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A COPPER(I) COORDINATION COMPOUND
WITH RED PHOTOLUMINESCENCE*

-L. Tao', C.-H. Wang', H.-Y. Xiang', G.-R. Li',
-H. Li', and X. Liu"**

Y.
C.
Peculiar coordination compound Cu(Hbpt)(CH;CN),PFs (1) derived from 3,5-bis(4-pyridyl)-1H-1,2,4-
triazole (Hbpt) is synthesized by the layer diffusion method and structurally characterized by single crystal
and powder X-ray diffraction, elemental analysis, and infrared spectroscopy. Compound 1 exhibits

a structure formed by cationic [Cu(Hbpt)(CH,CN),]"" chains and PF, anions with abundant

supramolecular interactions. Solid-state photoluminescence experiments show that compound 1 exhibits
relatively strong red emission with a peak around 656 nm, and the origin of the emission band may be

ascribed to the metal-to-ligand charge transfer according to the calculation of the density of states.
DOI: 10.1134/S0022476622010012
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INTRODUCTION

The design and synthesis of coordination compounds with strong luminescence and useful photochemical properties
have received considerable interest in coordination chemistry and crystal engineering [1-3]. Among the reported various
luminescent coordination compounds, ' metal complexes containing conjugated organic bridging ligands are attractive
candidates since most of them possess strong and long-lived photoluminescence with emission energies spanning a wide
range in the visible spectrum. Other [4-6] and our [7-12] studies have revealed that the fascinating luminescence of these
compounds was mainly associated with the d'® electronic configurations of metal ions [13-15], as well as the extended
n-electron systems of conjugated organic ligands. The conjugated ligands commonly have rigid linear or planar structures
which may enhance photoelectron transfer. For an example, 3,5-bis(4-pyridyl)-1H-1,2,4-triazole (Hbpt) is a typical dipyridyl
ligand with a slightly bent backbone, and shows many advantages in the construction of luminescent coordination compounds
with diverse structures when it coordinates to various transition metal ions such as Cu”, Cd2+, Zn2+, etc. [10-12, 16-19].
Accordingly, the combination of inorganic d'° metal ions and conjugated organic ligands may lead to coordination
compounds with special structural architectures and excellent photoluminescence properties. In the present paper, copper(l)
salt and a Hbpt ligand were selected to assemble a coordination compound with the composition Cu(Hbpt)(CH;CN),PF¢ (1).
Based on a single crystal X-ray diffraction study, compound 1 exhibits a peculiar structure formed by cationic
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[Cu(pr‘t)(CH3CN)2]Z+ chains and PF, anions with abundant supramolecular interactions. The photoluminescence

properties and the relationship between the structure and photoluminescence of 1 were also investigated.
EXPERIMENTAL

Materials and instrumentation. The Hbpt ligand was prepared according to our previous reported method [12].
Other chemicals were purchased from commercial sources and used without further purification. The FTIR spectra were
recorded from KBr pellets on a FTIR 8400S (CE) instrument in the range of 4000-400 cm™'. C, H, and N elemental analyses
were carried out on a Vario EL III elemental analyzer. Powder X-ray diffraction data were recorded with Cuk, radiation
(A =1.5406 A) on an XRD-6100 apparatus with a scan speed of 2 deg/min. Photoluminescence analyses were carried out on
a PerkinElmer LS55 fluorescence spectrometer.

Synthesis. A solution of Hbpt (10.4 mg, 0.04 mmol) in ethanol (3 mL) was carefully layered onto a mixed
acetonitrile/water solution (5 mL, volume ratio 1:1) of Cu(CH;CN)4PF¢ (14.9 mg, 0.04 mmol) in a straight glass tube. After
about 7 days light yellow rod-like single crystals were obtained. Yield: 12 mg (60% based on the Hbpt ligand). Anal. calc. for
C16H sCuFgN;P (%): C 37.40, H 2.94, N 19.08; found (%): C 37.86, H 3.02, N 18.97. FTIR (KBr, 4000-400 cm™): 3549 s,
3379 s, 2258 w, 1636 m, 1583 m, 1543 w, 1489 w, 1420 m, 1366 m, 1314 w, 1217 w, 1059 w, 982 w, 843 s, 754 m, 721 m,
559 m, 503 w; v(C=N) vibration of coordinated CH;CN: 2258 w.

Single crystal X-ray diffraction determination. A suitable single crystal of 1 was carefully selected under
an optical microscope and glued to a thin glass fiber. The data collection was performed on a Rigaku Mercury CCD
diffractometer with graphite-monochromatized MoK, radiation (A =0.71073 A) at 7=293 K. The intensity data set was
collected with the w-scan technique and reduced using the Rigaku CRYSTALCLEAR software [20]. The structure was
solved by direct methods and refined by full-matrix least-squares techniques. Non-hydrogen atoms were located by difference
Fourier maps and subjected to the anisotropic refinement. All carbon-attached H atoms were allowed to ride on their
respective parent C atoms with C—H distances of 0.93 A or 0.96 A, and were included in the structure factor calculations with
assigned isotropic displacement parameters Ujs(H) = 1.2U(C). All calculations were performed with the Siemens
SHELXTL crystallographic software [21-23].

Crystallographic data for 1: C;¢H;sCuF¢N,P, M, = 513.86, crystal size 0.28x0.21x0.17 mm, monoclinic space group,
P2/c, a=7.4008(11)A, b=204083)A, ¢=14.8792) A, B=111.380(11)°, V'=2092.6(6) A’>, T=296(2)K, Z=4,
Deae = 1.63 g/lem®, p=12mm™", F(000)=1032 e, 10836 reflections measured in the range of 2.940 < 0 < 25.349°, 3815
unique (R;, = 0.0323), 3815 observed with /> 2c(/). Structure solution and refinement based on 2556 reflections and 282
refined parameters, 0 restraints gave R1 = 0.0740, wR2 = 0.1496, S = 1.00 for all reflections, R1 = 0.0448, wR2 = 0.1297, and
S = 1.00 for reflections with (> 25(J), Ap(max / min) = 0.35 / —0.49 e/A°.

CCDC 2062437 contains the supplementary crystallographic data for this paper. These data can be obtained free of

charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
RESULTS AND DISCUSSION

Crystal structure analysis. The single crystal X-ray diffraction analysis has revealed that compound 1 crystallized

in the monoclinic space group P2,/c with Z = 4. It displays a structure formed by cationic [Cu(prt)(CH3CN)2]Z+ chains and
PF, anions with abundant supramolecular interactions. As shown in Fig. 1, the asymmetric unit is made up of one Cu(l)
cation, one Hbpt ligand, two coordinated acetonitrile molecules, and one PF anion. The Cu(I) cation is located in a distorted

tetrahedral coordination formed by two pyridyl N atoms from two Hbpt ligands, and two N atoms of two terminally bonded
acetonitrile molecules. The Cu—N bond lengths vary from 1.973(3) A to 2.387(4) A, while the N-Cu—N bond angles range
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Fig. 1. Coordination environment of the Cu(I) cation in the crystal of 1 (30%
probability displacement ellipsoids). All hydrogen atoms are omitted for
clarity. Symmetry code A: —1+x, y, —1+z.

between 86.53(15)° to 142.36(12)° (Table 1). The two coordinated acetonitrile molecules display approximately linear
structures with the C—C—N bond angles of 178.4(5)° and 178.6(5)°, respectively. Other bond lengths and angles are similar to
those reported for the other Hbpt-based complexes [10-12, 16-19]. Each Hbpt ligand connects [Cu(CH;CN),]" moieties in

n+
L

bidentate coordination modes to form a cationic [Cu(Hbpt)(CH;CN),],” chain approximately along the [1 0 1] direction

(Fig. 2). These cationic chains stack together in a space-filling fashion via abundant n-- -7 stacking interactions (Table 3). The

PF, anions reside between these cationic chains connected via weak C—H--‘F hydrogen bonds (Table 2) and electrostatic

attraction to form a stable structure (Fig. 3).

Powder X-ray diffraction. A powder X-ray diffraction study was carried out for 1 to check the phase purity of the
product. As shown in Fig. 4, all major peak positions of the experimental data of the bulk sample are in good agreement with
those simulated using the single crystal X-ray diffraction data, revealing the presence of one main crystalline phase, and that
the synthesized bulk material is identical with that of the single crystal.

Photoluminescence behaviour. Solid-state photoluminescence spectra show that compound 1 exhibits relatively
strong red emission with a peak around 656 nm upon photoexcitation at 373 nm (Fig. 5), while the free Hbpt ligand displays

an emission band around 450 nm upon maximum photoexcitation at 373 nm [12]. In comparison with the free Hbpt ligand,

TABLE 1. Selected Bond Lengths and Angles for 1

Bond Length, A Angle Value, deg
Cul-Nl1 2.160(4) NI12A-Cul-NI11 142.36(12)
Cul-N2 2.387(4) N12A—Cul-N1 108.90(12)
Cul-NI11 1.977(3) N11-Cul-Nl1 103.32(12)

Cul-NI12A 1.973(3) N12A-Cul-N2 94.67(12)
N1-C1 1.127(5) N11-Cul-N2 106.35(12)
N2-C3 1.126(5) NI1-Cul-N2 86.53(15)
Cl1-C2 1.435(6) N1-C1-C2 178.4(5)
C3-C4 1.434(6) N2-C3-C4 178.6(5)

Symmetry code for A: —1+x, y, —1+z.
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Fig. 2. View of a cationic [Cu(prt)(CH3CN)2]Z+

direction. Hydrogen atoms and PF, counter-anions are omitted for clarity.

TABLE 2. Geometrical Parameters of Hydrogen Bonds in 1

chain approximately along the crystallographic [1 0 1]

D-H---4 D-H, A H-4,A DA, A /D-H--4, deg
C2-H22---F2C 0.96 2.64 3.441(6) 141.7
C2-H23:--FID 0.96 2.59 3.384(6) 140.7
C4-H41---F2E 0.96 2.53 3.483(6) 173.7
C4-H42---F6C 0.96 2.53 3.417(6) 154.1
C4-H43---F5F 0.96 2.63 3.518(6) 153.2
C105-H10D---N2F 0.93 2.67 3.439(5) 140.4
C109-HI10E---F5G 0.93 2.55 3.282(4) 136.1
Cl112-H11C---F1B 0.93 2.56 3.317(4) 1394

Symmetry codes for B: 1+x, y, 1+z; C: —x, —-0.5+y, 0.5—z; D: —x, 1y, 1-z; E: l-x, -0.5+y, 0.5—z; F: 1,

-y, 1-z; G: 1=, —-0.5+y, 1.5—=.

TABLE 3. Analysis of the Short Ring Stacking with Cg—Cg Distances <6.0 A, o (20.0| and B (60.0| in 1

Cg(H)-Cg(J) d(Cg—Cg), A o, deg B, deg
Cgl-CglH 4.593(2) 0 39.4
Cgl-Cgll 3.813(2) 0 18.7
Cgl-Cg2H 4.784(2) 2.60(19) 41.5
Cgl-Cg21 5.264(2) 2.60(19) 47.1
Cgl-Cg31 5.2011(19) 3.66(19) 45.9
Cg2-CglH 4.784(2) 2.60(19) 40.5
Cg2-Cgll 5.264(2) 2.60(19) 47.1
Cg2-Cg3H 3.752(2) 6.25(17) 16.7
Cg2-Cg31 3.737(2) 6.25(17) 13.6
Cg3-Cgll 5.2012(19) 3.66(19) 45.4
Cg3-Cg2H 3.752(2) 6.25(17) 20.0
Ce3-Cg21 3.737(2) 6.25(17) 19.8

Symmetry codes for H: 1—x, 1-y, 2—z; I: 2—x, 1-y, 2—z. Cg(I) = benzene ring plane number [; d(Cg—Cg) = distance
between ring centroids; o = dihedral angle between planes I and J; -angle Cg(I) — Cg(J) or Cg(I) - Me vector and normal
to plane I. Ring 1: N13, C106, N14, N15, C107; Ring 2: N11, C101 to C105; Ring 3: N12, C108 to C112.

the band maximum of 1 displays a relatively large shift with a wider spectral range, as well as a slightly enhanced emission

intensity. The large shift and different band ranges may suggest that the emission of 1 and the pure Hbpt ligand are based on

different photoluminescence mechanisms.

The density of states (DOS) calculation [24-26] of 1 (Fig. 6; Fig. S3 and its explanation in the Supplementary
Materials) indicates that the top of valence bands (VBs) is relatively flat and the bottom of conduction bands (CBs) have
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Fig. 3. Packing diagram of cationic[Cu(prt)(CH3CN)2]Z+ chains and PF anions in 1 along the a axis. Hydrogen

atoms are omitted for clarity.

Intensity, a.u
1 1
f

LM

5 10 15 20 25 30 35 40
20, deg

Fig. 4. Measured (/) and simulated (2) powder XRD
patterns of 1.

a small dispersion. The top orbitals of VBs in the range between —1.40 eV and the Fermi level (0 eV) are mainly formed by
Cu 3d states (41.5 electrons/eV), while the bottom orbitals of CBs between 0.80 eV and 2.20 eV are mainly the contributions
from Hbpt-2p states (15.8 electrons/eV). Together with the structural features of 1, the origin of the maximum emission band

of 1 can be ascribed to metal-to-ligand charge transfer (MLCT) where electrons are transferred from Cu(I) cations (Cu 3d

states, VBs) to the unoccupied n* orbitals of the Hbpt ligands (Hbpt-2p states, CBs).
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Fig. 5. Solid-state photoluminescence spectra of 1 and the
Hbpt ligand at room temperature. Inset: excitation spectrum
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Fig. 6. DOS (total and partial) of 1. The Fermi level is set at 0 eV.

CONCLUSIONS

In summary, we have synthesized a copper(I) coordination compound constructed by cationic

[Cu(prt)(CH3CN)2]Z+ chains and PF, anions with abundant supramolecular interactions. The compound can emit strong

red emission which probably originates from metal-to-ligand charge transfer.



ADDITIONAL INFORMATION

Additional plots of the structure, DFT calculation methodology, computational descriptions/explanations, and the

FTIR spectrum are given as supplementary materials available online.
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