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A neutral 2-D (CuSCN)., containing both regular and irregular
[Cu3(SCN);] six-membered rings supported by an asymmetrical
tridentate ligand 3,5-bis(3-pyridyl)-1H-pyrazole (Hbppz) were
prepared with the formula [Cu3(SCN);(Hbppz)]... The compound
gives strong green luminescence with an emission maximum at
536 nm.

There has been continuous research interest focused on copper(1)
halide and pseudo-halide related compounds not only due to the
strong affinity of halide and pseudo-halide anions with copper(1) that
gives abundant structural diversity'™* but also because of their
promising luminescence properties.>” Many of these compounds
represent a new kind of organic-inorganic polymeric hybrid material
in which inorganic chains or sheets are linked by exo-bidentate
organic N-donor ligands.>* CuSCN and CuCN have a strong ability
for constructing 2-D and 3-D networks®* due to the linear geometry
and various coordination modes of SCN~ and CN~ anions as soft
bases and approximately trigonal planar or tetrahedral coordination
geometry of the copper(1) center as a soft acid. Numerous neutral and
anionic CuSCN and CuCN related complexes were synthesized by
direct reactions of organic ligand and inorganic CuSCN or
CuCN under room temperature or solvothermal (hydrothermal)
conditions.>* Under solvothermal conditions, we discovered
sulfur transformation reactions from inorganic SCN~ anions to
organic products®® such as methyl mercaptide®® and phosphine
sulfide®” resulting in pure [Cu(CN)]J v or hybrid
[Cu(CN),(SCN).]-¢*~%* anionic networks.

Previous reports showed that polymeric CuSCN networks are
considerably influenced by the steric properties of the ligand.> For
example, the CuSCN motifs in the complexes [Cu,(SCN)»(pyz)] and
[Cuy(SCN),(4-4'-bpy)] exhibited similar 2-D honeycomb sheets with
cis-fused and trans-fused SCNCu edges, while the CuSCN motifs in
the compound [Cuy(SCN),(bpe)] showed a 1-D stair polymeric
chain.>* All three complexes are formed by similar linear N-donor
ligands, pyrazine (pyz), 4,4 -bipyridine (4,4-bpy) and 1,2-trans-(4-
pyridyl)ethane (bpe) with CuSCN. In the 2-D neutral (CuSCN).,
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Scheme 1 Two kinds of six-membered rings with the composition of
[Cus3(SCN),S] and their pseudo-chair or pseudo-boat conformation
(blue: S-C-N-Cu edge, red: S-Cu edge). (a) regular rings: SCN~ on the
para-edge, (b) irregular rings: SCN~ on the meta-edge.

honeycomb sheets, two kinds of ten-membered rings (Scheme 1) with
the composition of [Cus(SCN),S] are mostly encountered.?**< For
convenience, we called herein the CuSCN rings six-membered rings
when Cu atoms and S atoms are treated as nodes and the linear
SCN-~ or Cu-S bonds as edges. In each ring, two linear SCN~ edges
are positioned on the para-edge along the same direction (regular
ring, Scheme 1a) or on the meta-edge along the opposite direction
(irregular ring, Scheme 1b). Both types of six-membered rings can
adopt pseudo-chair or pseudo-boat conformations taking the tetra-
hedral coordination geometry of Cu(r) atoms and the tetrahedral sp?
hybrid electron conformation of S atoms in SCN~.>* Each ring is
fused to six other rings to give a honeycomb sheet with (6, 3) topology
in cis or trans ways just observed in the two isomers of decahy-
dronaphthalene. Taking the varieties of the types, the conformations
and the fusing ways of the six-membered rings into account, we can
speculate there exist numerous neutral 2-D (CuSCN),, sheets with
(6, 3) topology. However, only very few of them were reported
consisting of the same six-membered rings, either regular or irregular,
with different fusing ways,>* and none of them contained mixed
regular and irregular rings.

In our continuous investigation on CuSCN compounds,®® we
obtained a new 3-D CuSCN coordination polymer
[(CuSCN)3(Hbppz)].. i with novel neutral 2-D CuSCN structural
motifs supported by an asymmetrical tridentate N-donor ligand 3,5-
bis(3-pyridyl)-1H-pyrazole (Hbppz) (Scheme 2). Hbppz was synthe-
sized by a modified literature procedure from 3-acetylpridine and
methyl nicotinate as primary materials experiencing 1,3-bis(3-pyr-
idyl)-1,3-propanedione mediate,'® and was characterized by IR, NMR
and X-ray crystallography (Fig. S1, ESIt).

X-ray structure determination§ reveals that the compound crys-
tallized in the chiral P/ space group with the absence of any
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Scheme 2 The ligand 3,5-bis(3-pyridyl)-1H-pyrazole (Hbppz).

crystallographic symmetry elements. The asymmetrical unit of the
complex consists of one neutral 3,5-bis(3-pyridyl)-1 H-pyrazole ligand
and three symmetry-independent CuSCN units. Each Cu center is
surrounded by four different coordination atoms (two independent S
atoms, one N atom from the SCN~ anion and another N atom from
the Hbppz ligand), as a consequence each Cu atom in a tetrahedral
coordination geometry acts as a chiral center (Fig. 1). As usual the pi3-
bridge (11,-S and p-N) ligands, thiocyanate anions, connect Cu atoms
into neutral 2-D (CuSCN).. sheets, which are parallel to the (010)
crystallography plane (Fig. 2 and Fig. 3).

Hbppz ligand links the 2-D (CuSCN).,, sheets through N-pyridyl
atoms and N-pyrazole atoms at the 2-position to generate a 3-D
organic-inorganic hybrid framework. The IR spectral peak of
3402 cm™! indicates the organic ligand remains undeprotonated,
which leads to an asymmetrical ligand. It is notable that all the Hbppz
ligands are positioned in the same direction. Bond angles and lengths
centered by Cu atoms (Fig. 1) are comparable to the previous
report.>*

One of the interesting features distinguishing the structure from
other neutral inorganic (CuSCN),, sheets and N-donor organic
ligands®® is that both the regular and irregular six-membered rings
exist in the structure. Within the 2-D neutral (CuSCN),, sheet, each
regular ring is fused to two other regular rings by two S2Cu2 bonds
along the (100) direction and four irregular rings by S2Cu3, S1Cu2,
S1C14N5Cu2 and S2C15N6Cu3 bonds directed in a trans way, and
each irregular ring containing two S1 atoms or one S2 atom is fused
to two regular rings by Cu2S1 and S1IC14N5Cu2 bonds or Cu3S2
and S2C15N6Cu3 bonds in a trans way, four other irregular rings by
two CulS1 bonds along the (100) direction in a cis way and CulS3,
S3C16N7Cul bonds in a trans way, or by two Cu3S3 bonds along
the (100) direction in a cis way and CulS3, S3C16N7Cul bonds in
a trans way. Although the two analogues of six-membered rings

N6 S2 NI1A
Cl15 N5C

Fig. 1 Coordination environments in the compound. (Selected bond
length: Cul-N7E 1.908(5) Cul-N2 2.072(6) Cul-S1 2.314(2) Cul-S3
2.360 (2) Cu2-N5C 1.941(6) Cu2-N1A 2.043(5) Cu2-S2 2.318(2) Cu2-S1
2.422(2) Cu3-N6D 1.930(6) Cu3-N4B 2.010(5) Cu3-S2F 2.382(2) Cu3-
S32.462(2) Symmetry codes: A +x,+y+ 1, +zB+x —1,+y+ 1, +z C +x
+1,+y,+zD+x — 1, +y, vz — 1l E+x — 1, +p, +z F +x, +y, +z — 1).

Fig. 2 Neutral 2-D CuSCN sheet consisting of regular (r) and irregular
(ir) six-membered rings in trans (¢) and cis (¢) fusion modes along [010]
(a) and [100] directions (b).

Fig. 3 3-D packing diagram of the complex along the [100] direction.

(or ten-membered rings) are ubiquitous in those CuSCN-related
compounds, the layers formed by the fusion of both types of rings in
the structure is rarely reported, which is dependent perhaps on the
structural asymmetry of the ligand.

The other interesting feature is that the six-membered rings exhibit
two different conformations viewing from the « axis: regular rings are
pseudo-chair and irregular are pseudo-boat. These fusion ways
between these different rings with different conformations result in an
undulating layer mixed with regular chair rings and irregular boat
rings in a 1 : 2 ratio. The remaining fourth coordination site of each
tetrahedral Cu center is occupied by an N-pyridyl atom (Cu5-NI,
Cu3-N4) or an N-pyrazole atom (Cul-N2). As a result, adjacent
sheets are linked from two sides by the asymmetric tridentate Hbppz
ligand in anti-anti conformation giving rise to a kind of organic—
inorganic hybrid material.

The complex is stable in air and insoluble in many common
solvents. TGA (thermal-gravity analysis) indicated that it began to
decompose at 280 °C and loses about 30% weight when heated to
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Fig. 4 Excitation and emission spectra of the complex in the solid state.

380 °C (Fig. S3, ESIY). According to previous literature, neutral
N-heterocycle ligands are released at a lower temperature than the
decomposition of SCN~ anions.**¥ We tentatively ascribe the mass
loss to the release of part of the Hbppz ligands (about 79.4%).
(the total Hbppz mass is about 37.8%).

Interestingly, the complex exhibits a strong green emission
maximum at 536 nm upon an excitation maximum at 413 nm at
room temperature in the solid state (Fig. 4). In this complex, the
higher energy intra-ligand (IL) excited state and the lower energy
metal-center (MC) excited state are excluded. On the basis of the
photoluminescence of d'° metal complexes,>”!12¥4 the emission is
tentatively ascribed to MLCT (Cu — Hbppz) for its green emission
mixed with XMCT (S — Cu) for its residual emission as low as
600 nm, which is constant with the photoluminescence properties of
heteroleptic Cu(1) complexes containing different ligands.”""'?

In conclusion, we have prepared a new complex with neutral 2-D
(CuSCN),, sheets supported by an asymmetrical tridentate ligand
3,5-bis(3-pyridyl)-1 H-pyrazole (Hbppz). In the complex, the neutral
2-D (CuSCN),, sheet consists of two kinds of six-membered ring
[Cus(SCN);] in trans and cis fusion modes, which were hardly
reported in the previous literature though the similar (CuSCN),,
sheets with only regular or irregular six-membered rings were
numerously encountered. Photoluminescence experiments show that
it is a good candidate for potential green emission material.
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Notes and references

i Synthesis of complex: A mixture of Hbppz (44.4 mg, 0.2 mmol),
CuSCN (73.2 mg, 0.6 mmol) and 10 mL acetonitrile was sealed in
a 15-mL Teflon-lined reactor and heated in an oven at 140 °C for 72 h and
slowly cooled to room temperature at a rate of 5 °C h~'. The resulted
yellow precipitate was washed by ethanol and soluted acetonitrile of
NaSCN in order to remove residual reactants. A single crystal suitable
for X-ray determination was separated from the filter residual, which is
identical with the single crystal structure by X-ray Powder Determination

experiment (Fig. S2 ESIY). Yield: 71 mg, 37.82% based on Hbppz). Anal.
Calcd for CgH1oN7S3Cus: C 32.70, H 1.19, N 16.69%, Found: C 32.41, H
1.10, N 16.81%. IR data (KBr, cm™!): 3402 s, 3170 w, 3047 w, 2101 vs,
1613 vs, 1585 s, 1474 m, 1437 m, 1210 m, 1066 m, 972 m, 808 s, 714 s.
§ Crystal data for complex: Triclinic, space group P1, M, = 587.11,
a = 5.7798(6) A, b = 8.7059(9) A, ¢ = 10.3704(11) A, a = 83.700(2)°,
B =284.555(2)° y =76.231(2)°, ¥ =502.49(9) A3, Z =1, p. = 1.940 gcm 3,
F(000) = 290.0, T'=293(2) K, 2653 reflections collected, 2128 unique with
[Rine = 0.0107], RI[I > 26(1)] = 0.0341, wR, = 0.0873, final (for all data)
Ry =0.0348, wR, = 0.0879, GOF = 1.036.
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