 were carried out with a Bruker Smart
CCD diffractometer and a graphite crystal monochromator situated in the incident beam
for data collection at room temperature. Lorentz polarization and absorption corrections

Table 2. Selected bond lengths (A) and angles (°) for 1-3.

1

Cu(1)-0(1) 1.955(2) O(1)-Cu(1)-N(7) 91.31(9)
Cu(1)-0(7) 1.990(2) O(7)-Cu(1)-N(7) 89.49(10)
Cu(1)-N(7) 1.995(3) O(1)-Cu(1)-N(1) 90.50(9)
Cu(1)-N(1) 2.009(3) O(7)-Cu(1)-N(1) 88.80(10)
Cu(1)-0(19) 2.345(2) N(7)-Cu(1)-N(1) 177.82(10)
Cu(2)-0(3)#1 1.970(2) 0(1)-Cu(1)-0(19) 93.63(8)
Cu(2)-N(6)#2 1.979(3) 0(7)-Cu(1)-0(19) 90.81(9)
Cu(2)-N(12) 1.992(3) N(12)-Cu(2)-0(13) 89.08(10)
Cu(2)-0(13) 1.997(2) O(3)#1-Cu(2)-N(12) 90.49(9)
O(1)-Cu(1)-0(7) 175.49(9) N(6)#2-Cu(2)-N(12) 176.90(11)
2

Cu(1)-N(1)#1 1.960(2) N(1)#1-Cu(1)-0(2) 88.56(8)
Cu(1)-N(1) 1.960(2) N(1)-Cu(1)-0(2) 91.44(8)
Cu(1)-O(1)#1 1.986(2) O(1)#1-Cu(1)-0(2) 124.30(7)
Cu(1)-0(1) 1.986(2) 0(1)-Cu(1)-0(2) 55.70(7)
Cu(1)-0(2) 2.604(2) N(1)#1-Cu(1)-O(2)#1 91.44(8)
Cu(1)-0(2)#1 2.604(2) N(1)-Cu(1)-O2)#1 88.56(8)
N(D#1-Cu(1)-N(1) 180.00(14) N(1)-Cu(1)-O(1)#1 91.38(9)
N(1)#1-Cu(1)-O(1)#1 88.62(9)

3

Cu(1)-O(1)#1 1.9670(15) O(1)#1-Cu(1)-O(1) 180.00(7)
Cu(1)-0(1) 1.9670(15) O(1)#1-Cu(1)-N(1)#1 90.79(7)
Cu(1)-N(1)#1 1.9749(19) O(1)-Cu(1)-N(1)#1 89.21(7)
Cu(1)-N(1) 1.9749(19) O(1)-Cu(1)-N(1) 90.79(7)

Note: Symmetry transformations used to generate equivalent atoms: 1, #1 —x+1, —y, —z+1; #2 x—1, y, z; 2, #1
—x+1, =y, —z+1; 3, #1 —x+3/2, —y+1/2, —z.
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were applied. The structures were solved by direct methods and refined by full-matrix
least-squares using SHELXS-97 and SHELXL-97. All nonhydrogen atoms were refined
anisotropically and hydrogens were located and refined isotropically. Crystallographic data
for 1-3 are summarized in table 1. Selected bond distances and angles of 1-3 are listed in
table 2.

3. Results and discussion

3.1. Crystal structure of {{Cu,(btm),(H,btc) ,(Hbtc)(H,0),]-9.5H,0},, (1)

Single-crystal X-ray analysis shows that 1 crystallizes in the monoclinic space group P2/n
with an asymmetric unit of two Cu(Il), two H,btc™ and one Hbtc?> ", two btm ligands, and
two coordinated waters. As viewed in figure 1, both Cul and Cu2 are five-coordinate in a
distorted trigonal bipyramidal coordination sphere defined by two nitrogen donors from
btm occupying the axial positions, while the equatorial positions are completed by two car-
boxylic oxygens and one water oxygen. All Cu—O and Cu-N bond lengths fall in the nor-
mal range.

In the structure of 1, Cu(ll) ions are bridged by btm (7) to construct a wave line
with a Cu---Cu distance of 10.196 A; two such wave lines are interconnected through
Hbtc> ™ to yield a 1-D ladder (figure 2) that is based on the building unit [Cuy(btm),
(Hth)z(sztC)4] .

The 1-D ladders are further linked via z—x interactions between H,btc™ and H,btc™,
or Hbtc*~ and H,bte™, thus forming a 2-D supramolecular framework, as shown in
figure 3.

: x‘i _.
012 ' Di?l j
016

010

on

Figure 1. Molecular structure of 1 showing the coordination environments of Cu?*, Hsbtc and btm.
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3.2. Crystal structure of [Cu(bte)(Hbtc),], (2)

When bte was used instead of btm, a new 1-D chain 2 is obtained. 2 crystallizes in the
monoclinic space group C2/c with an asymmetric unit containing half of a Cu(Il), one
Hobtc™ and half of a bte (figure 4). Unlike 1, Cul is six-coordinate in a distorted octahe-
dral coordination sphere that is defined by two nitrogens from two bte occupying the axial
positions, while the equatorial positions are completed by four oxygens from two Hjbtc™.
The Cul—-02 bond distance (2.598(2)A) is slightly longer than normal Cu—O distances,
which can be attributed to Jahn—Teller elongation. All other Cu—O and Cu-N bond lengths
fall in the normal range.

The bte ligands exhibit T conformations with spacers (N1---N1A=7.905A). Acting as
bidentate chelating-bridging ligands, a pair of bte chelate Cul by triazolyl N1 donors with
Cu---Cu separation of 11.613(4)A, leading to a 1-D “zigzag” chain (figure 5). In the
structure of 2, carboxylates of H,btc™ have #-O, O’ coordination. On each side of the 1-D
chain, H,btc™ ligands lie exactly parallel. The #- - -7 interactions between Hpbtc™ ligands
make 2 a 2-D (4,4) supermolecular layer, as shown in figure 6. The parallel 2-D layers are
stacked in an offset fashion to give a 3-D supramolecular architecture with interlayer O3—
H3B---0O1 and O5-H5A. - -O6 interactions, as shown in figure 7.

3.3. Crystal structure of {{Cu(btp)(Hbtc),[-0.25H,0},, (3)

Complex 3 crystallizes in the triclinic space group P-1 with an asymmetric unit containing
half of a Cu(Il), one Hyhip~ and half of a btp (figure 8). Like 2, Cu(Il) is six-coordinate
in a distorted octahedral coordination sphere that is defined by two nitrogens from two btp
occupying axial positions, while the equatorial positions are four oxygen donors from two
H,btc™. The Cul-O2 bond distance (2.775(2)A) is longer than the normal Cu-O dis-
tances, so the coordination environment of copper can be described as the “4+2” coordi-
nation mode. The btp is a GG conformation with dihedral angles of 86.9° between the two
triazole rings.

Figure 2. The 1-D ladder structure of 1 linked by Hsbtc and btm.
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Figure 3. The 2-D supramolecular framework of 1 viewed along the b direction via z- - -7 interactions (yellow
dotted line) (see http://dx.doi.org/10.1080/00958972.2013.818138 for color version).

O1A
02A
C2
N1
N3
J’tt c1
N2
05
C3

Figure 4. Molecular structure of 2 showing the coordination environments of Cu2+, Hsbte, and bte.

The btp adopt 1, linking two Cu(Il) ions to construct a 1-D “S-shaped” chain (figure 9).
The Cu---Cu separation across the bridging btp ligand is 12.126 A, ca. 0.5 A longer than that
in 2. Like in 2, the carboxylates of H,btc™ in 2 also have #—O, O coordination. However,
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Figure 5. The 1-D chain of 2 linked by bte.

Figure 6. The 2-D supramolecular structure of 2 via z-- -7 interactions (pink dotted line) (see http://dx.doi.org/
10.1080/00958972.2013.818138 for color version).

there are some differences between the 1-D structures of 2 and 3. On the same side of the
1-D chain, neighboring H,btc™ ligands lie antiparallel in comparison with that of 2. The
7 - -7 interactions of the phenyl rings in 3 led to a 2-D step-ladder supramolecular architec-
ture (figure 10). In addition, hydrogen-bonding interactions (table 3) (O3—-H3- - -O2) connect
the 2-D layers to give a 3-D supramolecular framework (figure 11).

As illustrated in scheme 1, the architectures for 1-3 mainly result from the bis-triazole
ligands with different spacer lengths and conformational flexibility and the deprotonating
degree of Hibtc. The btm which employs 7 conformation and Hbtc®>~ generate a 1-D
double-chain structure. The bte employs 7 conformation and H,btc™ to give 2 as a 1-D
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Figure 7. The 3-D supramolecular structure of 2 via O—H- - -O hydrogen bonds (green dotted line) (see http://dx.
doi.org/10.1080/00958972.2013.818138 for color version).

07@

N1A 02A

Figure 8. Molecular structure of 3 showing the coordination environments of Cu®", Hsbtc, and btp.

chain. The flexible btp as the GT conformation and the H,btc™ also generates a 1-D chain
in 3. However, 2 and 3 exhibit different patterns and space groups (P-1, 2; C2/, 3)
because of the varied conformations of bte and btp. This work can be compared with pre-
vious studies [22-25] in which we used flexible bis-triazole and rigid multi-carboxylic
ligands and 1-D, 2-D, and 3-D complexes were obtained. In all these complexes, although
bis-triazoles adopt the same u, linking mode, ligand conformations, coordination mode of
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Figure 9. The 1-D chain of 2 linked by btp.

B

2871

Figure 10. The 2-D supramolecular structure of 3 via z- - -z interactions (pink dotted line) (see http://dx.doi.org/
10.1080/00958972.2013.818138 for color version).

Table 3. Selected hydrogen bond data for 1-3.

D-H---A H---A Q) D---A (A) D-H---A (°) Symmetry operation

1

O5-HS5A---022 1.841 2.647 167.30

09-H9A.- --020 1.787 2.606 17591 —x+3/2, y—1/2, —z+3/2
Ol1-H11---024 1.767 2.567 164.68 x+1/2, —y+1/2, z+1/2
O16-HI16A---027 1.951 2.684 148.40 x, y—1,z+1
O18-HI18---026 1.782 2.599 174.07 X, z+1
O19-HI9A.--022 1.918 2.757 172.95 x,y—1,z
O19-HI9B---023 1.953 2.793 170.34 —x+3/2, y—1/2, —z+3/2
2

O3-H3---04 1.798 2.617 176.70 —x—1, —y+1, —z+2
06-H6---01 1.851 2.625 157.08 —x+1, =y, —z+2

3

O3-H3---02 1.797 2.635 164.41 —x+2, =y, —z
O5-HS---05 1.889 2.612 143.27 —x,y, —z+1/2
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Figure 11. The 3-D supramolecular structure of 3 via O—H- - -O hydrogen bonds (blue dotted line) (see http://dx.
doi.org/10.1080/00958972.2013.818138 for color version).

rd
Cu(NOy), + Hsbtc + NEt; + | _Pte _ E‘ i ﬁ

Scheme 1. Synthesis of 1-3.

the central metal and the deprotonating degree of the aromatic multicarboxylic ligands are
important for various framework structures in crystal engineering.

3.4. IR spectra

In IR spectra of 1-3 (figures S1-S3), broad peaks centered at ca. 3400 cm ™' indicate O—H
stretch of water and/or carboxyl. The characteristic absorption band of carboxyl (ca.
1700cm™ ") in 1-3 confirms incomplete deprotonation of aromatic multicarboxylic. As a
consequence, the antisymmetric and symmetric stretching vibrations of carboxylate in 1-3
appear at 1570-1530 and 13751395 cm ™', respectively.
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3.5. EPR characterization

EPR spectra of powdered samples of 1, 2, and 3 have been measured at room temperature
and are shown in figure S4. The simulations were carried out by the EasySpin software
[27]. The obtained spectra are characteristic for copper(Il) centers, that are simulated
assuming axial symmetry of g and A tensors. The simulated spectra were obtained by
employing the following parameters: g;=2.18, g, =2.07, 4;=50 and 4,=5G for 1;
g1=2.28, g, =2.05, 4)=160 and 4, =10 MHz for 2 and g;=2.31, g, =2.05 and 4;=140
and 4, =40MHz for 3, respectively. The obtained g,>g, >2.0023 values for both sam-
ples point out that the unpaired electron is located in the d_,» ground state, which is in
agreement with the crystal structure and the square-pyramidal coordination around Cu.
From the EPR of the two Cu(Il) complexes, no half-field signals were observed at RT. So
they cannot show strong magnetic interaction.

3.6. Thermal analyses

The thermal behaviors of the crystalline materials were studied by thermogravimetric anal-
ysis (TGA) under nitrogen, with the thermogravimetric curves shown in figure S6. The
TGA results of 1 display two-step weight losses, the first of 15.00% from 50 to 168°C
(Caled 15.15%) should be attributed to loss of free and coordinated water, and the second
is ascribed to loss of the ligands when the temperature is above 260 °C. As for 2 and 3,
very rapid weight losses occur at 230 and 250 °C, respectively, with effectively single-
stage weight losses.

4. Conclusion

By using flexible btm, bte, or btp with benzene-1,3,5-tricarboxylic acid (Hsbtc), three ino-
ganic—organic frameworks have been constructed under hydrothermal conditions. The
diversity of architectures for 1-3 mainly results from the bis-triazole ligands with different
spacer lengths and conformational flexibility and the deprotonation degree of Hsbtc. The
btm employs 7' conformation and Hbtc?~ to generate a 1-D double-chain structure. The bte
employs 7T conformation and Hybtc™ to give 2 as a 1-D chain. The flexible btp has the GT
conformation and H,btc™ also generates a 1-D chain in 3. Solids 2 and 3 exhibit different
patterns and space groups (P-1, 2; C2/c, 3) because of the varied conformations of bte and
btp. Extended supramolecular architectures are constructed for these complexes via predict-
able secondary interactions such as hydrogen bonding and z- - -z. Thus, tuning the organic
spacer length is an effective strategy in crystal engineering to prepare inorganic —organic
hybrid coordination polymers.
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