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Abstract: Solvothermal reaction of a copper salt, racemic 
aspartic acid (AspH3), and 1,2,4-triazole (TaH) leads to a 
nanoporous copper aspartate, Cu4(Asp)2(Ta)2(H2O)2 · 2H2O 
(1). The compound was characterized by FT-IR spectro-
scopy and elemental analysis, and the structure was 
determined by single-crystal X-ray diffraction. Pairs 
of l-Asp3− and d-Asp3− ligands in unprecedented μ4-
1,2κO:3,4κOκN coordination modes chelate pairs of 
adjacent copper cations to form a centrosymmetric 
8n-membered rectangular pipe, and these pipes are fur-
ther bridged by copper cations in four directions of the 
bc plane to form a 3D porous structure with approxi-
mately rectangular channels of  ~5 × 10 Å2  along the crys-
tallographic a-axis. Along the corners of the rectangular 
channels, each Ta− ligand connects three adjacent cop-
per cations in a μ3 coordination mode to form the final 
3D porous framework with relatively large rectangular 
channels of  ~2 × 8 Å2 along the a-axis. Water molecules 
reside in these large channels. The thermal stability and 
solid-state photoluminescence properties of the title 
compound are also investigated.

Keywords: coordination compound; copper aspar-
tate; crystal structure; metal-organic framework; 
photoluminescence.

1  �Introduction
Metal-organic frameworks (MOFs) built from metal-
based nodes and organic linkers have attracted con-
siderable attention in recent years due to their diverse 

potential applications in a wide range of fields including 
gas storage/separation, molecular adsorption/separa-
tion, drug loading/delivery, catalysis, nonlinear optics, 
electronics, and sensors [1–5]. Although great efforts 
have been put into the design and construction of MOFs, 
controlling the structures as well as regulating the func-
tions of MOFs still remains a challenge because the 
design and synthesis of MOFs are influenced by many 
factors, such as the nature of the metal ions, organic 
ligands, and solvents, as well as the temperature and 
pH value [6, 7]. The existing protocols have proven that 
reasonable selection of organic linkers is essential for 
the construction and control of properties of MOFs [8, 
9]. Among the various organic linkers, amino acids have 
been widely used in the preparation of MOFs since they 
have multiple binding sites and versatile bonding modes 
provided by amino and carboxylate groups [10]. Further-
more, the introduction of amino acid moieties in MOFs 
may induce the intrinsic chirality of the starting amino 
acids in extended structures [11].

Aspartic acid (AspH3) is an acidic amino acid with one 
amine and two carboxylic acid groups. Since each of these 
functional groups is capable of binding to metal centers, 
the aspartate anion has a variety of coordination modes 
[10]. This polyfunctionality makes it a suitable organic 
linker for the construction of MOFs. According to a survey 
of the Cambridge Structural Database (CSD V5.38 updated 
August 2018), MOFs based on metal aspartates typi-
cally feature a tridentate chelation to a central metal ion 
comprised of a five-membered and a six-membered N,O-
chelation motifs. They generally exhibit one-dimensional 
(1D) structures linked by an oxygen atom of the terminal 
carboxylate group involved in the six-membered chela-
tion [12–14], but seldom display as three-dimensional 
(3D) dense structures with solvent-accessible volume 
[10, 15]. In all reported MOFs based on metal aspartates, 
the amino group (-NH2) of AspH3 exists only in one confor-
mation within each structure and coordinates to only one 
metal cation. In the work described in this paper, AspH3 
was selected to react with a copper(II) salt and 1,2,4-tri-
azole under solvothermal condition to give a new 3D 
nanoporous MOF, namely, Cu4(Asp)2(Ta)2(H2O)2 · 2H2O (1). 
In this compound, each of the Asp3− ligands displays an 
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unprecedented coordination mode of μ4-1,2κO:3,4κOκN. 
The synthesis, crystal structure, thermal stability, and 
solid-state photoluminescence of the compound were 
investigated.

2  �Results and discussion

2.1  �Crystal structure analysis

Single-crystal X-ray diffraction analysis has revealed that 
MOF 1 crystallizes in the monoclinic space group P21/c. 
The asymmetric unit contains four unique Cu(II) cations, 
two Asp3− ligands, two Ta− ligands, two coordinated water 
molecules, and two water guest molecules. As shown 
in Fig. 1, the Cu1 cation is located in a distorted square-
pyramidal geometry formed by two N atoms from two Ta− 
ligands, one carboxylate O atom and one amino N atom 
from an Asp3− ligand, and one coordinated aqua O atom. 
The Cu2 cation also lies in a distorted square-pyramidal 
coordination environment and is coordinated by one N 
atom from a Ta− ligand, two carboxylate O atoms from 
two Asp3− ligands, and one carboxylate O atom and one N 
atom from one Asp3− ligand. The Cu3 cation is situated in 
a distorted square-pyramidal geometry formed by two N 
atoms from two Ta− ligands, one carboxylate O atom and 
one N atom from one Asp3− ligand, and one carboxylate O 
atom from another Asp3− ligand, while the Cu4 cation is 
also seated in a distorted square-pyramidal coordination 

environment and is coordinated by one carboxylate O atom 
and one amino N atom from one Asp3− ligand, and one car-
boxylate O atom from another Asp3− ligand, one N atom 
from a Ta− ligand, and one aqua O atom. Although the four 
crystallographically unique Cu(II) cations are located in 
similar square-pyramidal coordination environments, the 
detailed components of the coordination geometries are 
very different. Each of the two Ta− ligands has a μ3-1,2,3κN 
coordination mode, which is a common pattern for a 
1,2,4-triazole ligand. Each of the two Asp3− ligands adopts 
an unprecedented coordination mode of μ4-1,2κO:3,4κOκN 
and exhibits a tridentate chelation to two adjacent metal 
cations with the formation of two metallacycles. One orig-
inates from the five-membered N,O-chelate motif, which 
is prevalent in amino acid coordination chemistry, while 
the other is a six-membered N,O chelation from the car-
boxylate side chain of the Asp3− ligand. It should be noted 
that aspartic acid usually loses two carboxylic hydrogen 
atoms to form an AspH2− ligand when it binds to metal 
ions, whereas in the title compound it loses two carboxylic 
hydrogen atoms and one amino hydrogen atom to become 
an Asp3− ligand, which has not been reported according 
to the survey of the Cambridge Structural Database (CSD 
V5.38 updated August 2018).

Two pairs of l-Asp3− and d-Asp3− ligands chelate two 
pairs of adjacent Cu2 and Cu4 cations to form a centrosym-
metric eight-membered ring. These eight-membered rings 
are further connected to each other by the carboxylate 
group of the Asp3− ligands to form a centrosymmetric 
8n-membered rectangular pipe with the effective size 

Fig. 1: Coordination environments of the Cu(II) cations in 1 (30% probability displacement ellipsoids). All hydrogen atoms and water guest 
molecules are omitted for clarity. Symmetry codes A: 1 + x, 0.5 − y, −0.5 + z; B: 1 − x, −y, 1 − z; C: x, 0.5 − y, 0.5 + z; D: −1 + x, y, z, 2 − z; E: −x, 
−y, 1 − z.
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of ~2 × 3 Å2 along the crystallographic a-axis (Fig. 2a). The 
8n-membered rectangular pipes are further bridged by 
Cu1 and Cu3 cations in four directions of the bc plane to 
form a 3D porous structure with approximately rectangu-
lar channels of  ~5 × 10 Å2 along the a-axis (Fig. 2b and c). 
Along the corners of the rectangular channels, each of the 
Ta− ligands connects three adjacent Cu(II) cations in a μ3-
1,2,3κN coordination mode to form the 3D porous frame-
work with relatively large rectangular channels of  ~2 × 8 

Å2 along the a-axis (Fig. 2d and e). Water guest molecules 
reside in these large channels. By using the routine SOLV 
of Platon [16], the accessible voids in the desolvated 
structure of 1 are estimated as 463.6 Å3 per unit cell volume 
of 2380.0 Å3 (calcd: 19.5%). In addition, there are abun-
dant, strong classical N–H · · · O, O–H · · · O, and O–H · · · N 
hydrogen bonds (Table S3) among the coordinated water 
molecules, guest water molecules, and imido groups 
of the Asp3− ligands, which stabilize the final 3D porous 

Fig. 2: Details of the molecular and crystal structure of 1: (a) Pairs of l-Asp3− and d-Asp3− ligands connect (blue bonds) the Cu2 and Cu4 
cations to form a centrosymmetric 8n-membered rectangular pipe along the a-axis. (b) The 8n-membered rectangular pipes further bridge 
(orange bonds) the Cu1 and Cu3 cations in four directions of the bc plane to form a 3D porous structure with approximately rectangular 
channels along the a-axis. (c) Space-filling representation of the 3D porous structure along the a-axis. (d) Along the corners of the 
rectangular channels, each of the Ta− ligands (represented as green five-membered ring plane) connects (green bonds) three adjacent Cu(II) 
cations in a μ3 coordination mode to form a 3D porous framework with approximately rectangular channels of  ~2 × 8 Å2 along the a-axis. 
Water guest molecules reside in these channels. (e) Space-filling representation of the 3D porous framework along the a-axis. Hydrogen 
atoms and water guest molecules (except for (d)) are omitted for clarity.
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framework. Interestingly, a Cu(II) complex with similar 
structure, Cu4(Trz)2(Mal)2(H2O)2 · 3H2O (TrzH = 1,2,4-tria-
zole, MalH3 = malic acid), has been reported recently [17]. 
The compound is built up from the deprotonated malic 
acid (Mal3−: C4H3O5) and 1,2,4-triazole ligands, while 
MOF 1 is constructed from deprotonated aspartic acid 
(Asp3−: C4H4NO4) and 1,2,4-triazole ligands. In the two 
compounds, the malic acid ligand (Mal3−) and aspartic 
acid ligand (Asp3−) adopt similar coordination modes (μ4-
1,2κO:3,4κOκO vs. μ4-1,2κO:3,4κOκN) and similar structural 
configurations, although they have different functional 
groups (–OH vs. –NH2).

2.2  �Powder X-ray diffraction

A powder X-ray diffraction (PXRD) experiment was carried 
out to confirm that the phase of the bulk sample was pure 
and the crystal structure of 1 is truly representative of the 
bulk material. As shown in Fig. 3, the major peak positions 
of the PXRD patterns of the bulk sample are in good agree-
ment with those of the corresponding simulated ones 
obtained from the single-crystal data, indicating the pres-
ence of one main crystalline phase, and that the single 
crystal is identical with the synthesized bulk material.

2.3  �Thermogravimetric analysis

The thermal decomposition behavior of 1 was investi-
gated under an air atmosphere in order to characterize 
its thermal stability. As displayed in Fig. 4, the first con-
tinuous weight loss of 10.8% in the temperature range 

T = 303–503 K corresponds to the loss of free and coordi-
nated water molecules (calculated as 10.0% for two coor-
dinated water and two free water molecules per formula 
unit). The residual framework continues to decompose 
with complicated weight losses up to about 674  K. The 
observed final mass remnant of 45.4% likely represents 
CuO, in agreement with the calculated value of 44.0%.

2.4  �Photoluminescence behavior

Solid-state luminescence spectra show that MOF 1 exhibits 
four relatively strong emission peaks around 404, 423, 462, 
and 482 nm upon maximum photoexcitation at 298 nm, and 
the free TaH ligand displays three relatively strong emis-
sion bands around 398, 419, and 460 nm upon maximum 
excitation at 252  nm, while the free AspH3 ligand shows 
three relatively weak emission peaks around 420, 460, and 
484 nm upon excitation at 298 nm (Fig. 5). In comparison 
with those of the free TaH and AspH3 ligands, the emission 
bands of 1 display small shifts (within 6 nm) with similar 
band shapes and slightly wider spectral ranges, as well 
as significantly enhanced emission intensities. In detail, 
complex 1 and the free TaH ligand have three similar pairs 
of emissions, 404 vs. 398, 423 vs. 419, and 462 vs. 460 nm, 
while for 1 and AspH3 there are also three similar pairs of 
emissions, 423 vs. 420, 462 vs. 460, and 482 vs. 484 nm. 
The largest shift within corresponding emission pairs is 
about 6 nm (404 vs. 398 nm). Each pair of emission may be 
originating from the same emission process.

The small shifts and similar band shapes may suggest 
that the emissions of MOF 1 probably originate from the 
TaH and AspH3 ligands, i.e. MOF 1 is probably subject 
to an intra-ligand charge transfer (ILCT) processes. The Fig. 3: Measured and simulated PXRD patterns of 1.

Fig. 4: Thermogravimetric analysis (TGA) curve of 1.
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intensity difference of the emission bands may be due to 
the conjugation effect of the Cu ions and the Ta− and Asp3− 
ligands. The coordination interactions between metal 
ions and organic ligands usually enhance the rigidity of 
the ligands, resulting in stronger luminescence intensity 
of the compounds [18].

3  �Conclusion
In summary, we have synthesized a novel photolumi-
nescent copper aspartate compound in which the Asp3− 
ligand displays the unprecedented coordination mode 
μ4-1,2κO:3,4κOκN. The synthesis strategy used for the 
compound may be expanded to prepare other aspartate 
complexes [19] of transition metals having this special 
coordination mode. Further experiments based on this 
idea are under way.

4  �Experimental

4.1  �Materials and instrumentation

All chemicals were obtained from commercial sources 
and were used without further purification. The FT-IR 
spectra were recorded from KBr pellets on an FT-IR 8400S 
(CE) instrument in the range 4000–400  cm−1. C, H, and 
N elemental analyses were carried out on a Vario EL III 

elemental analyzer. X-ray powder diffraction data were 
recorded with CuK

α
 radiation (λ = 1.5406 Å) on an XRD-

6100 apparatus with a scan speed of 2  o  min−1. Thermo-
gravimetric analyses were performed on a HENVEN-HJ 
HCT-3 thermoanalyzer at a heating rate of 10 K min−1 under 
air atmosphere. Photoluminescence analyses were carried 
out on a Perkin-Elmer LS55 fluorescence spectrometer.

4.2  �Synthesis of complex 1

A mixture of Cu(NO3)2 · 3H2O (241.6 mg, 1.0 mmol), d- AspH3 
34.6  mg, 0.5  mmol), and l-AspH3 (34.6  mg, 0.5  mmol) 
was added to a mixed solvent of ethanol/H2O (volume 
ratio 1:3.8 mL), and then 5 μL of a 6m NaOH solution was 
added to adjust the pH value of the solution to ~10. The 
resulting aqueous solution was transferred into a 25-mL 
Teflon-lined stainless steel reactor and kept at T = 413  K 
for 3  days, and then slowly cooled to room temperature 
at a rate of 10 K h−1. Blue block crystals of 1 were obtained 
in 60% yield (about 217 mg) based on the H3Asp ligand. 
Analysis calculated (%) for C12H20Cu4N8O12 (Cu4(Asp)2(Ta)
2(H2O)2 · 2H2O): C 19.95, H 2.79, N 15.51; Found C 20.03, H 
2.86, N 15.47. FT-IR (KBr, 4000–400 cm−1): ν = 3421(br, w), 
1574(s), 1547(s), 1520(s), 1435(w), 1393(s), 1309(w), 1292(w), 
1171(m), 1119(w), 1092(s), 1003(w), 978(w), 906(m), 824(w), 
721(m), 663(m), 611(w), 575(w) cm−1.

Additional remark: MOF 1 was originally synthesized 
using enantiopure l-AspH3 under similar reaction condi-
tions. The racemic character of 1 probably results from the 
partial configuration transformation of l-AspH3 to d-AspH3 
under the applied solvothermal reaction conditions. In 
particular, the pH value (strongly alkaline conditions) 
has been shown to be an important factor leading to the 
racemization of natural amino acids [19] in the presence 
of metal ions and hence to the synthesis of 1 in our case.

4.3  �X-ray single-crystal structure 
determination of 1

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 equipped with graphite-monochromatized 
MoKα radiation (λ = 0.71073 Å) at T = 293  K. The intensity 
dataset was collected with ω-scan technique and reduced 
by CrystalClear V1.35  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 anisotropic 

Fig. 5: Solid-state photoluminescence emission spectra of 1, TaH, 
and AspH3 ligands upon photoexcitation at 298 or 252 nm at room 
temperature.
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refinement. Water H atoms were located from a differ-
ence Fourier map and refined with the O–H bond length 
restrained to 0.85 Å and assigned isotropic displacement 
parameters of Uiso(H) = 1.5Ueq(O). All carbon H atoms were 
allowed to ride on their respective parent C atoms with C–H 
distances of 0.93 or 0.97 Å, and were included in the struc-
ture factor calculations with assigned isotropic displace-
ment parameters of Uiso(H) = 1.2Ueq(C). Three reflections, 
which are rather large outliers in the refinement, namely 
002, 020, and 1̅13, were excluded from the final refine-
ment cycles. The O2W, O3W, O4W, and N41 atoms have big 
average residual Ueq values due to the large thermal vibra-
tions of the guest water molecules, and ISOR instructions 
were applied to the four atoms which led to 18 restraints. 
All calculations were performed with the Siemens Shelxtl 
(version 5) crystallographic software [21–23].

Crystallographic Data for 1: C12H20Cu4N8O12, Mr = 722.52, 
crystal size: 0.35 × 0.07 × 0.07  mm3, monoclinic, space 
group, P21/c, a = 8.0789 (5), b = 17.0871 (6), c = 17.6377 (6) 
Å, β = 102.180 (2)°, V = 2379.99 (19) Å3, T = 296(2) K, Z = 4, 
Dcalcd = 2.02 g cm−3, μ = 3.6  mm−1, F(000) = 1440 e; 22,095 
reflections measured in the range 2.661 < θ < 25.500°, 
4419 unique (Rint = 0.0482). Structure solution and 
refinement based on 3758 observed reflections with I > 2 
σ(I) and 325 refined parameters and 18 restraints gave 
R1 = 0.0684, wR2 = 0.1933 and S = 1.001 and R1 = 0.0807, 
wR2 = 0.2060, and S = 1.010 for all reflections; Δρfin (max/
min) = 2.49/ − 2.13 e Å−3.

CCDC 1952090 contains the supplementary crystallo-
graphic 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.

5  �Supporting information
Further crystal structure data, selected bond lengths and 
angles, and hydrogen bond distances and angles are given 
as supplementary material available online (DOI: 10.1515/
znb-2019-0156).�
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