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The high-density amorphous phases (HDAs) of bimetallic zeolitic 

imidazolate frameworks (Zn/Co-ZIF-4) were prepared. The 

temperature dependence of the isobaric heat capacity (Cp) of ZIF-

4 HDAs was measured to determine the glass transition 

temperature (Tg) of HDAs. The Tg non-linearly decreases with the 

molar ratio R, where R is Co/(Co+Zn), indicating the presence of a 

mixed-metal node effect. This effect arises from the non-linear 

increase of the degree of configurational freedom in the HDA as R 

increases. The degree of configurational freedom is inversely 

correlated with the network connectivity, which is, in turn, affected 

by variations in the MN4 (M: Zn or Co; N: nitrogen) tetrahedral 

symmetry in the ZIF-4 HDA. Overall, this work offers valuable 

insights into the glass transition of metal-organic frameworks. 

Metal-organic frameworks (MOFs) with structural designability 

and compositional diversity, emerging as new glass formers, 

have great potential in various applications.1-3 As a subset of 

MOFs, zeolitic imidazolate frameworks (ZIFs) have captured 

considerable interest owing to their high thermal and chemical 

stabilities.4-7 Some of the ZIFs, such as ZIF-4 [M(Im)2, M = 

transition metal node, Im (imidazolate) linker= C3H3N2
-], can be 

transformed into network glasses via melt-quenching.7-11 

Specifically, upon heating, ZIF-4 experiences a polyamorphic 

transition, i.e., a transformation of a “super-strong (in fragility)” 

low-density liquid into a relatively “fragile” high-density liquid.12 

By cooling, the latter is transformed into a glass state, i.e., high-

density amorphous phase (HDA). By reheating the quenched 

HDA, the glass-to-liquid transition occurs. The pair distribution 

functions confirmed that the organic ligand and zinc tetrahedral 

coordination environments of ZIF-4 were retained in the HDA.12 

Recently, it was reported that the cyano(CN)-functionalized ZIF-

4 underwent a polyamorphic transition.13 Additionally, the 

electron-withdrawing CN groups weaken the Zn-N bonds, 

leading to a lower glass transition temperature (Tg) of the CN-

functionalized HDA compared to the prototypical ZIF-4 HDA. 

Understanding the connection between the glass transition 

and structural factors is crucial for the successful liquid-phase 

processing of ZIFs to achieve desired properties in ZIF 

glasses.6,13 Besides the linker exchange strategy, the 

substitution of metal nodes in ZIFs can also affect the formation 

and structural properties of these ZIF glasses.14,15 For instance, 

the substitution of Co for Zn in ZIF-62 caused a mixed-metal 

node effect, i.e., a negative deviation from the linearity of the 

Tg versus the molar ratio R (Co/(Co+Zn)).14 This deviation was 

attributed to a structural mismatch and electronic 

configurational difference between Co2+ and Zn2+. The mixed-

metal node effect is important for creating functionalities in ZIF 

glasses, e.g., electrochemical functions,16,17 luminescence,18 

and gas separation19. The exploration of new ZIF glasses offers 

opportunities to expand their applications. All these aspects 

motivate us to investigate the mixed-metal node effect in the 

HDAs of ZIF-4, which, to the best of our knowledge, has not 

been reported thus far. In this work, we prepared bimetallic 

Zn/Co-ZIF-4 crystals and then investigated the mixed-metal 

node effect in their HDAs with respect to the Tg values. 

A solvothermal method (see ESI† for details) was used to 

synthesize a series of ZIFs with various Co/(Co+Zn) molar ratios. 

The chemical composition of bimetallic ZIFs samples was 

determined by inductively coupled plasma optical emission 

spectrometry (ICP-OES). Elemental analysis in Table S1 (ESI†) 

indicates the simultaneous incorporation of zinc and cobalt ions 

in the ZIFs structure. The percentage of Co incorporated in the 

ZIFs structure indeed increases with cobalt concentration 

during the synthesis process. Remarkably, the measured molar 

ratios (R) of Co/(Co+Zn) are all lower than the nominal ones. For 

instance, for a nominal molar ratio x of Co/(Co+Zn) to be 0.8, 

the R in the as-prepared product is only 0.59. From the ICP-OES 

experimental data, we infer that the incorporation of Zn is 

thermodynamically more favoured than that of Co in the ZIFs 

framework.20 Moreover, as shown in Fig. S1, the powder X-ray 
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diffraction (PXRD) patterns of the as-synthesized ZIFs are 

consistent with the simulated ones of the ZIF-4(Zn/Co). This 

indicates that the samples are highly crystalline and that the 

synthesized bimetallic Zn1-RCoR-ZIF-4 crystals possess the cag 

topology structure5 for the parent ZIF-4 framework. 

Additionally, the intensity of the X-ray diffraction peaks for the 

bimetallic Zn,Co-ZIF-4 and pure Co1-ZIF-4 is lower than that of 

the pure Zn1-ZIF-4 peak. This is because the fluorescence 

induced during measurements is stronger for the Co-containing 

ZIF samples than for the Zn-ZIF-4 sample.21 According to the 

Hume-Rothery rule, a solid solution can form via the 

substitution of Co for Zn in the Zn-ZIF-4 framework.22 

Specifically, Zn and Co elements have a relative difference in 

atomic sizes of less than 15% (Shannon radii: 0.60 Å for Zn2+ and 

0.58 Å for Co2+)23 and similar electronegativities (1.65 Å for Zn 

and 1.88 Å for Co)24. In Fig. 1, the four XRD peaks A, B, C, and D 

in the range of 7-15° of each bimetallic Zn1-RCoR-ZIF-4 crystal 

exhibit a slight shift compared to the Zn1/Co1-ZIF-4, indicating 

that four bimetallic ZIF-4 crystals possess unique cell 

parameters due to the solid solution formation.25  
 

 
Fig. 1. (a) PXRD patterns of the as-synthesized ZIFs with R (=Co/(Co+Zn)). 
The patterns have been normalized and offset vertically for clarity. (b) 
EDS line scan profiles of the bimetallic Zn1-RCoR-ZIF-4 crystal with R=0.59 
along the yellow line shown in the field emission scanning electron 
microscopy (FESEM) image (inset).  
 

For the surface composition analysis, energy dispersive 

spectroscopy (EDS) line and mapping scan analyses were 

conducted on the bimetallic ZIF-4 crystals. Fig. 1b shows the 

elemental concentration profiles along the arrowed line of the 

bimetallic ZIF-4 crystal with R = 0.59, i.e., Zn0.41Co0.59(C3H3N2)2, 

where the counts for Zn and Co elements have similar intensity 

in the tested ZIF-4 domain. This confirms that the Zn and Co 

elements are homogeneously distributed at the micron scale in 

the ZIF-4 without noticeable aggregation. The elemental 

mapping images and EDS spectra of the bimetallic ZIF-4 crystals, 

shown in Figs. S2-S9 (ESI†), further prove that the synthesized 

bimetallic ZIF-4 crystals are all composed of Zn, Co, C and N 

elements. All these results indicate the coexistence of Zn and Co 

in the bimetallic crystals, confirming the formation of a solid 

solution of ZIF-4(Zn) framework and ZIF-4(Co) framework and 

not a physical mixture of both.20,21 The thermal behaviour of the 

ZIF-4 powder is examined via thermogravimetry (TG) and 

differential scanning calorimetry (DSC). The solid curves in the 

region of 100-380 °C in Fig. S10 (ESI†) show desolvation, 

polyamorphization, recrystallization (towards the dense ZIF-zni 

phase), and subsequent melting and decomposition events, 

similar to the previously reported results.7,26 For ZIF-4 crystals, 

the TG curves (Fig. S10, ESI†) show the loss of the DMF solvent 

molecules trapped within the porous cavities of the ZIF-4 upon 

heating to 270 °C. This resulted in the formation of solvent-free 

ZIF-4 crystals, with no indications of structural collapse. On 

raising the temperature, the signatures of the amorphization 

become visible and the process starts with a specific Zn-N bond 

reconstruction.12 Subsequently, quenching from 380 °C without 

isothermal treatment leads to the formation of the HDAs with 

the same thermal history, i.e., a cooling rate of 10 °C min-1. PXRD 

confirms the amorphous nature of HDAs (Fig. S11, ESI†). 

Elemental compositions and distribution of the HDAs were 

identified by EDS mapping. Uniform distribution of the metal 

element (Zn or Co), C and N for Zn1-HDA (R = 0.00) and Co1-HDA 

(R = 1.00) is observed in Figs. S12-S13 (ESI†). In addition, Figs. 

S14-S17 (ESI†) demonstrate the co-existence of Zn, Co, C, and N 

elements in all the bimetallic HDAs, confirming the 

homogeneous distribution of Zn and Co throughout the 

bimetallic HDAs. 

Fourier transform infrared (FTIR) absorption spectra of the 

HDAs were collected to identify the functional groups in the 

structure (Fig. S18, ESI†). The peaks at 669 cm-1 relating to the 

ring deformations of the Im organic linkers in the HDAs are all 

present.27 Moreover, the stretching vibrations of C-H (~3128 

cm-1), C=C (~1670 cm-1), C=N (~1597 cm-1), and C-N (~1315 cm-

1) bands in imidazole remain in the HDAs.28 This implies that the 

imidazole linkers remain unchanged during amorphization. The 

element chemical states of the HDAs were investigated by X-ray 

photoelectron spectroscopy (XPS). The survey spectra in Fig. 

S19a (ESI†) show the peaks belonging to Zn, Co, C and N 

elements, confirming their co-existence. The peaks near 1021.7 

and 1044.8 eV (Fig. S19b, ESI†) correspond to the binding 

energies of Zn2+ 2p3/2 and Zn2+ 2p1/2.29 In Fig. S19c (ESI†), the 

peaks at 781.5 and 796.9 eV can be assigned to Co 2p3/2 and Co 

2p1/2, matching with the spin-orbit characteristic of Co2+.30 Two 

shakeup satellites (identified as “Sat.”) are located at 802.7 and 

786.7 eV.30 The above results indicate that Co2+ and Zn2+ coexist 

in the bimetallic HDAs. 

 

 
Fig. 2. (a) Far-FTIR spectra and (b) N 1s high-resolution XPS spectra of 
the bimetallic Zn1-RCoR-HDAs with different R. In (b), the experimental 
and total fits are shown as black solid and red dashed lines, respectively; 
the peak areas filled with green and purple colors denote pyridinic N 
and pyrrolic N species, respectively. The spectra have been offset 
vertically for clarity.  

To probe the bonding environments of the HDAs, the far-FTIR 

spectroscopy measurement was carried out. The FTIR spectra in 

the region 200-450 cm-1 of HDAs are shown in Fig. 2a. The peak, 

which is associated with the shared Zn-N bond stretching 

motion originating from the compliance of Zn(Im)4 tetrahedra, 

is positioned at 265-325 cm-1.31,32 Fig. 2a shows a strong 
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absorption band of Zn1-HDA at 299 cm-1, which could be 

attributed to the Zn-N stretching mode. Additionally, the 

presence of a broad peak at ca. 342 cm−1 (Fig. 2a) is consistent 

with the emergence of a Co-N bond.33 The energies of vibration 

modes within the solid, which are affected by the atomic 

arrangements, determine the FTIR peak positions.34 The 

vibration peak shift is associated with the order of metal-ligand 

coordinate bond strength (i.e., Co-N > Zn-N).35 In the infrared 

spectrum (Fig. 2a) of the bimetallic HDA with R = 0.33 

[Zn0.41Co0.59(C3H3N2)2], the broadening of the peak could be linked 

to the increased presence and enhanced strength of Co-N bonds 

within the HDA structure. Moreover, the co-existence of the Zn-

N and Co-N stretch confirms the chemical coordination 

between imidazole and metal ions in the structures of the HDAs. 

Furthermore, the higher bonding strength of bimetallic HDAs 

and Co1-HDA compared to the Zn1-HDA was verified by the N 1s 

high-resolution XPS spectra. As shown in Fig. 2b, the N atoms in 

the HDAs consist of pyrrolic N and pyridinic N at the binding 

energy of 399.9 eV and 399.0 eV, respectively.36 After Co is 

incorporated into the Zn1-HDA framework, the pyridinic N peak 

shifts to higher binding energy, indicating the stronger bond 

strength of the HDA structure. Hence, the total bond strength 

in the Zn-ZIF-4 HDA increases upon the substitution of Co for Zn.  
 

  
Fig. 3. (a) Cp curve for Zn0.94Co0.06-HDA at a heating rate of 10 °C min-1. (b) 
The molar ratio R dependence of Tg and Cp,conf. Dotted lines: guides for 
the eyes. Dashed lines: Liner line connecting the two end-member 
compositions. The uncertainty of this method is around ±0.5 °C for Tg 
and ±0.5 J mol-1 °C-1 for Cp,conf. Note that the error in Tg determination is 
relatively high, e.g., it accounts for about 25% of the Tg difference 
between the two samples with R = 0.00 and 0.15. 
 

Glass transition occurs around the temperature at which the 

viscosity of the supercooled liquid is equal to 1012 Pa·s.37-39 The 

onset of the glass transition during DSC measurement is termed 

the standard Tg.37,39 To compare Tg, the HDAs are reheated to 

340 °C at 10 °C min-1 to obtain the isobaric heat capacity (Cp) 

curves. As shown in Fig. 3a and Fig. S20, an endothermic peak 

belonging to the glass transition appears in all of the HDAs. In 

Fig. 3b and Table S2, it is seen that the Tg (282 °C) of Co1-HDA is 

lower than that of Zn1-HDA (295 °C). The molar ratio R 

dependence of the Tg for HDA shows a slightly negative 

deviation from a linear interpolation of the Tg values of the 

binary end-member phases (Zn1-HDA and Co1-HDA), known as 

the mixed-metal node effect.14 Moreover, Fig. 3a illustrates the 

procedure used to determine ΔCp = Cpl (the liquid heat capacity) 

− Cpg (the glass heat capacity).18,38 ΔCp is approximately 

equivalent to the configurational heat capacity (Cp,conf), 

regarded as a measure of the configurational degrees of 

freedom.38 A positive deviation of Cp,conf−R relationship has 

been observed (Fig. 3b). The difference in Cp,conf between the 

HDAs with R = 0.00 and 1.00 is approximately 7 J mol-1 °C-1 (see 

the comparison in Table S2). 

According to the topological model incorporating 

temperature dependent-constraints, Tg should be mainly 

determined by the interconnected structural units and the 

relative strengths of the different constraints.40 In the ZIF-4 

framework, the M node and the organic imidazole ring link 

together to form the MN4 tetrahedron, which is the basic unit 

constituting the short-range structure.10 Since both M-ZIF-4 (M 

= Zn or Co) materials are isostructural, the difference in the 

bond strength should account for their different Tg values. 

Through density functional theory calculations, the Zn-N bond 

energy of 2.075 eV is reported to be much lower than the Co-N 

bond energy of 2.834 eV.34 This could be ascribed to the lower 

electronegativity of Zn (1.65) compared with that of Co (1.88).24 

Furthermore, the bonding of the linkers (i.e., Im) to the Zn2+ 

centers of Zn-ZIF-4 can be described by σ-bonding due to the 

specific 3d10 electron configuration. Additionally, the 3d7 

electron configuration of Co2+ is responsible for the presence of 

additional ligand-to-metal π-bonding for Co-ZIF-4. The π-

bonding could result qualitatively in stronger imidazolate-metal 

bonds.41 Overall, the electronegativity and electronic structure 

of the metal ions could contribute to the disparity in the bond 

strength between Co-N and Zn-N.14,42  

Based on topological constraint theory, the stronger bonds in 

the structure usually cause the higher Tg of materials.43 

However, the Tg of Zn1-HDA with lower metal-bond strength is 

higher than that of Co1-HDA. Therefore, the direct correlation 

between the bond strength in the HDAs and the observed 

variation in Tg is inconclusive. The Tg of the HDA system exhibits 

a negative trend as the R increases (see Fig. 3b). While the glass 

transition is primarily a dynamic phenomenon, its 

thermodynamic consequence is the freezing event of the 

configurational degree of freedom within the glass.11 The 

reduction in polyhedral symmetry could result in a decrease in 

network connectivity44, which is inversely correlated with the 

configurational degrees of freedom18,34. The anisotropic nature 

of the π-bonding in the Co electronic structure is expected to 

lower the symmetry of the CoN4 tetrahedra.45 In general, the 

stronger bond strength corresponds to a lower degree of 

symmetry46. Additionally, it has been found that the Zn-N bond 

is more ionic than the Co-N bond with a covalent character.47 

The stronger covalency in the Co-N bond reduces the CoN4 

tetrahedral symmetry.48,49 Therefore, the presence of the Co-N 

bonds in the HDA framework lowers the tetrahedral symmetry 

of the HDA structure. The lower the tetrahedral symmetry is, 

the more the network is depolymerized, and hence, the higher 

the degree of the configurational freedom in the Zn,Co-HDAs is. 

This is confirmed by the dependence of Cp,conf on the measured 

molar ratio R, which deviates positively from linearity (Fig. 3b), 

thereby leading to a nonlinear decrease of Tg with increasing R. 

In this study, we discovered that introducing cobalt (Co) into 

the topological frameworks of the Zn-ZIF-4 HDA lowers its Tg 

value. The decreasing trend of Tg with substituting Co for Zn 

featured a negative deviation from linearity, i.e., the mixed-

metal node effect occurs in the HDA. The FTIR, XPS and DSC 

results confirmed the connection between the Tg values and the 
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bonding nature between metal and nitrogen. The mixed-metal 

node effect on Tg could arise from the difference in the degree 

of configurational freedom due to the difference in tetrahedral 

symmetry, which is influenced by the electronic structure and 

M-nitrogen bonding nature. Our study provides insight into the 

mixed-metal node effect on the glass transition in the high-

density amorphous phase of ZIFs. The insight helps us to 

develop meltable ZIF materials and to enhance their 

applications. 
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