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ABSTRACT: A new microporous luminescent coordination
polymer [(CH3)2NH2]·[Cu2(CN)3] (1) with channels occu-
pied by dimethylamine cations was synthesized due to the
inducing effect of 2-(2′-pyridyl)imidazole. Complex 1 exhibits
bright-green emission in the solid state, and its emission
intensity would be significantly enhanced, especially by DMAc
and cupric ion after immersing the as-synthesized crystals of 1
into common organic solvents or methanol solutions of various
metal ions. In addition, 1 exhibits photocatalytic activity for the
degradation of RhB and MB under natural light and is stable
during the photocatalysis process. Thus, 1 can act as a
multifunctional material for selectively sensing of Cu2+ and
effectively photocatalytic degradation of dyes.

■ INTRODUCTION
Over the past few decades, cyanide-bridged metal coordination
polymers have received increasing attention due to their various
structures and intriguing magnetic,1 porous,2 and luminescent
properties,3 through the judicious choice of metal centers as
well as bridging or ancillary ligands.4 In terms of structural
diversity, cyanide-bridged metal coordination polymers have
diverse structures such as single or double chains, sheets and
3D frameworks owing to variable coordination modes of
cyanide, as shown in Scheme 1.5−7 In contrast to numerous 3D

microporous coordination polymers without involving cyanide
being extensively studied,8−10 the reported examples of 3D
cuprous cyanide open frameworks are still rare mainly because
cyanide often chooses the first three coordination modes, and
hence generates low-dimensional structures. Recently, Zhang
etc. reported several 3D cuprous cyanide open frameworks
based on Cu2(CN)6 building unit in which two bridged
cyanides adopt the fourth type μ3-C,C,N mode (Scheme 1).11

However, further applications of these cyanide compounds
have not been investigated.

More recently, the design of chemical sensors for small
molecules and ions has become a hot topic in the research area
of coordination polymer materials,12−14 because these target
analytes play a crucial role in chemical, biological, and
environmental processes.15 Among various cations, sensing
for Cu2+ is very important, because Cu2+ is one of the most
essential and important ions in living biological systems,16

particularly in the brain. For instance, excess amount of Cu2+

would disturb the cellular homeostasis, leading to some
neurodegenerative and metabolism disorders like Alzheimer’s
disease and Wilson’s disease.17 Currently, fluorescence
detection techniques have become powerful tools for sensing
and imaging trace amounts of Cu2+ because of their simplicity,
sensitivity, and real-time monitoring in short response time.18 It
is well-known that Cu2+ usually acts as a fluorescence quencher
due to its paramagnetic nature which would lead to a
radiationless energy or charge transfer process.19 Nevertheless,
few organics containing CN− or S have been reported for
sensing Cu2+ based on fluorescence enhancement, which are
subject to the photoinduced electron transfer (PET)
mechanism.20 The metal coordination polymers, which possess
better stability, recyclability as well as less pollution, have not
been reported yet for sensing Cu2+ via fluorescence enhance-
ment. Therefore, it is very meaningful and important to develop
stable metal coordination polymers as turn on fluorescent
sensors to detecting Cu2+.
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Scheme 1. Bridging Modes of Metal−Cyano Complexes
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In this work, we report the synthesis and structural
characterization of two anionic cuprous cyanide coordination
polymer, namely [(CH3)2NH2]·[Cu2(CN)3] (1) and
[(CH3)2NH2]·[Cu3(CN)4] (2). 1 is a 3D anionic cuprous
cyanide coordination polymer synthesized under the induction
of 2-(2′-pyridyl)imidazole, whereas 2 would be obtained in the
absence of induced ligand. The framework of 1 contains 1D
channels occupied by the cationic guest NH2Me2

+ (dimethy-
lammonium, DMA)), which can selectively exchange with Cu2+

ions and exhibits enhanced luminescence properties. Moreover,
1 can also show photocatalytic degradation for rhodamine B
(RhB) and methylene blue (MB) because of the low band gap
energy. To the best of our knowledge, such multifunctional
coordination polymer with a simple cuprous cyanide framework
has not been reported for photocatalytic degradation of organic
dye, and selectively sensing Cu2+ based on luminescence
enhancement.

■ EXPERIMENTAL SECTION
Materials and Measurements. The ligand 2-(2′-pyridyl)imida-

zole (PyHim) was synthesized according to the literature (Figure
S1).21 CuCN, methanol, and DMF were obtained from commercial
sources, and were used as received without further purification. The
phase purity of target product was confirmed by powder X-ray
diffraction (PXRD) using a D8 Advance X-ray diffractometer. Infrared
spectra were recorded on a Nicolet Avatar 360 FTIR spectropho-
tometer as KBr pellets in the 4000−400 cm−1 region. Elemental
analyses of C, H, and N were determined using an Elementar Vario EL
cube CHNS analyzer. Thermogravimetric analyses (TGA) were
performed by heating the crystalline sample from 30 to 800 °C at a
rate of 10 °C min−1 under nitrogen gas flow on Netzsch STA 449C
equipment. Solid UV−vis diffuse reflectance spectra were measured
with a Lambda 950 UV/vis Spectrometer. Inductively Coupled
Plasma-atomic Emission Spectrometry (ICPE-9000) was used to
measure the content of metal in the sample. Steady-state photo-
luminescence spectra were measured by a single-photon counting
spectrometer using an Edinburgh FLS920 spectrometer equipped with
a continuous Xe900 xenon lamp.
Synthesis. [(CH3)2NH2]·[Cu2(CN)3] (1). A mixture of CuCN (0.0447

g, 0.50 mmol), PyHim (0.0302 g, 0.20 mmol), MeOH (5 mL), and
DMF (5 mL) was sealed in a 15 mL Teflon-lined stainless container
and heated to 140 °C for 72 h, and then cooling to room temperature
at a rate of 5 °C h−1. The light yellow crystals of 1 in yield of 45% were
obtained based on CuCN.
[(CH3)2NH2]·[Cu3(CN)4] (2). The synthetic procedure of 2 is similar

to that of 1 except for the absence of PyHim. The light yellow crystals
of 2 in yield of less than 10% were obtained based on CuCN.
X-ray Crystallography. Single crystals of 1 and 2 were carefully

selected under an optical microscope and glued to thin glass fibers.
Structural measurements were performed on a computer-controlled
Siemens Smart CCD diffractometer with graphite-monochromatic Mo
Kα radiation (λ = 0.710 73 Å) at 295 K. Absorption corrections were
applied by using the multicar program SADABS. Structural solutions
and full-matrix least-squares refinements based on F2 were performed
with the SHELX-97 program packages. Anisotropic thermal
parameters were applied to all non-hydrogen atoms. All the hydrogen
atoms were generated geometrically. The selected crystal parameters,
data collection, and refinements are summarized in Table 1. Selected
bond lengths and bond angles are given in Tables S1−S4.

■ RESULTS AND DISCUSSION

Crystal Structure Description. X-ray crystal structure
analysis reveals that complex 1 crystallizes in the monoclinic
space group P21/c, and the asymmetric unit contains two
crystallographically independent copper centers, three cyanides,
and one protonated dimethylamine cation as shown in Figure

1a. The atoms C3/N3 and C4/N4 from half cyanide present
site occupancy disorder with the same site occupancy 0.5,
respectively. Cu1 center displays a tetrahedral geometry,
coordinated by four carbon and/or nitrogen atoms from four
cyanides. The Cu1X (X = C or N) bond lengths are in the
range of 1.937(5)−2.143(5) Å, and the XCu1X bond
angles span the range of 107.2(2)−118.5(2) °. Cu2 center
shows a triangle coordination geometry, coordinated by three
carbon and/or nitrogen atoms from three cyanides. The Cu1
C/N bond lengths are in the range of 1.898(5)−2.143(5) Å,
and the XCu1X bond angles span the range of 116.8(3)−
123.1(2) °. The cyanides are coordinated to Cu(I) atoms in μ2-
C,N and μ3-C,C,N modes, respectively. Complex 1 contains 2D
layered [Cu4(CN)5]

− motifs which are formed by fusion of
[Cu5(CN)5] rings (Figure 1b). These 2D layers are further
connected by cyanides to form a 3D microporous framework.
Along the a, b, and c directions, 1 exhibits three types of 1D
open channels, with the size of ca. 3.9 × 4.4 Å2 (Figure 1c), 6.2
× 6.5 Å2 and 4.0 × 7.2 Å2, respectively (Figure S2, measured
between opposite atoms and van der Waals radii of the atoms
are take into account). According to the charge balance and
element analysis, the framework is anionic with protonated
dimethylamine cations residing in the channel along the a-axis
direction (Figure 1c). In addition, 1 could be considered to be
built by six-connected Cu2(CN)6 and three-connected Cu-
(CN)3 SBUs, forming an 3D (3,6)-connected mcn net as
shown in Figure 1d.
Complex 2 crystallizes in the monoclinic space group I2/a,

and the asymmetric unit contains one and half crystallo-
graphically independent copper centers, two cyanides, and half
protonated dimethylamine cation as shown in Figure 2a. The
atoms of Cu2, N3, C3, and C4 are located in the special
positions with site occupancy of 0.5. Cu1 center shows a
triangle geometry, coordinated by C1, N1A, and N2 atoms.
The Cu1C bond lengths are 1.916(6) Å, and the Cu1N
bond lengths are 1.956(6) and 1.961(8) Å. The CCu1N
bond angles are in the range of 119.8(3)−122.2(2)°. The Cu2
atom shows a linear coordination geometry, coordinated by two
C2 atoms. The Cu2C bond length is 1.916(6) Å. Complex 2
is found to be a 2D layered network based on [Cu8(CN)8]

Table 1. Crystallographic Data for 1 and 2

compound 1 2

formula C5H8Cu2N4 C6H8Cu3N5

Fw 251.23 340.79
crystal system monoclinic monoclinic
space group P21/c I2/a
a, Å 6.5653(2) 12.442(1)
b, Å 14.1231(6) 8.5818(4)
c, Å 12.6927(4) 12.4877(7)
ß, deg 91.462(4) 105.143(6)
V, Å3 1176.5(7) 1287.0(1)
Z 4 4
Dc, mg·mm−3 1.418 1.759
μ, mm−1 3.570 4.883
reflns collected/unique 5628/2064 2064/998
GOF on F2 1.061 1.050
R1
a (I > 2σ(I)) 0.0457 0.0473

wR2
b (all data) 0.1535 0.1349

aR1 = ∑|F0| − |Fc∥/∑|F0|; wR2 = {[∑w(F0
2 − Fc

2)2]/∑[w(F0
2)2]}1/2.

bw = 1/[σ2(F0
2) + (aP)2 + bP], where P = [max(F0

2, 0) + 2Fc
2]/3 for

all data.
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rings (Figure 2b). According to the charge balance and element
analysis, the framework is anionic with protonated dimethyl-
amine cations filling the empty space.

Synthesis and Thermal Stability. It is well-known that
the construction of open frameworks under solvothermal
conditions is easily affected by various factors, and a slight
change such as different metal ions, additives, templates,
solvents, and reaction temperatures, may result in different
products.22,23 1 was solvothermally obtained by treatment of
CuCN, MeOH, DMF and PyHim, while similar procedures
were employed for the preparation of 2 except for the absence
of PyHim. Although PyHim is not incorporated in the final as-
made product 1, it may induce the formation of the 3D
framework. Besides, at different reaction temperatures such as
160 °C, 120 °C, and 90 °C, similar reactions could not give
crystalline products. Due to poor yield of 2, the properties
determination was focused on complex 1.
Thermogravimetric analysis for 1 was performed on a

polycrystalline sample (Figure S3), which shows that almost no
weight loss occurred until 200 °C, indicating good thermal
stability of 1, and then framework decomposes upon further
heating, with ca. 58% weight loss during 203−400 °C
corresponding to removal of dimethylamine cations and
ligands.

Photoluminescence. Complex 1 shows a strong green
emission with maximum emission band at 540 nm with 277 nm
excitation in the solid state at room temperature (Figure 3).
The emission of 1 may be assigned to metal-to-ligand charge
transfer wherein the charge is transferred from Cu(I) to π*
orbital of cyanide group,24 and Cu-centered transitions (MC).25

In addition, the partial contribution of CuCu bonding cannot
be ruled out, because 1 has a short Cu···Cu distance (2.4925(1)
Å).26

Qualitative Sensing of Solvents. The photoluminescence
(PL) properties of 1 after immersing the as-synthesized sample
into various solvents for 24 h were measured (Figure 4).

Figure 1. (a) The coordination environments of copper atoms in 1; (b) 2D [Cu4(CN)5]
− layer constructed by [Cu5(CN)5] rings in 1; (c) 3D

microporous framework of 1 with dimethylamine cations shown in space-filling mode along a-axis; and (d) the topology representation of 1.

Figure 2. (a) The coordination environments of copper atoms in 2
and (b) 2D [Cu3(CN)4]

− layer constructed by [Cu8(CN)8] rings in 2.

Figure 3. Solid state excitation (black, λem = 540 nm) and emission
(red, λex = 277 nm) spectra of 1.
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Interestingly, the spectra are dependent on the solvent
molecules with obvious change of emission intensity and
energy (Figure 4a). Particularly, DMAc and DMF bearing
similar structure and polarity show the opposite effect,
displaying the greatest enhancing and slightly quenching effect,
respectively (Figure 4b). Furthermore, 1 gives priority to sense
DMAc in mixed solutions of DMF and DMAc, which is easily
detected by the naked eyes upon UV excitation (Figure S4).
Another distinctive case is acetonitrile which shows a blue-
shifted emission maximum at λ = 440 nm while the original
emission of 1 exhibits emission with λmax = 540 nm. According
to PXRD measurement (Figure S5), it is found that the
framework of 1 after immersing into DMAc, DMF and the
mixed solution of DMF and DMAc are still stable, while the
framework of 1 after being immersed into acetonitrile is
destroyed or transformed to another crystalline phase, which
may lead to a blue shift of the emission band. One possible
explanation for the luminescence enhanced phenomenon could
be that the proton may transfer between the solvent molecules

and dimethylamine cations, or the solvent molecules directly
enter into the pores in 1, which may have an impact on the
charge transfer process from Cu(I) centers to π* orbital of
cyanide groups.27

Cations Sensing Properties. To explore the potential
capacity of 1 for sensing metal ions, the as-synthesized sample
was immersed into methanol solution containing 0.01 M
M(NO3)x (M

x+ = Na+, Ag+, Ca2+, Mn2+, Ni2+, Co2+, Cu2+, Zn2+,
or Cd2+, respectively) for 5 days to form Mx+@1 as crystalline
solids for luminescence sensing studies. The photolumines-
cence properties of Mx+@1 are recorded and compared in
Figure 5a,b, where only Cu2+ and Na+ enhance the emission
while the rest quench the emission at different degrees. For
Ni2+@1, Co2+@1 and Cd2+@1, a new emission band at 440 nm
is generated and the original emission of 1 at 540 nm
disappears. Zn2+@1 and Ca2+@1 generate a new shoulder at
440 nm and the emission band at 540 nm still exists. Ag+@1
shows the most significant quenching effect. Surprisingly, Cu2+

gives the strongest luminescent enhanced effect. It is well-

Figure 4. (a) The solid state PL spectra and (b) the relative emission intensity of 1 after immersing the as-synthesized sample into various pure
solvents when excited at 277 nm.

Figure 5. Solid state PL spectra (a) and relative emission intensity (b) of 1 after immersing the as-synthesized sample into methanol solution with
various metal ions (0.01 M) for 5 days when excited at 277 nm; (c) the solid state PL spectra of 1 after immersing the as-synthesized sample into
methanol solution with different concentrations of Cu2+ (λex = 277 nm); and (d) the solid state PL spectra of 1 after immersing the as-synthesized
sample into methanol solution with binary metal ions (0.01 M, 1:1, Cu2+/Mx+, Mx+ = Zn2+, Cd2+, Co2+, Ni2+, and Ag+) for 5 days when excited at 277
nm.
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known that the luminescence quenching effect by metal ions
acting on coordination polymers generally originating three
ways: (i) the ions exchange between central metal ions of
coordination polymers and the targeted ions;28 (ii) the collapse
of the crystal structure;29 and (iii) the interaction between
metal ions and organic ligands.30 According to PXRD patterns
(Figure S6), it is found that the diffraction peaks of Cd2+@1,
Co2+@1, Ni2+@1, and Ag+@1 do not correspond to those of 1,
indicating the frameworks may be destroyed, whereas Zn2+@1
and Cu2+@1 possess almost the same diffraction peaks with
those of 1, showing that these ions only slight affect the
framework of 1. In addition, it is found that the Cu2+ content of
Cd2+@1, Co2+@1, Ni2+@1, Zn2+@1, and Ag+@1 are less than
that of 1, and the existence of these cations are detected
simultaneously through the ICP analysis (Table S5), which
suggests that the Cd2+, Co2+, Ni2+, Zn2+, and Ag+ may partly
exchange with both [(CH3)2NH2]

+ and central Cu+ in 1. On

Figure 6. (a) Absorption spectra of the RhB solution during the degradation reaction under natural light with the presence of 1; (b) time-dependent
concentration changes of RhB solution with 1 (red line) and without catalyst in the same conditions (black line), insert: photographs showing the
color change of RhB solution and the crystalline samples of 1 after degradation for 24 h; (c) absorption spectra of the MB solution during the
degradation reaction in natural light with the presence of 1; and (d) time-dependent concentration changes of MB solution with 1 (red line) and
without catalyst in the same conditions (black line), insert: photographs showing the color change of MB solution and the crystalline samples of 1
after degradation for 48 h.

Figure 7. PXRD patterns of 1 before and after the degradation process
of RhB and MB, respectively.

Figure 8. IR spectra of 1 before (a) and after (b) the degradation process of RhB and MB, respectively.
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the basis of the above analysis, it can be speculated that the
collapse of the crystal structure of Cd2+@1, Co2+@1, Ni2+@1,
and Ag+@1 in different degrees result in the quenching effect
and blue shifts of the photoluminescence spectra.
Given the interesting luminescence enhanced effect of Cu2+

on 1, the further study was carried out. First, with the increasing
concentration of Cu2+, the emission intensity of 1 is greatly
enhanced (Figure 5c), which is easily detected by the naked eye
upon UV excitation (Figure S7). Second, the content of copper
was detected by ICP (Table S6) which gives 54.5% (mass
percent) for 10−3 M Cu2+@1 and 70.8% for 10−2 M Cu2+@1,
respectively, compared to 48.9% for as-synthesized 1. It should
be mentioned that the crystal frameworks keep unchanged
when immersed into the lower concentration (0.001 and 0.01
M) Cu2+ solutions, but higher concentration Cu2+ (0.1 M) will
greatly destroy the crystallinity according to the PXRD patterns
(Figure S8). In addition, according to elemental analysis (Table
S7), it is found that the N contents of Cu2+@1 decrease with
the increasing concentration of cupric ion. On the basis of the
above investigations, cupric ions should enter into the channel
with exchanging some guest cations [(CH3)2NH2]

+ in 1.
However, there is still a crucial problem being not addressed,
that is why cupric ions into the pores will lead to the enhanced
luminescence. Tian and co-workers31 recently reported a work
in which new unsymmetrical diarylethenes were synthesized,
and the addition of cupric ions would result in the enhanced
luminescence. Furthermore, when cyanides were added into the
Cu2+ postsynthesized system, the emission was further
enhanced. In our work, the interactions between cupric ions
and framework were confirmed by IR which shows that the
CN stretching vibration peak has blue shift from 2112 to
2167 cm−1 (Figure S9) after being immersed into Cu2+

solution. The strong binding tendency of cupric ion toward
CN group should be responsible for the enhanced
luminescence effect. In order to get further insight into this
luminescence enhanced phenomenon, the CuCN powder
sample was immersed into 0.01 M Cu(NO3)2 solution and
Zn(NO3)2 for 5 days, respectively, then the postsynthesized
Mx+−CuCN solids were used for luminescence study. The
photoluminescence properties of Mx+−CuCN are recorded in
Figure S10. The surprising result is that Cu2+ also shows the
greatest enhancing luminescence for CuCN, while Zn2+ does
not. It suggests that Cu2+ may favor the photoluminescence of
compounds bearing CN group due to the strong binding
tendency of cupric ion toward CN group.
Since the luminescence intensity of Mx+@1 is dependent on

the nature of metal ions, it provides the possibility to selectively
sense Cu2+. In the binary Cu2+/Mx+ systems (Mx+ = Zn2+, Cd2+,
Co2+, Ni2+, and Ag+, Figure 5d), it is found that the Cd2+, Zn2+,
and/or Ag+ have no effect on the sensing functions of 1 for
Cu2+, because there are no blue shift and quenching effects in
the photoluminescence (PL) spectra. However, the mixtures of
Cu2+/Co2+ and Cu2+/Ni2+ solution still have some differences
with the single Cu2+ solution: there are two maximum
emissions at 440 and 540 nm, but without quenching effects.
According to the ICP test analysis (Table S6), the content of
Cu2+ in Cu2+/Co2+@1 and Cu2+/ Ni2+@1 are more than 1, but
the Co2+ and Ni2+ contents are less than Co2+@1 and Ni2+@1,
indicating that the bright potential of compound 1 gives
priority to sense for Cu2+ in aqueous solution.
Photocatalytic Degradation of Organic Dyes. Some

organic dyes are chemically stable and not readily biodegrad-
able in water, which makes them potentially harmful to the

ecoenvironment.32,33 Methylene blue (MB) and rhodamine B
(RhB) as typical pollutants in aqueous media, being highly toxic
and difficult to degrade, have become one of the most serious
global environmental issues today.34,35 Therefore, an effective
and economical technique needs to be developed to reduce the
concentration of organic pollutants before releasing the
wastewater into the aquatic environment. Recently, photo-
catalysis is increasingly adopted in the destruction of organic
contaminants, due to their high efficiency, simplicity, good
reproducibility, and easy handling.36 Until now, the degradation
of organic dyes under natural light is still rare.37

The band gap of 1 was determined by the UV−vis diffuse
reflection measurement at room temperature and the result
gives an Eg (band gap energy) value of 2.40 eV (Figure S11),
thus 1 may has the photocatalytic activity for organic dyes.38

The catalytic performance of 1 for the degradation of
methylene blue (MB) and rhodamine B (RhB) was
investigated. During the photocatalytic degradation process,
20 mg crystalline samples of 1 was immersed into the RhB (5 ×
10−5 mol/L) and MB (1 × 10−5 mol/L) MeOH solution,
respectively, then these solutions were placed under natural
light and 3.0 mL solution with different degradation time was
taken out for UV−vis absorption analysis. As shown in Figure
6, 1 exhibits high photocatalytic efficiency for the degradation
of MB, and RhB in aqueous solution under natural light. For
the degradation of RhB, the absorption of RhB at about 561 nm
was selected to monitor catalytic degradation process. When 1
was dispersed in RhB solution for different time (0−72 h), the
degradation rate of RhB reached 91.4% at 24 h and the color of
RhB solution changed from red to colorless, as shown in Figure
6a,b. A similar procedure was performed to confirm the
catalytic degradation activity of 1 for the degradation of MB.
The degradation rate of MB reached 91.8% at 32 h, and the
color of MB solution almost completely fades at 48 h, as shown
in Figure 6c,d.
After photocatalysis process, the colors of 1 remain

unchanged. In addition, the PXRD patterns of the samples
used for photocatalytic degradation correspond well to that of
as-synthesized 1 (Figure 7), indicating that 1 is stale during the
photocatalytic degradation process. Furthermore, from the IR
spectra (Figure 8), it is clear that there are no characteristic
peaks of RhB and MB in 1 after the photocatalytic degradation
process, suggesting that the color fading of RhB and MB are
due to photocatalytic degradation, but not being adsorbed into
the channels of 1. On the basis of the above observations, 1 can
act as a candidate for the catalytic degradation of RhB and MB
under natural light.
In conclusion, we have successfully obtained a novel 3D

cuprous cyanide anionic framework with high porosity under
solvothermal conditions. Interestingly, 1 exhibits a sensing
ability toward various organic solvents and metal cations,
especially for DMAc and Cu2+ based on a “turn on” manner.
Furthermore, 1 displays high efficiency and stability on the
photocatalytic degradation of RhB and MB organic dyes under
natural light. Therefore, this multifunctional compound may be
a good candidate for luminescence probe for Cu2+ and
photocatalytic degradation of some organic dyes in aqueous
solution.
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