Journal of Solid State Chemistry 183 (2010) 3010-3016

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at ScienceDirect

Journal of Solid State Chemistry

Jounseor
SOLID STATE
CHEMISTRY

Synthesis and structural characterization of different topological coordination
polymers based on tunable CuyBr4_ .1, secondary building units and

macrocyclic azacalixaromatics

Li-Xia Wang?, Liang Zhao ®* De-Xian Wang?, Mei-Xiang Wang *>*

@ Beijing National Laboratory for Molecular Sciences, CAS Key Laboratory of Molecular Recognition and Function, Institute of Chemistry, Chinese Academy of Sciences,

Beijing 100190, China

b The Key Laboratory of Bioorganic Phosphorus Chemistry & Chemical Biology (Ministry of Education), Department of Chemistry, Tsinghua University,

Beijing 100084, China

ARTICLE INFO ABSTRACT

Article history:

Received 23 July 2010

Received in revised form

4 October 2010

Accepted 11 October 2010
Available online 16 October 2010

Keywords:
Coordination network
Macrocyclic ligand
Copper halide
Luminescence

The coordination self-assembly between the macrocyclic ligand tetraazacalix[4]pyrimidine (TAPM) with
cubane-like copper halides (CuyX,) produced five coordination polymers 1-5 {Cu4Brs_,,I,,(TAPM)},
(m=0(1),1(2),2(3),3(4)and 4 (5)). X-ray single crystal analysis revealed that the Br:I ratio in the CusX,
cores serves as a controlling factor to fine-tune the geometries of CuysX, and therefore induce the
conformation variation of tetraazacalix[4]pyrimidine. Consequently, two different topological nets, dia
and Ics, were successfully constructed based on tetrahedrally coordinated CusX, secondary building units
and the flexible macrocyclic quadridentate ligand TAPM. The structure details of 1-5 as porous materials
are analyzed, which shows a solvent accessible volume within the range of 27 —35%. Compounds 1-5
exhibit luminescence properties with the peak maximum at around 476 —488 nm.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The past two decades have witnessed tremendous development of
the successful synthesis and characterization of a plethora of multi-
dimensional coordination polymers [1], mostly constructed from
modular synthesis of readily available metal ions or metal clusters
and appropriate predesigned functional bridging organic ligands to
impart unique properties for a wide range of potential applications
including photonics [2], gas storage [3], sensing [4], separations [5]
and catalysis [6]. The introduction of the ‘secondary building unit
(SBU) [7] model has greatly facilitated better comprehension of
acquired sophisticated structures and consequently implemented
systematic design and synthesis of related materials. So far immense
endeavors have been paid on the modification of organic spacer
ligands, thus achieving isostructual materials with different sizes or
containing versatile functionalities [8]. However, although a wealth of
SBUs have been explored in diverse coordination architectures [9], the
role of fine-tuning the geometry of SBU in manipulating the
architectures of coordination polymers is rarely investigated until
now.
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Recently, the coordination polymeric materials based on copper(I)
halides (CuX) and polydentate ligands have been of extensive interest
because of their promising photophysical properties [10] and the
abundance of various secondary building units (SBUs) derived from
copper halides, such as rhomboid Cu,X, dimers [11], cubane- or chair-
like [CuyXy] tetramers, [10c-f,12], zigzag [CuX], or [CusX4];~ chains
[13], ladder or ribbon [Cu,l;],, chains [14], and two-dimensional (2D)
[Cul],, layers [15]. In particular, the cubane-like CusX, cluster serving as
a four-connecting tetrahedral node has been frequently utilized in
combination with linear ditopic or stelliform quadridentate ligands to
build up three-dimensional (3D) quartz and diamond coordination
structures [10c-f,16]. Scrutiny of structural details of reported CusX,-
contained coordination polymers [10,16] indicates that halogen atoms
always have significant effects on the attractive Cu- - - Cu interactions
and the luminescent behavior of these materials due to the differential
atom radii and electron negativities of Cl, Br and I [17]. We thus
envisioned that mixing different halogen atoms in an integrated
CugX X' 4_m (X, X =halogen atoms) cluster in variable ratios may be
capable of not only gradually tailoring the geometries of CuyX,
secondary building units (SBUs) and thus the topologies of the
whole coordination network structures, but affecting on photo-
physical behaviors of resulting coordination polymeric materials.
Here, a series of five copper halide coordination complexes of the
macrocyclic azacalixaromatic ligand tetraazacalixpyrimidine (TAPM)
have been synthesized and characterized structurally and photophy-
sically: {CusBry_ I (TAPM)}, (m=0 (1), 1 (2), 2 (3), 3 (4) and 4 (5)),
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wherein the Br/I ratio in the CuysX,4 cores serves as a controlling factor
to induce the formation of two different topological dia and Ics
networks Scheme 1.

2. Experimental

All chemicals purchased were of reagent grade and were used
without further purification. Elemental analysis (C, H and N) was
performed with a Carlo Erba 1106 elemental analyzer. Thermo-
gravimetric (TG) behavior was investigated on a NETZSCH STA 409
PC/PG equipment. The luminescence property was measured on a
Perkin-Elmer LS55 spectrometer.

2.1. Synthesis of complexes 1-5

{CuyBry(TAPM)},, 1: Single crystals of 1 were prepared by
layering a CH3CN (2 ml) solution of CuBr (20 mg, 0.140 mmol)
over a solution of TAPM (20 mg, 0.047 mmol) in CH,Cl, (2 ml).
Laurel-green crystals were isolated after 12 h (24.4 mg, 70%)
(calculated with CuBr): Anal. Calcd. for CuyBrsCyoH,oNi2: C,
23.97; H, 2.01; N, 16.77; found: C, 23.98; H, 2.08; N, 16.66.

{CuyBr3I(TAPM)},, 2: Single crystals of 2 were prepared by
layering a solution of a mixture of CuBr (18 mg, 0.126 mmol)
and Cul (2.4 mg, 0.013 mmol) in CH3CN (2 ml) over a CH)Cl,
solution (2 ml) of TAPM (20 mg, 0.047 mmol). Laurel-green crystals
were isolated after 12 h (17.0 mg, 71%) (calculated with Cul): Anal.
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Table 1
Crystallographic data of complexes 1-5.

Calcd. for CuyBr3ICyoH,0N12: C, 22.89; H, 1.92; N, 16.02; found: C,
22.73; H,1.96; N, 15.67.

{Cu,BryI,(TAPM)},, 3. The synthesis method for 3 is the same as for 2
but uses different amounts of CuBr and Cul: Cul (5 mg, 0.026 mmol),
CuBr (15 mg, 0.105 mmol) and TAPM (20 mg, 0.047 mmol). Laurel-
green crystals of 3 were isolated after 12 h (15.0 mg, 65.7%) (calcu-
lated with Cul): Anal. Calcd. for CuyBr,ICooH20N12: C,21.91; H, 1.84;
N, 15.33; found: C, 21.69; H, 1.91; N, 14.83.

{Cu,BrI3(TAPM)},, 4: The synthesis method for 4 is similar to that
for 2. The amounts were as follows: Cul (11.4 mg, 0.060 mmol),
CuBr (8.6 mg, 0.060 mmol)and TAPM (20 mg, 0.047 mmol). Laurel-
green crystals were deposited after 12 h (20.1 mg, 98%) (calculated
with Cul): Anal. Calcd. for CusBrizCooHzoN 2 C, 21.01; H,1.76; N,
14.70; found: C, 21.07; H,1.93; N, 14.26.

{Cuyl(TAPM)},, 5: The method of synthesis of single crystals of 5
is similar to that of 1. The amounts were as follows: Cul (20 mg,
0.105 mmol) and TAPM (20 mg, 0.047 mmol). Colorless crystals
were isolated after 12 h (26.0 mg, 83%) (calculated with Cul): Anal.
Calcd. for CuglsCyoHpoN12: C, 20.18; H,1.69; N, 14.12; found: C,
19.64; H,1.87; N, 14.09.

2.2. X-ray crystallographic analysis

Data for complexes 1-5 were collected at 173 K with MoKo
radiation (1=0.73073 A) on a Rigaku Saturn 724+CCD diffract-
ometer with frames of oscillation range 0.5°. All structures were
solved by direct methods, and non-hydrogen atoms were located
from difference Fourier maps. All non-hydrogen atoms were
subjected to anisotropic refinement by full-matrix least-squares
on F? by using the SHELXTL program. The crystal data and X-ray
structure refinement parameters are summarized in Table 1.
Solvent molecules in the structures of complexes 1-5 were
highly disordered and were impossible to refine using
conventional discrete-atom models. Therefore, the contribution
of solvent electron density was eventually removed using the
SQUEEZE routine in PLATON [18], producing a set of solvent-free
diffraction intensities. The final formulae of 1-5 were calculated
from the SQUEEZE results in combination with those of elemental
analyses. CCDC-765684-765688 (1-5, respectively) contain the
supplementary crystallographic data for this paper, obtainable free
of charge from The Cambridge Crystallographic Data Centre at
http://www.ccdc.cam.ac.uk/data_request/cif. All figures are drawn
by using X-seed program [19].

Compound

1 2 3 4 5
Empirical formula CoH20BrsCuyNy, CuoH30Br3ICuyN;; CaoHyBr,l,CugNy CuoH30BrlsCuyNy; CuoH20l4CuyN»
M; 1002.28 1049.26 1096.26 1143.26 1190.26
Crystal system Tetragonal Tetragonal Cubic Cubic Tetragonal
Space group -4 -4 1-43d 1-43d -4
a(A) 13.298(2) 13.286(1) 23.020(3) 23.110(1) 12.669(2)
b (A) 13.298(2) 13.286(1) 23.020(3) 23.110(1) 12.669(2)
c(A) 9.944(2) 10.052(1) 23.020(3) 23.110(1) 11.982(2)
V(A% 1758.4(5) 1774.5(2) 12199(2) 12 341.8(9) 1923.1(5)
P (g/cm?) 1.893 1.946 1.786 1.851 2.055
z 2 2 12 12 2
Ry (I>20(D))? 0.0341 0.0379 0.0531 0.0597 0.0303
WR,(all data)® 0.1062 0.1108 0.1689 0.1556 0.0825
GOF 1.182 1.129 1.084 1.039 1.100

* Ri=Y| |Fo| = |Fe[ /32| Fol-

® WRy = {3 [W(F3-F2) I/ [w(FS Y1} 2.
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3. Results and discussion
3.1. Synthesis and crystal structures

In contrast to the hydro(solvo)thermal synthetic methods for most
reported CusX, coordination polymers [12,17], complexes 1-5 were
easily obtained by diffusing the acetonitrile solution of single or mixed
copper(I) halide(s) into the CH,Cl, solution of TAPM. Since the crystals
of the Cuyl; complex were easily deposited, other halide-mixed
complexes {CuyBrs_ I (TAPM)}, (m=1 (2), 2 (3), 3 (4)) were
synthesized by use of the mixed solution of CuBr/Cul in the high
ratio of 10:1, 4:1, and 1:1, respectively. The cyclic tetratopic ligand,
tetraazacalix[4]|pyrimidine (TAPM) was designedly synthesized
through the fragment coupling protocol between N,N'-dimethyl-
4,6-pyrimidinediamine and 4,6-dichloropyrimidine [20], for the
purpose of acquiring sophisticated multidimensional materials
with a higher degree of porosity. Compared with chain-like organic
ligands that favorably lead to the formation of interpenetrated
networks, the macrocyclic scaffold of TAPM may avoid the
occurrence of interpenetration because of constrained coordination
sites and steric effect.

X-ray crystallographic analysis revealed that 1, 2 and 5 are
isostructural (structure A) and crystallize in the tetragonal space
group of I-4 (No. 82), whereas isostructural complexes 3 and 4
(structure B) have a higher cubic symmetry of I-43d (No. 220). It is
notable that complex 5 {Cuyl4(TAPM)},, has a Flack parameter of
0.42(4), suggestive of a twinned crystal of 5. The Br/I ratios in the
CuyBry_nl; SBUs in 2, 3 and 4 were initially assigned by structure
refinements. For example, the bromide and iodide atoms in
complex 3 can be differentiated as two parts in a 0.48:0.52
occupancy ratio at the same position on the Fourier difference
map according to refinement by using the SHELXTL program. Such
Br/l proportions in 2-4 were further confirmed by elemental
analysis as shown in Table 2.

Fig. 1 shows the unsymmetrical unit in 1-5 each involves a
copper(l) atom, a halogen atom and a quarter part of TAPM. The unit
cell volume of complexes 3 and 4 is approximately 12 000 A3,
sixfold of the volume of complexes 1, 2 and 5. Therefore, the Z value
for complexes 3 and 4 is 12 while that value for complexes1,2and 5
is 2. Each TAPM ligand bonds to four CusX,4 clusters by use of four
nitrogen atoms on the pyrimidine rings. In the CusX, cores of 1-5,
four symmetry equivalent copper atoms constitute a quasi-
tetrahedron, where each of its faces is capped by a halogen
atom. Viewed along the Sj-axis in every complex, such
tetrahedron can be projected as an equilateral (L) distorted

Table 2

Elemental analysis results of 1-5. The crystals of 1-5 were collected by filtration,
washed with a little amount of CH,Cl,/CH3CN, and dried under high vacuum at
120 °C for 36 h to give samples of 1-5 for elemental analysis.

Complex Formula Br/I occupancy ratio  Calculated Found
1 CuyBrsCaoH20N12 C 2397 2398
H 2.01 2.08
N 1677 16.66
2 CuyBr3ICy0H0N2  3.20:0.80 C 2289 2273
H 1.92 1.96
N 16.02 15.67
3 CuyBrl,CooH20N 2 2.07:1.93 c 2191 21.69
H 1.84 1.91
N 1533 14.83
4 CuyBri3CooH20N12  0.94:3.06 c 2101 21.07
H 1.76 1.93
N 1470 14.26
5 CuylsCooH20N12 C 2018 19.64
H 1.69 1.87
N 1412 14.09

Torsion angle
£T

Table 3
Selected distances, bond lengths and angles in 1-5.

Complex 1 2 3 4 5
Cu---Cu L (A) 2.805(1) 2.793(1) 2.750(2) 2.746(2) 2.743(1)
L, (A) 2.932(1) 2.932(1) 2.652(2) 2.649(3) 2.774(1)
Cu-N Ly (A) 2.025(4) 2.035(4) 2.058(7) 2.070(7) 2.064(5)
Cu-X Ls (A) 2491(1) 2.531(1) 2.620(2) 2.672(2) 2.649(1)
Ls (A) 2.508(1) 2.545(1) 2.752(2) 2.774(2) 2.667(1)
Ls (A) 2.612(1) 2.635(1) 2.556(1) 2.597(1) 2.731(1)
£ Cuiapc)-(ancy(deg.) 75.6 76.1 66.8 66.8 71.7
(CH3)N-Cpym L, (A) 1.436(6) 1.426(7) 1.46(1) 145(1) 1.434(7)

Ls (A) 1.346(6) 1.345(6) 1.39(1) 1.39(1) 1.347(7)
Upper-rim distance 4 (A) 8.163 8.177 7.701 7.770 8.005
Torsion angle ~ T (deg.) 7.0 6.2 9.9 10.5 4.2

tetragon, wherein the identical length of its two diagonals is
denoted as L,. The selected distances and angles of the CusX,
cores in 1-5 (Table 3) suggest that the Br/I ratio is indeed a
controlling factor to adjust the cuprophilic interactions as well as
the geometry of CuyuX, clusters. As listed in Table 3, the two
peripheral Cu-X distances (L4 and Ls) in complexes 1, 2 and 5 are
comparable with a distance deviation lower than 0.02 A. In this
way, the CuyX, cores in 1, 2 and 5 are highly symmetric, which is
consistent with the fact that four identical halide atoms are
involved in 1 and 5 and that the metal cluster core of complex 2
has a high ratio of single halide. However, a discernible difference of
0.1 Abetween L, and Ls occurs in complexes 3 and 4, which leads to
the distortion of the whole cluster as shown in Fig. S1 in the
Supporting Information.

With increase in iodide proportion from 1 to 4, the Cu- - - Cu
distances (L, and L;) are shortened due to the absence of the
cuprophilic interactions (longer than 2.80 A, the sum of the van der
Waals radii of copper atom) through weak interactions to moderate
ones. Such an upward trend of the Cu- - -Cu interactions can
be rationalized by the fact that the high electronegativity bromide
atom weakens the electron density in the Cu s-orbitals that provide
the bonding component of the cuprophilic interactions. It is
notable that one Cu- - - Cu distance of L, in 5 is off such a trend
and is tuned back to 2.77 A, which is possibly due to the highly
symmetric conformation of Cuyl and the longer atomic radius of
iodine in contrast to bromine. In addition, in 3 and 4 L, is shorter
than L;, in contrast to the reverse scenario in the other three
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complexes, implying a severe curvature of the equilateral tetragon
in 3 and 4. This observation is also evidenced by the dihedral angles
between two copper triangles, wherein the dihedral angle of 66.8°
in 3 and 4 is smaller than the angles in 1, 2 and 5.

It is remarkable that the TAPM ligand in 1-5 can self-adjust its own
conformation to complementarily adapt to the geometrical variation of
CuyX4 SBUs. Our previous studies on the structures of N-bridged
calixarenes have shown that the bridging nitrogen atoms can adopt
different electronic configurations and form various degrees of con-
jugation with their adjacent aromatic rings to resultantly tune the
conformation and the cavity of azacalixarene ligands [21]. Compared
with the conformation of TAPM in 1, 2 and 5, the degree of conjugation
between the bridged N-CH5 moiety and adjacent two pyrimidine rings
is weakened in 3 and 4 as a result of (i) the elongation of two
characteristic distances L; and Lg and (ii) the deflection of the torsion
angle ¢/ T. The upper-rim distance Lg in 3 and 4 is shortened as well,
similar to the curvature of the CuyX, tetrahedron therein. Such
consecutive changes of TAPM may be ascribed to the fact that the
variation of CugX4 SBUs induces the conformational tuning of TAPM
considering precise recognition between the four-connecting acceptor
(CugXy) and the quadridentate donor (TAPM).

The linkage of CusX,4 SBUs and TAPM in the network structure A of
1,2 and 5 yields a two-dimensional (2D) coordination layer parallel to
the ab plane (Fig. 2(a)) with CuyX, SBUs located at the upper and
nether layers. A series of metallo-macrocycles (11.8 x 11.8 A) are
constructed by use of two linear bonding sites of CuyX, and four
nitrogen coordination atoms of TAPM. Such coordination layers are
further connected to adjacent ones with the linkage of the remaining
two bonding sites of CuyX, to generate a three-dimensional (3D)
coordination network. Viewed along the a-axis, these coordination

layers are packed along the c-direction in the ABAB form (Fig.2(b)).
In addition, structure A can be topologically referred to as a
quasiregular 6° dia net with the long Schifli symbol of
6,.6,.6,.6,.6,.6, as shown in Fig. 2(c) through abstracting the
tetrahedral CusX, unit and tetratopic TAPM ligand both as a four-
connecting node. Herein, all vertices and edges are equivalent by
symmetry but not all angles. Structure A involves a series of void cages
(a solvent accessible volume of 26.6%, 27.7% and 30.5% in 1, 2 and 5,
respectively) constructed through the connection of four CusX, units
by six TAPM ligands: two at upper and nether and the other four at
peripheral (Fig. 3). The structure refinement found that highly
disordered solvent molecules fill in these voids, which are squeezed.

Similar to the bonding fashion in structure A, structure B in
complexes 3 and 4 is built as well from the four-connecting CusX,
SBUs and the quadridentate ligand TAPM. A trigonal anti-prism
void cage is constructed by six CuyX, SBUs with the linkage of three
TAPM ligands in a pus-mode at each terminal (Fig. 4(a)). Viewed
along the [111] direction, such void cage is finite and
discontinuous due to three bridging N-CHs moieties protruding
inward into the cage (Fig. 4(b)). Undefined highly disordered
solvent molecules are encapsulated in those void cages. A
calculated solvent accessible volume of approximately 35% for 3
and 4 is achieved in the structure B. By analogy to the node
selection in the above dia net of A, two distorted tetrahedral
connectivity nodes are similarly acquired in 3D network structure
B of 3 and 4. The overall structure of B topologically possesses a Ics
net with the short vertex symbol of 6°; the long Schifli symbol is
6.6.6,.6,.6,.6, (Fig. 5). Compared with the uniform six-membered
chair-rings in the dia topological net of A, both chair-rings and boat-
rings co-exist in the Ics topological net of B (Fig. S2).
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Fig. 3

Fig. 4

Fig. 5

In contrast to a solvent accessible volume of 6.2% in a reported over chain-like ligands in preventing interpenetration. Through
triply interpenetrated network structure composed of Cuyl, and a tuning the geometry of the CusBry_,l,; secondary building units
stelliform organic ligand tetrakis(4-pyridyloxymethylene)methane by varying the Br/I ratios, the conformation of TAPM and the whole of
[16b], the higher degree of porosity of 1-5 substantiates our the coordination structures is modified as well, leading to two
assumption that the macrocyclic ligand TAPM has an advantage different topological dia and Ics nets.
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3.2. Thermal analysis

Thermogravimetric analysis (TGA) was carried out in a nitrogen
stream in the temperature range of 40-800 °C with a heating rate of
10 °C/min (Fig. S3). Compounds 1-5 all exhibit two steps of weight
losses. At the first stage from about 200 to 260 °C, the TAPM ligand
in 1-5 is partially pyrolyzed to an undefined species with the loss of
approximately 10% of total formula weight. Finally, the loss of the
organic ligands and I~ start to occur over 360 °C. The reason for the
observation of two stages in the TG curve for 1-5 is the stepwise
decomposition of the macrocyclic ligand TAPM.

3.3. Photoluminescent properties

The emission spectra of complexes 1-5 as solids were collected
at room temperature with the excitation at A=380 nm (Fig. 6). A
blue emission with peak maximum at around 476 —488 nm is
observed for each complex, which was proposed to originate from
the halogen-to-TAPM charge transfer (XLCT) by analogy to the high
energy emission of [Cuyly(pyridine)s] [13]. In addition, although
the Cu- - - Cudistances of L in 1-5 are varied systematically along
with the variation of the Br:l ratio, the emission maxima of 1-5
proved to be rather insensitive to the nature of halogen atoms. This
behavior may result from two counterpoised trends, namely the
respective relative ionicities resulting from the electronegativity
order (Br>1I) balanced against the trend in ionization energies
(Br~ >17) for the X—Cu—TAPM system. Such small difference
between complexes 1-5 due to variable Br/I ratio in CuygBrs_ I,
clusters is in sharp contrast to the discernible emission spectra of
reported CuX(2,3-dimethylpyrazine) compounds (X=Cl, Br, I), [22],
which exhibit large emission maxima (AZ) at around 20-30 nm.

3.4. Infrared spectra

As shown in Fig. S4 of the Supporting Information, the IR spectra
of complexes 1-5 display no much difference. The asymmetrical
and symmetrical stretching frequencies of the pyrimidine ring in
the range 1600-1450 cm ™! are located at approximately the same
positionsin 1-5, butare 10-20 cm ~ ! larger than the wave numbers
of the corresponding vibrations in the TAPM ligand. This may be
attributed to the conformation rigidity of TAPM after coordination
self-assembly.

4. Conclusions

In conclusion, we have successfully achieved a series of five
coordination polymers 1-5 with high degree of porosity by use of
the macrocyclic quadridentate ligand TAPM and CuyBry_ I, SBUs,
wherein TAPM can efficiently prevent the formation of interpene-
trated structures. Through tuning of the geometry of the CusBry_ 1,
secondary building units by varying the Br/I ratios, the conformation
of TAPM and the whole coordination structures are modified as well,
leading to two different topological dia and Ics nets. The thermal
stability and photophysical properties of 1-5 are also investigated.
This work offers a viable means to alter the CusX,4 or halogen-related
SBUs’ geometries by simply changing halogen atom proportions, thus
possibly constructing new multidimensional coordination networks.
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