
1 
 

Mixed-metal Cu-Zn thiocyanate coordination polymers with melting 

behavior, glass transition, and tunable electronic properties  

Chayanit Wechwithayakhlung,ab Suttipong Wannapaiboon,c Sutassana Na-Phattalung,de 

Phisut Narabadeesuphakorn,a Similan Tanjindaprateep,a Saran Waiprasoet,a Satoshi 

Horike,*ab and Pichaya Pattanasattayavong*af 

a Department of Materials Science and Engineering, School of Molecular Science and Engineering, 

Vidyasirimedhi Institute of Science and Technology (VISTEC), Rayong, 21210, Thailand 

b Institute for Integrated Cell-Material Sciences (iCeMS), Kyoto University, Kyoto 606-8501, Japan 

c Synchrotron Light Research Institute (Public Organization), 111 University Avenue, Muang District, 

Nakhon Ratchasima, 30000, Thailand 

d Division of Physics, School of Science, Walailak University, Nakhon Si Thammarat, 80160, Thailand 

e Functional Materials and Nanotechnology Center of Excellence, Walailak University, Nakhon Si 

Thammarat, 80160, Thailand 

f Research Network of NANOTEC-VISTEC on Nanotechnology for Energy, Vidyasirimedhi Institute of 

Science and Technology (VISTEC), Rayong, 21210, Thailand 

* Corresponding authors. Email: pichaya.p@vistec.ac.th, horike@icems.kyoto-u.ac.jp 

 

Abstract 

The solid-state mechanochemical reactions under ambient conditions of CuSCN and 

Zn(SCN)2 resulted in two novel materials: partially Zn-substituted α-CuSCN and a new phase 

CuxZny(SCN)x+2y. The reactions take place at the labile S-terminal, and both products show 

melting and glass transition behaviors. The optical band gap and solid-state ionization 

potential can be adjusted systematically by adjusting the Cu:Zn ratio. Density functional theory 

calculations also reveal that the Zn-substituted CuSCN structure features a complementary 

electronic structure of Cu 3d states at the valence band maximum (VBM) and Zn 4s states at 
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the conduction band minimum (CBM). This work shows a new route to develop 

semiconductors based on coordination polymers which are becoming technologically relevant 

for electronic and optoelectronic applications. 

Keywords: coordination polymers, semiconductors, mechanochemical reactions, electronic 

structures  

 

Introduction 

The ambidentate thiocyanate (SCN−) ligand can coordinate with either hard or soft metal 

atoms and serve as either a bridging or terminal ligand.1–3 Once studied mostly for structural 

coordination chemistry, the applications of metal thiocyanates (MSCN) in electronic and 

optoelectronic devices are emerging rapidly. For example, the thiocyanate (SCN−) ligand was 

employed for the electronic properties tuning of the light-absorbing molecules in dye-

sensitized solar cells (DSCs), of which SCN-bonded Ru dyes became the key players.4–7 More 

recently, copper(I) thiocyanate (CuSCN) has proved to be one of the highly promising 

transparent hole-transporting semiconductors, exhibiting wide-ranging applications in thin-film 

transistors (TFTs),8,9 organic light-emitting diodes (OLEDs),10,11 and various types of solar 

cells: DSCs,12,13 extremely-thin absorber (ETA) solar cells,14,15 quantum dot-sensitized solar 

cells (QDSCs),16,17 organic photovoltaics (OPVs),18,19 and perovskite solar cells (PSCs).20–23  

The key attributes of CuSCN are its optical transparency and hole-transporting ability 

(p-type conductivity), resulting from the electronic structure comprising mainly CuI 3d10 states 

hybridized with S 3p at the valence band maximum (VBM) and high-energy SCN− π* states at 

the conduction band minimum (CBM).24,25 Compared to oxygen-bonded ligands, the improved 

energy matching between metal and sulfur atoms can provide efficient charge transport 

pathway in coordination polymers (CPs);26–28 indeed the structure of CuSCN can be visualized 

as 2D Cu-S sheets connected via CN bridges. Furthermore, we recently showed that tin(II) 

thiocyanate [Sn(SCN)2] is another transparent CP-based semiconductor with the VBM 
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dominated by S 3p and N 2p states with contributions from SnII 5s2 lone pair electrons and 

can be used as an ultrathin anode interlayer in OPVs.29,30 Sn(SCN)2 was also employed as a 

dopant in an electron transport layer that led to significant enhancements in OPV and PSC 

efficiencies.31 These examples clearly show that thiocyanate CPs have strong potential for 

electronic applications. Advances in the development of MSCN CPs can also contribute 

material design guidelines to the field of electrically conductive metal-organic frameworks 

(MOFs),32–34 which is a hot topic in the research community and has begun to move toward 

practical electronic applications.35–38 

The electronic states of MSCN CPs can be adjusted systematically by changing the 

metal centers. One compound of particular interest is zinc(II) thiocyanate [Zn(SCN)2] which 

exhibits an electronic structure complementary to that of CuSCN. In the triclinic Zn(SCN)2 

structure,39 the empty 4s states of ZnII form the CBM below SCN− π* states whereas the VBM 

features the ligand states only.40 The excellent electron-transporting properties (n-type 

conductivity) of semiconducting oxides based on Zn or In are well-known and attributed to the 

spherical s orbitals forming the CBM states.41,42 In fact, the combination of such an n-type 

oxide with a CuI-based p-type semiconductor has only been demonstrated recently for high-

performance electronic applications.43,44 An interesting question therefore arises: can we 

create mixed Cu-Zn thiocyanate compounds that would combine CuI 3d states at the VBM 

and ZnII 4s states at the CBM? Such combination could potentially lead to the construction of 

various electronic devices, such as ambipolar transistors,45 complementary circuits,46 or p-n 

junction devices,47 based on CP semiconductors.   

Due to the structural versatility of the SCN− ligand, heterometallic or mixed-metal 

thiocyanate CPs have been reported. For example, current attention on perovskite structures 

have led to interest in novel thiocyanate analogues: perovskite CsCd(SCN)3,48 double 

perovskite (NH4)2NiCd(SCN)6,49 and Prussian blue (A-site vacancy double perovskite) 

MIIIBi(SCN)6 (M = Fe, Cr, Sc).50 Importantly, there are specific examples that include Zn as 

bimetallic thiocyanate CPs of group 12 metals, such as ZnCd(SCN)4 and ZnHg(SCN)4, which 
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have been explored for their non-linear optical properties.51–54 The two metal sites are both 

tetrahedrally coordinated but distinct: one site bonded to 4 N (MN4), the other to 4 S (MS4). In 

the triclinic structure of Zn(SCN)2,39 there also exist two Zn coordination environments: ZnN4 

and ZnS4  (depicted as part of Fig. 1). As CuI also has a tetrahedral geometry and can 

coordinate via both S and N, our motivation is therefore to explore the possibility of creating 

mixed Cu-Zn MSCN CPs that would yield electronic states from the metal centers at both VBM 

and CBM from CuI 3d and ZnII 4s, respectively. To the best of our knowledge, such compounds 

have not been reported, and their discovery could open up a new compositional and/or 

structural space for further development of thiocyanate-based CP semiconductors.  

 

 

Fig. 1 Schematic diagram showing the combination of CuSCN and Zn(SCN)2 by a mechanochemical 

method to obtain CuxZny(SCN)x+2y and partially Zn-substituted CuSCN.  

 

Herein, we employed a solid-state mechanochemical method to combine CuSCN and 

Zn(SCN)2 at various mixing ratios and obtained a new bimetallic CuxZny(SCN)x+2y phase as 

well as (partially) Zn-substituted CuSCN for the first time (Fig. 1). The mechanochemical 

synthesis is a solvent-free reaction, allowing a direct combination of cations in SCN-based 

frameworks of which conventional solution synthesis cannot obtain.55 The optical properties 

and electronic levels of the mixed compounds can be systematically tuned by varying the 

Cu:Zn ratio. Remarkably, the products also display melting and glass transition behaviors; the 
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liquid and glassy states of CPs are gaining immense research interest in recent years.56–58 We 

also employed density functional theory to study the electronic properties of the partially Zn-

substituted CuSCN and found that the complementary electronic structure of Cu 3d VBM and 

Zn 4s CBM can be realized.  

 

Structural and thermal analyses  

The methods section is included in the Supplementary Information. Prior to reacting CuSCN 

and Zn(SCN)2 together, each of the precursors was ball-milled separately to see the effects 

of mechanical grinding on their crystal structures. The powder X-ray diffraction (PXRD) results 

of the ball-milled precursors, denoted as BM-Cu for CuSCN and BM-Zn for Zn(SCN)2, are 

included in Fig. 2a, which shows that their crystallinity can be broken down as seen from the 

broader XRD patterns. For CuSCN, the structure was also transformed from the rhombohedral 

(3R) β-phase (ICSD 24372)59 to the orthorhombic α-phase (ICSD 124)60 following the grinding 

step (Fig. S1a, Supplementary Information). Consequently, the mechanochemical reactions 

of CuSCN and Zn(SCN)2 were carried out for different Cu(x):Zn(y) atomic ratios. The products, 

designated as CuxZny, appear as fine pale-yellow powder, which is different from the 

separately ball-milled precursors; BM-Cu appears light gray whereas BM-Zn appears pale 

pink. At an optimum ratio of 2:1 (Cu2Zn1), all starting materials were completely converted into 

the product as evident from the absence of PXRD signals of the pristine precursors (discussed 

below), suggesting good reactivity of CuSCN and Zn(SCN)2. 
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Fig. 2 (a) PXRD data of CuSCN and Zn(SCN)2 precursors, their ball-milled powders (BM-Cu and BM-

Zn, respectively), and CuxZny products where x:y is the Cu:Zn atomic ratio. (b) SEM image and EDX 

analysis of Cu2Zn1 sample. (c) FTIR spectra. 

 

The structural properties of the products were studied by PXRD as shown in Fig. 2a. 

We note that in addition to 3:1, 2:1, and 1:1 ratios displayed in the figure, other ratios with 
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higher Cu proportion (5.79:1) or higher Zn proportion (1:2 and 1:3) were also attempted, and 

the results are included in Fig. S1b. For Cu-rich samples where x:y ≥ 3:1 (Cu3Zn1 and 

Cu5.79Zn1), the PXRD data can be identified as the α-CuSCN phase without any detectable 

signals of Zn(SCN)2.The preferred crystalline orientation changes from (200)-dominant in BM-

Cu to (121)- and (112)-oriented in the mixed samples. This may suggest that mixing with ZnII 

can disrupt the ordering along the longitudinal direction of the SCN– ligand (a-axis) which is 

more directional compared to the M–S network in the bc-plane (Fig. S1b, inset). On the other 

hand, for Cu2Zn1 sample, the PXRD result shows a distinct diffraction pattern which is 

indicative of a new phase, labelled as the copper-zinc thiocyanate (CZT) structure. The larger 

number of diffraction peaks may imply the alteration of crystal packing to a space group 

possessing a lower symmetry. When the proportion of Zn was increased further (Cu1Zn1, 

Cu1Zn2, and Cu1Zn3), some PXRD signals of Zn(SCN)2 precursor can also be detected, 

suggesting the co-existence of CZT and Zn(SCN)2 structures. Furthermore, Cu5.79Zn1, as an 

example of a sample with the α-CuSCN structure, was exposed to 85% relative humidity at 80 

°C for 3 h and was found to convert to a mixture of CZT structure and α-CuSCN as shown in 

Fig. S1c. The PXRD intensity of the CZT structure was also observed to increase following 

the water vapor exposure.  

 By examining Cu2Zn1 sample (CZT structure) with a scanning electron microscope 

(SEM), we observe that it consists of irregular-shaped particles with a broad size distribution 

(Fig. 2b). Energy-dispersive X-ray spectroscopy (EDX) shows homogeneous distributions of 

Cu, Zn, and S elements (also Fig. 2b), confirming that CZT is not a mixture and should be 

categorized as a new phase. Table S1 lists the atomic ratios of Cu, Zn, and S obtained from 

the EDX measurements. To compare with the nominal ratios from the synthesis, the data are 

normalized to the expected Cu atomic fraction. The trend in the ratios of Zn and S changes 

according to the expectation, but their values are lower than the nominal values. Zn is found 

to be 10-20% less than expected, possibly due to the overlap of Cu and Zn Lα X-ray emissions 

leading to experimental errors. S is found to be consistently 30-40% lower than expected, 
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likely due to the loss of sulfur from sublimation in high vacuum during the measurements.61 

Fig. 2c displays the Fourier-transform infrared spectroscopy (FTIR) spectra of CuxZny samples 

in the relevant spectral ranges of CN stretching (νCN, 2000-2200 cm-1), CS stretching (νCS, 

700-825 cm-1), and SCN bending (δSCN, 400-500 cm-1).62,63 νCN mode remains qualitatively 

similar for all samples whereas νCS displays drastic changes, indicating that the S-terminal of 

SCN− is likely more labile which allows the solid-state reaction to take place. Peak splittings in 

the νCS and δSCN spectral ranges of CuxZny products are also evident, which could be related 

to the SCN− coordinating with two different metal cations. The results confirm that the SCN− 

are intact and that new bonding environments are formed due to the mechanochemical 

reaction of CuSCN and Zn(SCN)2.  

 

 

Fig. 3 (a, b) Photographs of Cu2Zn1 sample before and after melting, taken during the TG-DTA 

measurement. (c, d) TG-DTA and DSC results of Cu2Zn1 sample. (e, f) TG-DTA and DSC results of 

Cu3Zn1 sample. 
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 Considering the thermal properties, the parent compounds CuSCN and Zn(SCN)2 

decompose at 408 and 393 °C, respectively, as seen from the thermogravimetry-differential 

thermal analysis (TG-DTA) results (Fig. S2a-b). Interestingly, Zn(SCN)2 shows melting 

behavior, observed as an endothermic peak at 221 °C in Fig. S2b and visually in the 

photographs shown in Fig. S2c-d. The melting of Zn(SCN)2 has not been reported before, and 

its thermal characteristics suggest that the coordination bonds in Zn(SCN)2 can be broken 

more easily compared to CuSCN. In fact, many CPs that melt upon heating also consist of 

ZnII.57,58 When mixed together, CuxZny samples decompose at lower temperatures (< 330 °C) 

and, remarkably, exhibit melting behavior in both Zn-mixed α-CuSCN and CZT structures. The 

photographs before and after the melting of Cu2Zn1 (CZT structure) are shown in Fig. 3a-b 

while the TG-DTA and differential scanning calorimetry (DSC) results are plotted in Fig. 3c-d, 

clearly displaying the melting behavior that occurs in the 280-290 °C range. For Cu1Zn1 

sample which contains mixed CZT and Zn(SCN)2 structures (see PXRD results in Fig. 2a), 

two melting instances are observed (Fig. S2e); the first one at 198 °C is likely due to the co-

existing Zn(SCN)2 phase whereas the second peak at 290 °C can be ascribed to the CZT 

phase. Similarly, the α-CuSCN phase when containing ZnII in the structure also exhibits 

melting behavior in the same temperature range as can be seen from the results of Cu3Zn1 

shown in Fig. 3e-f. Even at a lower concentration of Zn (Cu5.79Zn1), the melting still occurs 

(Fig. S2f), further emphasizing that ZnII can promote the solid-to-liquid phase transition. From 

the DSC experiments, the CuxZny products transform into an amorphous, glassy state 

following the first heating as evident from the occurrence of glass transition during the second 

heating around 90 °C as shown in Fig. S3.  

 



10 
 

 

Fig. 4 (a) Optical absorbance spectra of powder samples. (b) Photoelectron yield1/3 spectra for the 

determination of the valence band edge. (c) Simple band diagrams showing the Egopt, VBM, CBM, and 

EF. 

 

Optical and electronic properties 

The optical properties of the samples were studied by diffuse reflectance spectroscopy. The 

optical absorption spectra were calculated from the reflection spectra using the Kubelka-Munk 

model as plotted in Fig. 4a, and the optical band gaps (Egopt) were calculated from Tauc plots 

(Fig. S4). The main absorption peak is blue-shifted from 315 nm for CuSCN to 256 nm for 

Zn(SCN)2, accompanied by an increase of Egopt with the increasing proportion of Zn from 3.72 

eV for CuSCN to 4.59 eV for Zn(SCN)2. The energetic positions of the VBM, i.e., the solid-

state ionization potentials, were obtained from photoelectron yield spectroscopy (PYS) and 

found to descend deeper with respect to the vacuum level also with the increasing proportion 

of Zn as shown in Fig. 4b. The simplified energy band diagrams with data of Egopt, VBM, CBM 

(CBM = VBM + Egopt), and Fermi level (EF, measured by Kelvin probe) are shown in Fig. 4c. 

We note that the VBM of Zn(SCN)2 was out of range of our PYS instrument and could not be 

measured directly. However, the results from the other samples in Fig. 4c show that the CBM 

level does not vary significantly; this is likely due to electronic states in the conduction bands 

being dominated by the SCN π* states which were present in all samples. This agrees with 
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our previous theoretical study of CuSCN and Zn(SCN)2 (although there are ZnII states below 

the SCN π* states in Zn(SCN)2, the density of states is significantly lower).40 We therefore 

reason that the CBM level of Zn(SCN)2 should be close to those of other samples around 1.70 

eV, and the VBM can be obtained from CBM - Egopt in this case. The inclusion of ZnII also shifts 

EF away from the VBM, agreeing with the fact that ZnII contributes 4s states to the CBM 

(discussed in the section on computational study). The systematic shifts in the energy levels 

as a function of Zn proportion show that mixing with Zn(SCN)2 is one promising method to 

tune the electronic properties of CuSCN.  

 

Local environments of Cu and Zn 

To investigate the local coordination environment, the samples were characterized by X-ray 

absorption spectroscopy (XAS) at beamline BL1.1W, Synchrotron Light Research Institute 

(SLRI), Thailand. The XAS spectra at Cu K-edge and Zn K-edge were recorded in both X-ray 

absorption near edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS) regions as shown in Fig. 5, and the analyzed EXAFS data in k-space and R-space 

are shown in Fig. S5. First, we observe that the ball-milling process does not alter the local 

Cu and Zn environments of pristine CuSCN and Zn(SCN)2. Specifically, the phase transition 

of BM-Cu with respect to pristine CuSCN upon grinding leads to the alteration of crystal 

packing (change in XRD pattern) but does not alter the local structure of Cu (Fig. 5a and Fig. 

S5a-b). In the case of BM-Zn, both PXRD and XAS data are matched well with the pristine 

Zn(SCN)2 indicating that only the pulverization of bulk particles into smaller particles upon 

grinding occurred. Moreover, Cu and Zn are confirmed to be in +1 and +2 oxidation states, 

respectively, in all samples as evident from the XANES spectra. Upon ball-milling of the mixed 

metal precursors, the Cu K-edge EXAFS spectra of all samples with varying Cu:Zn ratio 

appear similar to that of BM-Cu, indicating a similar local structure of Cu. This observation 

suggests that there is no significant modification of the Cu local environment in CuSCN, BM-

Cu, and CuxZny samples.    
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Fig. 5 XAS spectra at (a) Cu K-edge and (b) Zn K-edge in both XANES and EXAFS regions. 

 

 On the contrary, the Zn K-edge EXAFS spectra of the CuxZny products vary with the 

x:y ratio (Fig. 5b and Fig. S5c-d). The Zn K-edge spectra of Cu3Zn1 and Cu2Zn1 samples are 

similar to each other even though their PXRD patterns are different. In Cu3Zn1 which has the 

α-CuSCN-based structure, Zn likely exists as a substitutional defect since the crystal ionic 

radii of CuI and ZnII, both in the tetrahedral coordination geometry in thiocyanate compounds, 

are the same: 0.74 Å.64 Our computational study also confirms that the Zn-substitutional defect 

can form in α-CuSCN as discussed in the next section. Although Cu2Zn1 has a crystal structure 

of the new CZT phase, the local Zn environment is similar to that of Cu3Zn1, characterized by 
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two peaks approximately at 1.5 and 2.5 Å in the R-space data (Fig. S5d). We also note the 

correspondence of FTIR spectra between the Cu3Zn1 and Cu2Zn1 samples as shown in Fig. 

2c, further highlighting the similarity of the bonding environments in the two different crystal 

structures. This implies that the local environments in the CZT structure is possibly based on 

that of α-CuSCN as well, but the crystal structure differs in terms of packing and symmetry. 

When the Zn atomic fraction increases (Cu1Zn1, Cu1Zn2, and Cu1Zn3), there is an additional 

peak at 2 Å in the R-space data which coincides with the spectra of BM-Zn and Zn(SCN)2. 

This is in agreement with the PXRD data which show that these samples were mixtures of 

CZT and Zn(SCN)2 phases.  

  

Computational study of Zn-substituted α-CuSCN 

Following the identification of the potential existence of Zn-substitutional defect at Cu sites 

(ZnCu) in α-CuSCN, we performed DFT calculations to study its formation energy and the 

effects on the electronic properties. The concentration (C) of a defect (D) under 

thermodynamic equilibrium can be determined by 

 𝐶𝐶(𝐷𝐷𝑞𝑞) = exp �− 𝐸𝐸𝑓𝑓(𝐷𝐷𝑞𝑞)
𝑘𝑘𝐵𝐵𝑇𝑇

�  (1), 

where 𝐸𝐸𝑓𝑓(𝐷𝐷𝑞𝑞) is the formation energy of defect D in a charge state q, kB is the Boltzmann 

constant, and T is the temperature. This equation shows the inverse relationship between the 

concentration of a defect and the defect formation energy. The latter is defined as65,66   

 𝐸𝐸𝑓𝑓 = 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡(𝐷𝐷𝑞𝑞) − 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡(0) + ∑∆𝑛𝑛𝑥𝑥𝜇𝜇𝑥𝑥 + 𝑞𝑞𝐸𝐸𝐹𝐹  (2), 

where 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡(𝐷𝐷𝑞𝑞) is the total energy of the cell containing defect D in a charge state q, 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡(0) is 

the total energy of bulk α-CuSCN without any defects, ∆𝑛𝑛𝑥𝑥 is the number of an atom of species 

X being removed (positive) or added (negative) to the cell, 𝜇𝜇𝑥𝑥 is the chemical potential of an 

atom of species X, and EF is the Fermi energy. In this study, the chemical potentials μ of Cu 

and Zn were set to the values of their natural phases, which are fcc Cu and hcp Zn. It is worth 
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noting that although the rough approximations of these chemical potentials are expected to 

be different from those obtained by determining alternative phases that are favorable under 

extreme growth conditions, these values are still useful as a first approximation to calculate 

the formation energy.  

 We performed the calculations for α-CuSCN with one Cu position (out of eight Cu 

atoms in a unit cell) substituted with a Zn atom, so called a point defect. Two charge states of 

q = 0 and +1 (ZnCu0  and ZnCu+ , respectively) were found to be stable. We note that ZnCu0  and 

ZnCu+  correspond to Zn in the oxidation states of ZnI and ZnII, respectively. Specifically, if CuI 

is substituted with ZnI, the defect is in the neutral charge state; when CuI is substituted with 

ZnII, the defect has a charge of +1. The calculated formation energies as a function of EF are 

shown in Fig. S6. In the plot, EF is referenced to the VBM and varied from 0 eV and 3.82 eV, 

which is the calculated band gap of α-CuSCN from DFT employing the HSE06 hybrid 

exchange-correlation functional. The calculated band gap value agrees well with the 

experimental value found at 3.72 eV (Fig. 4c), verifying that the calculations with the HSE06 

functional provide a more accurate band gap value than those with typical DFT exchange-

correlation functionals, such as local density approximation (LDA) or generalized gradient 

approximation (GGA).  

 As seen in Fig. S6, the formation energy of ZnCu+  is lower than that of ZnCu0  for most of 

the EF range (EF < 3.04 eV) and becomes negative for EF < 0.87 eV. This suggests that the 

formation of ZnCu+  is spontaneous when α-CuSCN is under p-type condition which is the case 

for our samples as seen from the position of EF being close to VBM (Fig. 4c). In addition, to 

verify the oxidation state of the Zn atom in the ZnCu+  defect, we carried out the Bader charge 

analysis67 and compared the Bader charge on Zn between ZnO and ZnCu+ . We find that the 

calculated Bader charge on Zn in ZnO is +1.15 whereas that on Zn in ZnCu+  is +1.03; the good 

agreement between the two cases suggest that they possibly have a similar oxidation state. 

As Zn in ZnO is known to be in the ZnII oxidation state, Zn in ZnCu+  is likely to be ZnII as well. 

The calculations results support that ZnII can substitute CuI in α-CuSCN, forming ZnCu+  defects 
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without incurring an energy penalty. On the other hand, ZnCu0  can be more stable (when 

compared to ZnCu+ ) only when EF > 3.04 eV, i.e., under n-type condition, which is not likely for 

CuSCN that is generally observed to display p-type conductivity.13,14,68 Therefore, ZnI (which 

would give rise to ZnCu0 ) is less likely to exist in our samples. The findings also corroborate well 

with the results from XANES measurements that show Cu and Zn exist as CuI and ZnII in all 

samples as discussed in the previous section. 

To investigate the effects of ZnCu+  on the electronic structure of α-CuSCN, charge 

densities at the highest occupied state and lowest unoccupied state (i.e., at the VBM and 

CBM, respectively) as well as the total density of states (DOS) and partial DOS (pDOS) were 

calculated for both bulk α-CuSCN and α-CuSCN with ZnCu+ . Comparing the charge densities 

of former (Fig. 6a-b) against those of the latter (Fig. 6c-d), the electronic states of substitutional 

ZnII are featured specifically at the CBM and not at all at the VBM. DOS and pDOS plotted in 

Fig. 6e also show that the VB of α-CuSCN is minimally affected by the Zn-substitution and 

retains the Cu 3d-dominant character. In contrast, the CB shows defect-induced states derived 

from Zn 4s states below the CBM. Importantly, ZnCu+  does not lead to any defect levels within 

the band gap that would otherwise act as deep trapping states. In fact, Zn 4s is delocalized 

via the hybridization with C and N 2p states, evident from the charge distribution over Zn, C, 

and N at the CBM as illustrated in Fig. 6d. Furthermore, ZnCu+  can be classified as an electron 

donor state due to its presence at the CBM. Each substitutional ZnII donates 1 extra electron 

(compared to CuI in the host lattice) to the conduction band of α-CuSCN and simultaneously 

forms an ionized donor state with +1 charge, hence the charge neutrality is maintained. The 

electron donation is also reflected in the shift of EF away from the VB edge of α-CuSCN when 

Zn is added as observed in the experimental results (Fig. 4c).  
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Fig. 6 Illustrations of charge densities of bulk α-CuSCN (without defects) at (a) the highest occupied 

state and (b) the lowest unoccupied state in comparison with the charge densities of α-CuSCN with 

ZnCu+  also at (c) the highest occupied state and (d) the lowest unoccupied state. The blue, pink, yellow, 

brown, and grey spheres refer to Cu, Zn, S, C, and N, respectively. (e) Total and site-decomposed 

electron density of state (DOS), where the dashed and solid lines are the total DOS of bulk α-CuSCN 

and of α-CuSCN with ZnCu+ , respectively. The blue and pink shaded area are the partial DOS of Cu 3d 

and Zn 4s states, respectively. Note that the DOS on the Zn atom is scaled up by a factor of 5 for clarity.   
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Discussions 

Based on the results presented in this work, we surmise that during the mechanochemical 

reaction, the Zn(SCN)2 structure can be broken down (also evident from its melting behavior), 

after which ZnII can be incorporated into the α-CuSCN structure which is more rigid. The similar 

crystal ionic radii and coordination geometry between CuI and ZnII allow the two metal ions to 

mix. When Cu is in excess (Cu5.79Zn1 and Cu3Zn1), the main structure of α-CuSCN is retained 

in which ZnII exists as a substitutional defect (ZnCu). The computational study by DFT also 

finds that ZnCu in +1 charge state is stable with low formation energies especially when EF is 

close to VBM (p-type condition), which is the case for our samples. However, when the ratio 

is 2:1 (Cu2Zn1), the large number of defect sites likely increases the crystal energy such that 

the orthorhombic packing of α-CuSCN is no longer stable, transforming into a low-symmetry 

space group—the CZT structure—with a nominal chemical formula of Cu2Zn(SCN)4. A further 

increase in the Zn atomic fraction results in the co-existence of CZT and Zn(SCN)2 structures, 

suggesting that the CZT phase may be at the boundary for homogeneous mixing between CuI 

and ZnII in the thiocyanate compound. 

 Importantly, the substitution of CuI with ZnII leads to the presence of ZnII 4s orbitals at 

the CBM of α-CuSCN, forming delocalized states via the hybridization with C and N 2p states. 

As a result, ZnCu+  becomes a donor state that shifts EF away from VBM toward midgap. With 

the top of the VB still formed mostly by CuI 3d, α-CuSCN with ZnCu+  shows a novel electronic 

structure with metal-dominant character at both VBM and CBM. Mixing Cu/Zn in the 

thiocyanate compounds is shown as an effective method to systematically tune the optical and 

electronic properties. As CuSCN has been demonstrated as a highly promising 

semiconductor, this method could offer a novel route to fine-tuning the electronic levels, for 

example the VBM and EF levels, to match with the energy levels of other layers in thin-film 

electronic devices.  

 Another remarkable point is the observation of the melting behavior of CuxZny 

products. Crystal melting of CPs is rare,56 and such behavior of CuSCN-based CPs has only 
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recently been discovered. In the previous work, CuSCN was modified with 4,4’-bipyridin-1-ium 

derivatives to allow melting behavior.69 In our current system, the melting is realized by 

combining two metal cations with different oxidation states, CuI and ZnII. As both are 

tetrahedrally coordinated with thiocyanate ligands, the charge difference may also affect 

electrostatic interactions and reduce lattice potential energies, leading to the emergence of 

melting behavior and glassy state. This would allow a novel solvent-free method for the 

deposition of CuSCN-based semiconductors. Further investigations should look at how much 

Zn doping is required to allow melting as well as characterize the electronic properties of melt-

processed CuSCN-based thin films. 

 

Conclusions 

Starting from CuSCN and Zn(SCN)2, we applied the mechanochemical synthesis method to 

successfully obtain new materials: (1) partially Zn-substituted α-CuSCN and (2) a new 

bimetallic CZT structure. The solid-state reaction occurs at the more labile S-coordination 

sites, and the resulting products show melting behavior and glass transition. Both structures 

are ambient-stable and comprise mixed-valence metal cations, CuI and ZnII. With respect to 

CuSCN, Egopt widens, VBM deepens, and EF shifts away from VBM with the increasing amount 

of Zn. DFT calculations reveal that α-CuSCN containing ZnCu+  features electronic states of 

metals at both the VBM and CBM from Cu 3d and Zn 4s, respectively. This work also 

demonstrates that CuSCN can be made melt-processable by mixing with Zn(SCN)2 and that 

the optical and electronic properties of CuSCN can be systematically tuned by adjusting the 

proportion of Zn in the structure.  
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