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Two pairs of 1 : 2 nickel(II) and copper(II) metal-complex
dyes showing the same trans configuration and
azo–hydrazone transformation but different thermal
properties†

Xiao-Chun Chen,a Yin-Ge Wang,a,b Tao Tao,a Jiao Geng,a Wei Huang*a and
Hui-Fen Qian*a,b

Two pairs of 1 : 2 neutral trans mononuclear transition-metal (M = NiII and CuII) complexes of pyridine-

2,4-dione and quinoline-2,4-dione based heterocyclic dyes have been structurally and spectrally charac-

terized and compared herein. X-ray single-crystal diffraction analyses of four complexes, namely trans-

[Ni(La)2(DMF)2] (1), trans-[Cu(La)2(DMF)2] (2), trans-[Ni(Lb)2(DMF)2] (3) and trans-[Cu(Lb)2(DMF)2] (4),

reveal that they have the same trans configuration between the bidentate chelating dianionic ligands

and two axially coordinated DMF molecules. Furthermore, a transformation from the hydrazone to azo

configuration has been observed for both bidentate chelating ligands La
− and Lb

− after metal-ion com-

plexation. More importantly, the simultaneous DSC/TG-MS-FTIR method has been used to explore the

thermal stability of four neutral metal-complex dyes 1–4, where the two axially coordinated DMF mole-

cules in NiII and CuII complexes exhibit distinguishable decomposition behavior because of their different

M–O bond lengths originating from the Jahn–Teller distortions.

Introduction

Metal complex dyes are widely used for a variety of applications
such as wood stains,1 pigments,2 leather finishing,3 stationery
printing inks,4 and coloring for metal and plastic.5 Among
them, 1 : 1 and 1 : 2 dye–metal complexes including chromium,
cobalt, nickel and copper ions are most commonly used.6 For
example, about 30% of polyamide fibres are dyed with
1 : 2 metal-complex dyes. Compared with the organic dyes,
which are relatively unstable under light irradiation and high
temperature, metal-complex dyes exhibit much better light
and sublimation fastness.7

Specifically, aromatic heterocycle azo dyes have shown bril-
liant color and chromophoric strength.8 It is worth noting that
the chemical properties of quinoline, pyridine and their

derivatives have demonstrated interesting biological relevance
and good coordination capacity.9 C.I. Disperse Yellow 114 and
79 dyes having pyridine-2,4-dione and quinoline-2,4-dione
backbones, which are found to be in the hydrogen form,10

have shown good performance in textile discharge printing for
polyester fibers,11 fluorescent brighteners,12 and photographic
sensitizers.13 However, their light fastness and sublimation
fastness are not so good because of their unsaturated organic
skeleton, which are regarded as the main drawbacks for
further applications. In general, the light and thermal stab-
ilities of C.I. Disperse Yellow 114 and 79 dyes can be effectively
improved by metal-ion complexation because both of them
can be regarded as bidentate chelating ligands after azo–hydra-
zone transformation and subsequent deprotonation in terms
of coordination chemistry.14 More importantly, the conjugated
system of aromatic heterocyclic ligands, sublimation, perspira-
tion and light fastness of metal-complex dyes can be finely
influenced by introducing different transition-metal ions.

X-ray single-crystal diffraction is a very powerful tool to
investigate tautomerisms including cis–trans and azo–hydra-
zone because it provides detailed information on molecular
conformation and supramolecular interactions in the solid
state.15 In our previous reports, several C.I. Disperse Yellow
azo dyes crystallizing in the hydrazone form and their azo–
hydrazone tautomerisms driven by pH titration and metal-ion
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complexation have been investigated.14 As an extensive study
in this area, we report herein two pairs of neutral 1 : 2 trans
nickel(II) and copper(II) complexes of C.I. Disperse Yellow 114
and 79 bearing different pyridine-2,4-dione and quinoline-2,4-
dione backbones (Scheme 1), which are suggested to be the
first structural examples on trans metal-complex dyes bearing
the above-mentioned two backbones. X-ray single-crystal struc-
ture determinations of metal-complex dyes 1–4 manifest the
presence of two trans axially coordinated N,N′-dimethylform-
amide (DMF) molecules as well as the transformation from the
hydrazone to azo configuration for both bidentate chelating
ligands La

− and Lb
− after metal-ion complexation. More impor-

tantly, the simultaneous DSC/TG-MS-FTIR method has been
used to further characterize the thermal behavior of 1–4,
where distinguishable decomposition behavior is observed for
the two axially coordinated DMF molecules in the cases of NiII

and CuII complexes. Namely, 1 and 3 show relatively higher
thermal stability due to their shorter axial Ni–O bond lengths,
while 2 and 4 exhibit the loss of two DMF molecules step by
step originating from the Jahn–Teller distortion for their 3d9

electronic structures.

Experimental
Materials and measurements

All melting points were measured without corrections. The
reagents of analytical grade were purchased from commercial
sources and used without any further purification. Elemental
analyses (EA) for carbon, hydrogen and nitrogen were

performed on a Perkin-Elmer 1400C analyzer. Infrared (IR)
spectra (4000–400 cm−1) were recorded using a Nicolet FT-IR
170X spectrophotometer on KBr disks. UV-vis spectra were
recorded with a Shimadzu UV-3150 double-beam spectrophoto-
meter using a quartz glass cell with a path length of 10 mm.
Fluorescence measurements were performed at room tempera-
ture on a Shimadzu RF-5301PC spectrophotometer. Powder
X-ray diffraction (PXRD) measurements were performed on a
Philips X’pert MPD Pro X-ray diffractometer using Cu Kα radi-
ation (λ = 0.15418 nm), in which the X-ray tube was operated at
40 kV and 40 mA at room temperature. Thermogravimetry
analysis (TGA) and differential scanning calorimeter (DSC)
experiments were carried out using a NETZSCH STA 449F3
thermo gravimetric analyzer instrument in a nitrogen flow
from 30 to 600 °C at a heating rate of 10.0 °C min, where FT-IR
spectra and mass spectra were detected simultaneously.

Synthesis of 1 : 2 neutral mononuclear complexes trans-
[Ni(La)2(DMF)2] (1) and trans-[Cu(La)2(DMF)2] (2). Cu-
(CH3COO)2·H2O (0.042 g, 0.21 mmol) or Ni(CH3COO)2·4H2O
(0.052 g, 0.21 mmol) and HLa (0.089 g, 0.21 mmol) were dis-
solved in 15 mL N,N′-dimethylformamide (DMF) and the
mixture was stirred at room temperature for 5 h. The solution
was allowed to evaporate slowly at room temperature in air,
and the microcrystals of complex 1 were obtained in a yield of
0.051 g (46% based on HLa). M.p. > 250 °C. Main FT-IR absorp-
tions (KBr pellets, ν, cm−1): 3423 (b), 2215 (m), 1684 (vs), 1567
(vs), 1371 (vs) and 1186 (s). Anal. Calcd for C46H44N10NiO12S2:
C, 52.53; H, 4.22; N, 13.32%. Found: C, 52.47; H, 4.31; N,
13.29%. UV-vis: [λmax/ε (L mol−1 cm−1) in MeOH], 417 (24 300)
nm. The microcrystals of complex 2 were obtained in a yield of

Scheme 1 Schematic illustration for the preparation of four 1 : 2 neutral mononuclear trans dye–metal complexes 1–4 showing the azo–hydrazone transformation.
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0.056 g (51% based on HLa). M.p. > 250 °C. Main FT-IR absorp-
tions (KBr pellets, ν, cm−1): 3440 (b), 2219 (m), 1656 (vs), 1550
(vs), 1386 (vs) and 1188 (s). Anal. Calcd for C46H44N10CuO10S2:
C, 52.29; H, 4.20; N, 13.26%. Found: C, 52.21; H, 4.33; N,
13.42%. UV-vis: [λmax/ε (L mol−1 cm−1) in MeOH], 406 (18 400)
nm. Purple single crystals of 1 and 2 suitable for X-ray diffrac-
tion measurement were grown from DMF by slow evaporation
in air at room temperature for two weeks.

Synthesis of 1 : 2 neutral mononuclear complexes trans-
[Ni(Lb)2(DMF)2] (3) and trans-[Cu(Lb)2(DMF)2] (4). The syn-
thesis of 1 : 2 neutral mononuclear complexes 3 and 4 was
similar to that described for 1 and 2 except that HLb was used
as the starting material. The microcrystals of complex 3 were
obtained in a yield of 0.040 g (45% based on HLb). M.p. >
250 °C. Main FT-IR absorptions (KBr pellets, ν, cm−1): 3417
(b), 1644 (s), 1600 (m), 1523 (s), 1475 (m) and 1320 (vs). Anal.
Calcd for C38H36N10NiO10: C, 53.60; H, 4.26; N, 16.45%.
Found: C, 53.48; H, 4.32; N, 16.41%. UV-vis: [λmax/ε (L mol−1

cm−1) in MeOH], 409 (4240) nm. The microcrystals of complex
4 were obtained in a yield of 0.042 g (47% based on HLb).
M.p. > 250 °C. Main FT-IR absorptions (KBr pellets, ν, cm−1):
3417 (b), 1644 (s), 1600 (m), 1523 (s), 1475 (m) and 1320 (vs).
Anal. Calcd for C38H36CuN10O10: C, 53.30; H, 4.24; N, 16.36%.
Found: C, 53.19; H, 4.30; N, 16.27%. UV-vis: [λmax/ε (L mol−1

cm−1) in MeOH], 405 (8470) nm. Similarly, purple single crys-
tals of 3 and 4 suitable for X-ray diffraction measurement were
grown from DMF by slow evaporation in air at room tempera-
ture for two weeks.

X-ray data collection and solution

Single-crystal samples of complexes 1–4 were covered with glue
and mounted on glass fibers for data collection on a Bruker
SMART 1K CCD area detector at 291(2) or 173(2) K, respecti-
vely, using graphite mono-chromated Mo Kα radiation (λ =
0.71073 Å). The collected data were reduced by using the
program SAINT16 and empirical absorption corrections
were done by the SADABS17 program. The crystal systems
were determined by Laue symmetry and the space groups
were assigned on the basis of systematic absences by using
XPREP. The structures were solved by the direct method
and refined by the least-squares method. All non-hydrogen
atoms were refined on F 2 by the full-matrix least-squares
procedure using anisotropic displacement parameters,
while hydrogen atoms were inserted in the calculated posi-
tions assigned fixed isotropic thermal parameters at
1.2 times of the equivalent isotropic U of the atoms to which
they are attached (1.5 times for the methyl groups) and
allowed to ride on their respective parent atoms. All calcu-
lations were carried out on a PC with the SHELXTL PC
program package18 and molecular graphics were drawn by
using XSHELL, Diamond and ChemBioDraw software. Details
of the data collection and refinement results for complexes 1–4
are listed in Table 1, while selected bond distances and bond
angles are given in Table 2. Moreover, intermolecular C–H⋯O
and C–H⋯N hydrogen bonding interactions are given in
Table SI1.†

Table 1 Crystal data and structural refinements for complexes 1–4

Complex 1 2 3 4

Empirical formula NiC46H44N10O12S2 CuC46H44N10O12S2 NiC38H36N10O10 CuC38H36N10O10
Formula weight 1051.74 1056.60 851.46 856.32
Temperature/K 291(2) 173(2) 291 291(2)
Wavelength/Å 0.71073 0.71073 0.71073 0.71073
Crystal size (mm) 0.10 × 0.10 × 0.11 0.10 × 0.12 × 0.12 0.10 × 0.11 × 0.12 0.10 × 0.10 × 0.12
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group C2/c C2/c P1̄ P1̄
a/Å 23.030(9) 22.524(4) 9.037(1) 9.443(5)
b/Å 9.674(3) 9.904(2) 10.406(1) 9.828(7)
c/Å 22.455(9) 22.397(4) 11.137(1) 11.689(7)
α/° 90 90 73.124(1) 72.521(1)
β/° 99.951(2) 99.079(3) 74.222(1) 69.916(9)
γ/° 90 90 77.991(1) 78.602(9)
V/Å3 4928(3) 4933.5(2) 954.9(1) 1639.3(2)
Z/Dcalcd (g cm−3) 4/1.418 4/1.423 1/1.481 1/1.471
F(000) 2184 2188 442 443
μ/mm−1 0.550 0.599 0.581 0.637
hmin/hmax −27/25 −26/15 −10/10 −11/11
kmin/kmax −11/6 −11/10 −12/8 −11/11
lmin/lmax −24/26 −26/26 −13/13 −13/13
Data/parameters 4343/326 4347/326 3341/271 3367/270
R1, wR2 [I > 2σ(I)]a R1 = 0.0562 R1 = 0.0460 R1 = 0.0311 R1 = 0.0522

wR2 = 0.1056 wR2 = 0.1025 wR2 = 0.0769 wR2 = 0.1178
R1, wR2 (all data)

a R1 = 0.1219 R1 = 0.0821 R1 = 0.0360 R1 = 0.0766
wR2 = 0.1192 wR2 = 0.1112 wR2 = 0.0785 wR2 = 0.1289

S 0.81 0.91 0.98 1.05
Max/min Δρ/e Å−3 0.37/−0.42 0.37/−0.55 0.23/−0.19 0.41/−0.71

a R1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σ[w(Fo2 − Fc
2)2]/Σw(Fo2)2]1/2.
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Results and discussion
Synthesis and spectral characterizations

In this work, two pairs of 1 : 2 neutral nickel(II) and copper(II)
complexes of C.I. Disperse Yellow 114 and 79 can be easily pro-
duced by means of the conventional coordination reactions
between organic dyes in the hydrazone form and correspond-
ing metal salts at room temperature, accompanied by the
deprotonation of HLa and HLb ligands and the azo–hydrazone
transformation (Scheme 1). All compounds were obtained in
satisfactory yields and characterized by FT-IR and UV-vis
spectra, elemental analyses, and powder and single-crystal
X-ray diffraction techniques. Typical FT-IR absorptions corre-
sponding to the CuN group in complexes 1 and 2 are observed
at 2215 and 2219 cm−1, respectively, as can be seen in Fig. SI1
and SI2.†

In order to explore and compare the differences before and
after metal-ion complexation, UV-vis spectra of complexes 1–4
and their ligands have been recorded in their methanol solu-
tions with the same concentration of 3.0 × 10−5 mol L−1. As
shown in Fig. 1, compared with the yellow dye HLa, the π–π*
transition absorption peak for dye–metal complexes 1 and 2
exhibits a hypochromatic shift to 417 and 407 nm, respectively.
In contrast, the maximum absorption peak for dye–metal com-
plexes 3 and 4 shows a hypochromatic shift of 7 and 13 nm,
respectively, compared with the yellow dye HLb. The alteration

Table 2 Selected bond distances (Å) and angles (°) for complexes 1–4

Bond distances Bond angles

1
Ni1–O4 1.982(3) O4–Ni1–O6 89.5(2)
Ni1–O6 2.101(3) O4–Ni1–N1 85.9(2)
Ni1–N1 2.059(3) O4–Ni1–O4a 180.0
Ni1–O4a 1.982(3) O4–Ni1–O6a 90.5(2)
Ni1–O6a 2.101(3) O4–Ni1–N1a 94.1(2)
Ni1–N1a 2.059(3) O6–Ni1–N1 91.6(2)
S1–O1 1.600(3) O4a–Ni1–O6 90.5(2)
S1–O2 1.427(4) O6–Ni1–O6a 180.0
S1–O3 1.415(5) O6–Ni1–N1a 88.4(2)
S1–C6 1.761(5) O4a–Ni1–N1 94.1(2)
O1–C7 1.419(5) O6a–Ni1–N1 88.4(2)
O4–C14 1.252(5) N1–Ni1–N1a 180.0
O5–C15 1.231(5) O4a–Ni1–O6a 89.5(2)
O6–C21 1.241(5) O4a–Ni1–N1a 85.9(2)
N1–N2 1.276(4) O6a–Ni1–N1a 91.6(2)
N1–C9 1.443(5) Ni1–O4–C14 125.8(2)
N2–C13 1.364(5) Ni1–O6–C21 123.4(3)
N3–C14 1.383(5) Ni1–N1–N2 126.3(2)
N3–C15 1.381(6) Ni1–N1–C9 120.6(2)
N3–C18 1.478(5) N2–N1–C9 111.3(3)
N4–C19 1.137(7) N1–N2–C13 122.1(3)
C13–C14 1.442(6) C14–N3–C15 125.0(3)
C13–C17 1.404(5) C14–N3–C18 118.1(3)

C15–N3–C18 116.9(3)
2
Cu1–O4 1.916(2) O4–Cu1–O6 90.5(1)
Cu1–O6 2.421(2) O4–Cu1–N1 87.7(1)
Cu1–N1 1.986(2) O4–Cu1–O4b 180.0
Cu1–O4b 1.916(2) O4–Cu1–O6b 89.5(1)
Cu1–O6b 2.421(2) O4–Cu1–N1b 92.3(1)
Cu1–N1b 1.986(2) O6–Cu1–N1 86.8(1)
S1–O1 1.598(2) O4b–Cu1–O6 89.51(8)
S1–O2 1.410(3) O6–Cu1–O6b 180.0
S1–O3 1.401(3) O6–Cu1–N1b 93.2(1)
S1–C6 1.745(4) O4b–Cu1–N1 92.3(1)
O4–C14 1.251(3) O6b–Cu1–N1 93.2(1)
O5–C15 1.217(4) N1–Cu1–N1b 180.0
O1–C7 1.420(4) O4b–Cu1–O6b 90.5(1)
O6–C21 1.214(5) O4b–Cu1–N1b 87.7(1)
N1–N2 1.283(3) O6b–Cu1–N1b 86.8(1)
N2–C13 1.356(4) Cu1–O4–C14 124.4(2)
N4–C19 1.434(4) Cu1–O6–C21 121.1(2)
N5–C21 1.321(5) Cu1–N1–N2 125.4(2)
N5–C22 1.454(5) Cu1–N1–C9 121.6(2)
N5–C23 1.444(5) N2–N1–C9 111.7(2)
C13–C14 1.431(4) N1–N2–C13 122.3(2)
C13–C17 1.407(4)
3
Ni1–O3 1.999(2) O3–Ni1–O5 89.0(1)
Ni1–O5 2.094(2) O3–Ni1–N2 85.1(1)
Ni1–N2 2.086(2) O3–Ni1–O3c 180.0
Ni1–O3c 1.999(2) O3–Ni1–O5c 91.0(1)
Ni1–O5c 2.094(2) O3–Ni1–N2c 94.9(1)
Ni1–N2c 2.086(2) O5–Ni1–N2 89.1(1)
O1–N1 1.202(3) O3c–Ni1–O5 91.0(1)
O2–N1 1.210(3) O5–Ni1–O5c 180.00
O3–C8 1.267(2) O5–Ni1–N2c 90.9(1)
O4–C15 1.221(2) O3c–Ni1–N2 94.9(1)
O5–C17 1.239(2) O5c–Ni1–N2 90.9(1)
N1–C1 1.475(3) N2–Ni1–N2c 180.0
N2–N3 1.291(2) O3c–Ni1–O5c 89.0(1)
N2–C4 1.433(2) O3c–Ni1–N2c 85.1(1)
N3–C7 1.356(2) O5c–Ni1–N2c 89.1(1)
N4–C8 1.385(5) Ni1–O3–C8 124.3(2)
N4–C14 1.389(3) Ni1–O5–C16 127.4(2)
N4–C15 1.392(3) O1–N1–O2 123.7(2)
N4–C16 1.471(4) O1–N1–C1 118.6(2)
C7–C8 1.415(3) O2–N1–C1 117.7(2)

Table 2 (Contd.)

Bond distances Bond angles

C7–C15 1.472(3) Ni1–N2–N3 125.8(2)
Ni1–N2–C4 122.8(2)
N3–N2–C4 109.6(2)
N2–N3–C7 121.5(2)

4
Cu1–O4 1.928(2) O4–Cu1–O5 93.7(1)
Cu1–O5 2.481(4) O4–Cu1–N2 87.7(2)
Cu1–N2 2.001(3) O4–Cu1–O4d 180.0
Cu1–O4d 1.928(2) O4–Cu1–O5d 86.3(1)
Cu1–O5d 2.481(4) O4–Cu1–N2d 92.3(2)
Cu1–N2d 2.001(3) O5–Cu1–N2 93.5(2)
O1–N1 1.205(6) O4d–Cu1–O5 86.3(1)
O2–N1 1.205(7) O5–Cu1–O5d 180.0
O3–C8 1.219(6) O5–Cu1–N2d 86.5(2)
O4–C15 1.269(5) O4d–Cu1–N2 92.3(2)
O5–C17 1.223(6) O5d–Cu1–N2 86.5(2)
N1–C1 1.463(6) N2–Cu1–N2d 180.0
N2–N3 1.285(4) O4d–Cu1–O5d 93.7(1)
N2–C4 1.429(5) O4d–Cu1–N2d 87.7(2)
N3–C7 1.342(5) O5d–Cu1–N2d 93.5(2)
N4–C8 1.387(5) Cu1–O4–C15 123.6(2)
N4–C9 1.387(6) Cu1–O5–C17 130.5(3)
N4–C16 1.466(7) O1–N1–O2 123.0(4)
N5–C17 1.310(6) O1–N1–C1 118.4(4)
C7–C8 1.468(6) O2–N1–C3 118.6(4)
C7–C15 1.404(6) Cu1–N2–N3 125.4(2)

Cu1–N2–C4 122.3(2)
N3–N2–C4 110.9(3)
N2–N3–C7 121.4(3)

Symmetry codes: a 1/2 − x, 1/2 − y, −z; b 1/2 − x, 1/2 − y, −z; c 1 − x, −y,
1 − z; d 2 − x, 1 − y, −z.
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of π–π* transition absorption is ascribed to the increase of di-
hedral angles between the phenyl and pyridyl rings in ligands
after metal-ion complexation, which will be discussed in the
following Structural description section. Furthermore, the
n–π* transition absorption peaks observed at 320 and 317 nm
for the deprotonated heterocyclic ligand in 1 and 2, which are
obviously different from the free dye in the hydrazone form,
agree well with the characteristic absorptions of a dinuclear
copper(II) complex having a similar pyridine-2,4-dione based
ligand in the azo form.14b So it is deduced that a transform-
ation from the hydrazone to azo configuration takes place after
metal-ion complexation and the ligands in the dye–metal com-
plexes should be in the azo form, which can also be verified by
the following single-crystal structures of dye–metal complexes
1–4.

As illustrated in Fig. SI5–SI8,† the pure phase of dye–metal
complexes 1–4 is also confirmed by their PXRD patterns which
are in good agreement with the single-crystal diffraction simu-
lative data.

Structural descriptions of the 1 : 2 neutral trans mononuclear
dye–metal complexes 1 and 2

The molecular structures of 1 and 2 with the atom-numbering
scheme are shown in Fig. 2a and 2b, respectively, and the
central nickel(II) and copper(II) ions are found to lie on the
inversion centers. These two complexes are isomorphous
structures where different divalent cations are present (NiII in
1 and CuII in 2). Both of them crystallize in the monoclinic
C2/c space group and each asymmetric unit is composed of
half a NiII or CuII cation coordinated by two bidentate anionic
ligands (La

−) and two monodentate DMF molecules. Each
metal center in 1 and 2 is six-coordinated by two nitrogen
atoms of two azo units and two oxygen atoms of phenol rings
from two La

− ligands and two oxygen atoms of formyl groups
from two solvent DMF molecules. The coordination geometry
for each metal ion is an elongated octahedron with the mean

equatorial coordinative bond lengths of 2.047(3) Å in 1 and
2.108(2) Å in 2. The apical Ni–O bond distance in 1 is 2.101(3)
Å, while the apical Cu–O one in 2 is obviously longer at 2.421(2)
Å owing to the Jahn–Teller effect for the central Cu(II) ion. The
two coordinated DMF molecules adopt the trans configuration
relative to the metal center. Because of the steric restriction of
coordinative bonds, each dye ligand could not be planar and
the dihedral angles between the phenyl and the pyridyl rings
are found to be 43.6(2)° in 1 and 44.1(1)° in 2.

It is noted that a transformation from the hydrazone to azo
configuration for the La

− ligand takes place after metal-ion
complexation. The related N–N and C–C bond lengths are
shortened from 1.303(3) and 1.458(4) Å in HLa to 1.276(4) and
1.442(6) Å in 1 and 1.283(3) and 1.439(4) Å in 2, exhibiting
more double–double character. In contrast, their neighboring
C–N bond lengths are prolonged from 1.330(3) and 1.413(3) Å
in HLa to 1.364(5) and 1.443(5) Å in 1 and 1.356(4) and 1.434(4)
Å in 2, displaying predominantly single-bond character.

The crystal packing view of complexes 1 and 2 is similar. As
shown in Fig. 3 and 4, π–π stacking interactions are found in
the crystal packing of 1 and 2 between neighboring pyridyl and
phenyl rings of La

− ligands from different dye–metal molecules
with the centroid-to-centroid separations of 3.923(1) Å in 1 and
3.836(1) Å in 2, forming analogous slipped layer packing
structures.

Structural descriptions of the 1 : 2 neutral trans mononuclear
dye–metal complexes 3 and 4

The molecular structures of dye–metal complexes 3 and 4 with
the atom-numbering scheme are shown in Fig. 2c and 2d,
respectively, and the central nickel(II) and copper(II) ions are
found to lie on the inversion centers. These two complexes are
also isomorphous structures where different divalent cations
are present (NiII in 3 and CuII in 4). X-ray structural analyses
reveal that both complexes 3 and 4 crystallize in the triclinic
P1̄ space group and each asymmetric unit consists of one CuII

or NiII cation coordinated by two bidentate anionic ligands
(Lb

−) and two monodentate DMF molecules. Each metal center
in 3 and 4 is six-coordinated by two nitrogen atoms of two azo
units and two oxygen atoms of phenol rings from two Lb

−

ligands and two oxygen atoms of formyl groups from two
solvent DMF molecules. The coordination geometry of the
central metal ion is an elongated octahedron with the mean
equatorial coordinative bond lengths of 2.060(2) Å in 3 and
2.137(3) Å in 4. The apical Ni–O bond distance in 3 is 2.094(2)
Å, while the apical Cu–O bond length in 4 is obviously longer
at 2.481(4) Å owing to the Jahn–Teller effect for the central
Cu(II) ion. The two coordinated DMF molecules also adopt the
trans configuration relative to the metal center. Because of the
steric restriction of coordinative bonds, each dye ligand could
not be planar and the dihedral angles between the phenyl and
the quinoline rings turn out to be 24.7(1)° in 3 and 31.8(2)° in
4 which are smaller than those in 1 and 2.

Similarly, a transformation from the hydrazone to azo con-
figuration occurs after metal-ion complexation since the Lb

−

ligand in dye–metal complexes 3 and 4 is found to be in the

Fig. 1 UV-vis absorption spectra for complexes 1–4 in their methanol solutions
with the same concentration of 3.0 × 10−5 mol L−1 at room temperature.
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azo form. The related N–N (N2–N3), N–C (N2–C4 and N3–C7)
and C–C (C7–C8) bond lengths have been changed from
1.298(2), 1.402(3), 1.320(3) and 1.467(3) Å in HLb to 1.291(2),
1.433(2), 1.356(2) and 1.415(3) Å in 3 and 1.285(4), 1.429(5),
1.342(5) and 1.468(6) Å in 4, exhibiting the change of alternat-
ing single and double bond character.

The crystal packing structures of complexes 3 and 4 are
similar, too. As shown in Fig. 5 and 6, π–π stacking interactions
are found between the quinoline rings of ligand Lb

− from
neighboring dye–metal molecules with the centroid-to-cen-
troid separations of 3.515(3) and 4.061(3) Å in 3 and 3.468(7)
and 3.986(7) Å in 4, forming slipped layer packing structures.

Thermal properties of metal-complex dyes 1–4 analyzed by the
simultaneous DSC/TG-MS-FTIR method

Thermal stability and decomposition behavior of complexes
1–4 have been studied by the simultaneous DSC/TG-MS-FTIR

analyses and their TG/DTG/DSC curves and corresponding
FT-IR and mass spectra are presented in Fig. 7–10. As can be
seen in Fig. 7a, there are two clear decomposition steps for the
trans-[Ni(La)2(DMF)2] complex (1) within the temperature range
50–600 °C. The first decomposition step is observed from 160
to 220 °C with a weight loss of 13.75% showing a sharp DTG
peak at 201.4 °C and an endothermic DSC peak at 202.8 °C.
This process of weight loss corresponds to the loss of two
axially trans-coordinated DMF molecules of complex 1 (calcd
13.88%). The second successive weight-loss process starts at
300 °C with a sharp DTG peak at 328.7 °C and an exothermic
DSC peak at 328.9 °C, indicative of the decomposition of the
metal-complex dye.

Meanwhile, FT-IR and mass spectra of the decomposition
products of 1 are in situ performed. A synchronous three-
dimensional (3D) FT-IR spectrum (Fig. 7b) demonstrates the
strong absorptions around 200 °C and an FT-IR spectrum at

Fig. 2 ORTEP drawings of complexes 1–4 (a–d) with the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability level and the hydro-
gen atoms are shown as small spheres of arbitrary radii.
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208 °C (Fig. 7c) shows the absorption peaks at 1082, 1381,
1714, 1724, 2850 and 2939 cm−1 corresponding to the charac-
teristic vibrations of DMF molecules. Fig. 7d gives the in situ
mass spectra of decomposition products of 1 at 208 °C and
m/z = 73, 58 and 44, respectively. By comparing the standard
mass spectrum of DMF (Fig. SI9†) from the GC-MS database
where two strong peaks at m/z = 73 (M+) and 44 as well as a
weak peak at m/z = 58 are present, it is found that the
decomposition products of 1 at 208 °C have the same MS
peaks at m/z = 73, 58 and 44 as well as comparable ion-current
intensity ratios (the Y-coordinate shown as a different color in
Fig. 7d). So simultaneous TG-DTA/DSC-FTIR-MS instrumenta-
tion for dye–metal complex 1 clearly verifies the

decomposition of two apically coordinated DMF molecules in
the temperature range 160–220 °C.

In comparison with 1, there are three decomposition steps
for the trans-[Cu(La)2(DMF)2] complex (2) within the tempera-
ture range 50–600 °C. As depicted in Fig. 8a, the first two
decomposition steps are observed from 140 to 190 °C with
weight losses of 5.33 and 8.53%, respectively, showing two
sharp DTG peaks at 167.0 and 181.9 °C and two endothermic
DSC peaks at 168.9 and 181.2 °C. These two continuous
weight-loss processes can be assigned as the loss of two axially
coordinated DMF molecules of complex 2 (Calcd 14.27%).
However, the temperature for losing DMF molecules in 2 is
much lower than that of 1, which could be explained as the

Fig. 3 Perspective view of the crystal packing of complex 1.

Fig. 4 Perspective view of the crystal packing of complex 2.
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different 3d electronic structures of NiII and CuII centers. As
mentioned above, the Jahn–Teller effect for the d9 CuII ion
results in the two longer axial Cu–O bond lengths (2.421(2) Å)
in 2, while the apical Ni–O bond lengths (2.108(2) Å) for the d8

NiII ion in 1 are similar to those of the equatorial coordinative
bonds. Furthermore, TG/DTG/DSC curves of 2 provide experi-
mental evidence for the coordination geometry transformation
from a six-coordinate elongated octahedron to a five-coordi-
nate pyramid and then to a four-coordinate planar square
(Scheme 2), accompanying the loss of two apical DMF mole-
cules step by step. In contrast, the third successive weight-loss
process of 2 starts at 250 °C with a sharp DTG peak at 279.3 °C
and an exothermic DSC peak at 273.1 °C, indicative of the
decomposition of metal-complex dye.

Analogously, the synchronous 3D FT-IR spectrum (Fig. 8b)
demonstrates two strong absorptions between 140 and 190 °C,
and an FT-IR spectrum at 187 °C (Fig. 8c) shows the absorp-
tion peaks at 1080, 1381, 1713, 1724, 2850 and 2939 cm−1 cor-
responding to the characteristic vibrations of DMF molecules.
Fig. 8d gives the simultaneous mass spectra of decomposition

products of 2 at 172 and 208 °C and m/z = 73, 58 and 44,
respectively, where similar ion-current intensity ratios (the
Y-coordinate shown as a different color in Fig. 8d) are observed.

The thermal characterization of the trans-[Ni(Lb)2(DMF)2]
complex (3) is similar to that of 1 where two decomposition
stages are found, as shown in Fig. 9a. The former has a mass
loss of 17.52% with a sharp DTG peak at 201.7 °C and an
endothermic DSC peak at 202.9 °C, which are suggested to be
the loss of two coordination DMF molecules (calcd 17.15%).
The latter starts at 300 °C with a sharp DTG peak at 332.6 °C
and an exothermic DSC peak at 364.6 °C, corresponding to the
decomposition of the metal-complex dye. Meanwhile, a syn-
chronous 3D FT-IR spectrum (Fig. 9b), an FT-IR spectrum
(Fig. 9c) and mass spectra at 208 °C display the characteristic
FT-IR vibrations of DMF molecules and similar ion-current
intensity ratios at m/z = 73, 58 and 44.

The decomposition pattern of the trans-[Cu(Lb)2(DMF)2]
complex (4) is also similar to that of 2, which includes three
stages (Fig. 10a). The two DMF molecules are decomposed
step by step owing to the Jahn–Teller effect for the central

Fig. 6 Perspective view of the crystal packing of complex 4.

Fig. 5 Perspective view of the crystal packing of complex 3.
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Cu(II) ion, and simultaneous FT-IR (Fig. 10b and 10c) and
mass spectra of decomposition products of 4 at 82 and 123 °C
exhibit the characteristic FT-IR vibrations of DMF molecules
and comparable ion-current intensity ratios at m/z = 73, 58 and
44, respectively.

Conclusions

In summary, we make use of the coordination ability of pyri-
dine-2,4-dione and quinoline-2,4-dione based bidentate
heterocyclic dye ligands (HLa and HLb) to prepare their NiII

Fig. 7 DSC/TG-MS-FTIR analysis of complex 1: (a) DSC/TG/DTG graphs; (b) and (c) FT-IR spectra; (d) temperature-dependent mass spectra at m/z 73, 58 and 44,
respectively.
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and CuII complexes in order to improve the light and thermal
stabilities of corresponding dye–metal complexes in this work.
As a result, two pairs of 1 : 2 neutral trans mononuclear NiII

and CuII complexes 1–4 are obtained. X-ray single-crystal diffr-
action techniques have been used to study the molecular con-
formation and azo–hydrazone tautomerism for these four

metal-complex dyes. The results reveal that they have the same
trans configuration between the bidentate chelating dianionic
ligands and two axially coordinated DMF molecules and a
transformation from the hydrazone to azo configuration has
been observed for both bidentate chelating ligands La

− and
Lb

− after metal-ion complexation. This is also the first

Fig. 8 DSC/TG-MS-FTIR analysis of complex 2: (a) DSC/TG/DTG graphs; (b) and (c) FT-IR spectra; (d) temperature-dependent mass spectra at m/z 73, 58 and 44,
respectively.
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Fig. 9 DSC/TG-MS-FTIR analysis of complex 3: (a) DSC/TG/DTG graphs; (b) and (c) FT-IR spectra; (d) temperature-dependent mass spectra at m/z 73, 58 and 44,
respectively.
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structural report on trans dye–metal complexes having pyri-
dine-2,4-dione and quinoline-2,4-dione units.

The central NiII ion in complexes 1 and 3 adopts a regular
octahedral configuration while the CuII ion in complexes 2 and
4 shows an elongated octahedral configuration because of the

Jahn–Teller distortion. This difference can be clearly embodied
by simultaneous DSC/TG-MS-FTIR analyses, where TG/DTG/
DSC curves reveal that NiII complexes 1 and 3 show higher
decomposition temperature for the axially coordinated DMF
molecules than CuII complexes 2 and 4. There is only one

Fig. 10 DSC/TG-MS-FTIR analysis of complex 4: (a) DSC/TG/DTG graphs; (b) and (c) FT-IR spectra; (d) temperature-dependent mass spectra at m/z 73, 58 and 44,
respectively.
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DTG/DSC peak for NiII complexes, indicative of the loss of two
DMF molecules at the same time. In contrast, two DTG/DSC
peaks are found for CuII complexes exhibiting the loss of two
DMF molecules step by step. Furthermore, the loss of DMF
molecules can be clearly verified by simultaneous FT-IR and
mass spectra of the decomposition products by their character-
istic FT-IR vibrations and ion-current intensity ratios at m/z =
73, 58 and 44.

Our results demonstrate that it is the slight structural differ-
ence in the M–DMF bond lengths for these two pairs of iso-
morphous structures that decides the distinguishable weight-
loss process of the two axially coordinated DMF molecules in
1–4. Further work is being undertaken on the applications of
these highly stable dye–metal complexes as effective and cheap
dyes, pigments and even inks.
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