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ABSTRACT: 

Various isoreticular mono- (Co2+, Ni2+, Cu2+ and Zn2+) and bimetallic (Co-Ni, Co-Zn, Mn-Ni) 

trimesate MOFs have been prepared by a fast (10 minutes) and green synthesis method from 

aqueous solutions, at room temperature and ambient pressure. A combined XRD and SEM/EDX 

analysis clearly revealed that bimetallic compounds for true solid solutions rather than a simple 

physical mixture of pure phase monometallic compounds. Moreover, a detailed evaluation of the 

evolution of cell parameters with the composition provides strong evidences indicating a 

preferential occupation of one crystallographic position (bidentate terminal sites) by Co2+ (or Mn2+) 

ions. This leads to a precise and predictable array of metal ions in the framework, which can be 

finely tuned by changing the overall composition of the bimetallic MOF. Implications are 

envisaged in the design and catalytic properties of well-defined single-site catalysts. 

 

 

  



INTRODUCTION: 

 In the last two decades, metal organic frameworks (MOFs) have attracted a great deal of 

attention due to their potential applications in several areas, including heterogeneous catalysis.1-3 

This is due to the huge variability of chemical compositions and pore architectures attainable with 

these materials, along with extremely large surface areas and pore volumes, and the possibility to 

introduce new functionalities in preformed MOFs through post-synthesis methods4. This provides 

an unprecedented level of tunability of the MOF composition, hardly found in any other family of 

porous crystalline solids. Among the many possibilities offered by MOFs, isoreticular compounds 

can be prepared having the same topology and pore architecture but containing different ligands5-6 

and/or metals ions7 in the structure. For instance, replacing one metal ion by another in the 

inorganic building units provides a way to fine tune the chemical properties of these compounds, 

such as acid-base8 and redox properties9. Additionally, bimetallic MOFs can also be prepared, 

either by direct synthesis or through post-synthesis modification, in which the second metal type 

can either modulate the properties of the other metal ions in the MOF, or it can introduce totally 

new functionalities not present in the pristine compound. It is even possible to combine in just one 

compound different activities arising from the individual metal ions, so that multifunctional MOFs 

can readily be prepared to be used in multi-step one pot transformations10. 

 In spite of the high potential of MOFs, their synthesis procedure is most often one of the 

main drawbacks hindering their large scale industrial application. Most of the MOFs described so 

far are usually prepared in DMF or other organic solvents, which can be toxic and/or dangerous to 

handle. Moreover, many MOFs require the use of non-commercial and/or expensive organic 

ligands, which introduce additional synthesis steps and rise up the final price of the catalyst, thus 

hampering the large-scale synthesis of these MOFs and making the resulting materials less 

economically appealing, as compared to cheaper alternative catalysts. The use of high synthesis 

temperatures (100-200ºC in many cases), overpressures, and long synthesis times (one week or 

longer in certain cases) are also undesired characteristics of most existing MOF preparations 

described so far. It is thus evident that new, greener and easily scalable synthetic procedures of 

“cheap” MOFs need to be developed to facilitate their transfer to the industrial scale production11-

14. Ideally, these synthetic procedures should avoid the use of organic solvents (water is the 

preferred solvent), should be carried out at room temperature and atmospheric pressure, and using 

commercial, cheap and largely available organic ligands. Recently, interesting progress has been 



done on solvent-free15-17 and liquid-assisted mechanochemical MOF synthesis18-20, as well as 

continuous flow synthesis at the gram and multigram scale21, which represent significant steps in 

the future of “green” and industrial friendly synthesis of MOFs in a more sustainable way. 

 Following the aforementioned indications, in the present work we have applied a “green” 

aqueous synthesis procedure to prepare a series of trimesate MOFs in high yields, at room 

temperature, ambient pressure and very short time (10 minutes). Herein, we will show that the 

method can be used to prepare various monometallic divalent compounds, as well as bimetallic 

compounds of different compositions. In the latter case, we will demonstrate that true solid 

solutions are formed, in which both metal ions distribute homogeneously throughout the whole 

crystal.  

 

EXPERIMENTAL SECTION: 

All reagents were of analytical grade and used as received without further purification.  

Powder material preparation. All materials were prepared by “green”, water based synthesis 

procedure at room temperature and ambient pressure. First, a 0,1M Na3BTC stock solution (BTC 

= 1,3,5-benzene tricarboxylate) was prepared by dissolving 30 mmol of NaOH and 10 mmol of 

1,3,5-benzenetricarboxylic acid in 100 mL of distilled water under vigorous stirring. Consequently, 

the MOFs were obtained by mixing together under rapid stirring 3 mmol of metal salt precursor 

(Co, Ni, Zn, Cu, or its mixture in appropriate ratio) and 20 mL of the Na3BTC 0,1M(aq) solution 

(2 mmol). Optionally, 10 mL of ethanol absolute was also added to the above solution. Stirring was 

continuing at room temperature and ambient pressure for the next 10 min. The solid obtained was 

separated by centrifugation and carefully washed with distilled water (3x) and ethanol (1x). The 

resulting powder materials where let to dry in air at room temperature. 

Single crystal materials preparation. Starting from the above stock 0,1M Na3BTC aqueous 

solution, a  1:8 dilution was obtained, resulting in a Na3BTC 0.0125M solution. For the preparation 

of monometallic compounds, a 0,1M aqueous solution of the corresponding metal precursor was 

prepared and placed inside a test tube. In the second step, Na3BTC 0,0125M solution was added 

carefully to the solution in the tube using a syringe (sliding down the walls of the tube). As prepared 

solutions were left overnight for crystallization. Obtain single crystals were carefully washed with 

water and dried in air at room temperature. For the preparation of bimetallic compounds, the Ni 



0,1M and Co 0,1M solutions were mixed with water in proper ratio, giving “Ni/Co solution” (see 

Table S1 in the Supporting Information) and placed inside the test tube, and treated likewise. 

Powder XRD characterization. Powder M-BTC materials synthetized by water solution were 

characterized by X-ray powder diffraction (XRPD) using a Bruker AXS D8 Advance 

diffractometer equipped with a primary Ge (111) Johansson monochromator (selecting Cu Kα1 

radiation) and a mono-dimensional detector Lynxeye. In the case of CoBTC, in order to reduce low 

signal to noise ratio induced by Co fluorescence, the electronic windows for photon acceptance has 

been reduced and counting time increased to obtain comparable patterns to the others materials.  

Structure determination of powder materials. The crystal structure for monometallic materials 

has been confirmed by Rietveld refinement of  the diagrams so obtained, applying rigid body 

constrain to the carbon atoms of BTC molecule, using the software Jana22. During minimization, 

atomic positions and thermal parameters with isotropic profile parameters describing instrumental 

broadening, size and strain effect were refined. Thermic parameters were considered isotropic for 

all atoms, and constrained to be the same for each chemical species. It is worth to note that although 

the quality of fit is sufficient to clarify the structure, few negative thermal parameters are present 

in the final refinement probably due to the difficulty to discriminate between close elements in X-

ray diffraction and the relatively higher error associated with the scattering of light elements (C,O). 

For bi-metallic material series, in order to obtain the most precise cell parameters determinations 

the diagrams were analyzed by Le Bail refinement23 as implemented in the Fullprof code24. Such 

approach allows to fully de-correlate atomic parameters from cell metrics and to avoid possible 

systematic errors induced by an approximate estimation of reflection intensity. Errors on the fitting 

parameters have been corrected by Berar factors25. 

Single crystal XRD characterization. Data collections were performed at low temperature (T = 

100(2) K) using an APEXII Bruker-AXS diffractometer and Mo-Kα radiation (λ = 0.71073 Å). 

Several single crystals were tested in order to check their quality and that there was no allotropic 

phase. Each time, they were mounted on a cryoloop with the help of Paraton grease.  

Structure determination of single crystal materials. The structure was solved by dual-space 

algorithm using the SHELXT program26, and then refined with full-matrix least-square methods 

(SHELXL)27 with the aid of the Olex2 interface28. All non-hydrogen atoms were refined with 

anisotropic atomic displacement parameters. H atoms were finally included in their calculated 

positions. Further details of refinement are available in the CIF files. 



Microscopy characterization. Morphology and element mapping of the single crystal samples, 

were analyzed with a field emission scanning electron microscope (FESEM) model JEOL 7001F, 

equipped with a spectrometer of energy dispersion of X-ray (EDX) form Oxford Instruments. 

 

RESULTS AND DISCUSSION: 

 The generic synthesis method used in this work is schematically shown in Fig. 1. Briefly, 

an aqueous solution of trisodium benzene-1,3,5-tricarboxylate (Na3BTC) was poured onto a 

suitable divalent metal salt solid precursor at room temperature under vigorous stirring. The 

amounts of Na3BTC solution and metal precursor used were adjusted to have a 2:3 molar ratio. 

Optionally, a small volume of ethanol can also be added to the above mixture, which was shown 

to accelerate the precipitation of the MOF and to increase the final yield obtained, which is typically 

higher than 90% in all cases. Stirring of the mixture was continued for 10 minutes, and the solid 

obtained was separated by centrifugation and carefully washed with distilled water (three times) 

and ethanol (once). Finally, the powder so obtained was air-dried overnight at room temperature.  

 

Figure 1. Aqueous synthesis of MOFs is carried out at room temperature and atmospheric pressure 

within 10 minutes.  

 



 As it can be observed, the above method has a series of advantages that improve the green 

credentials, sustainability and industrial feasibility of the MOF preparation: synthesis from non-

toxic water solutions, room temperature and atmosphere pressure, very short synthesis time (~ 10 

min.), high yield, easy separation and washing protocols, easily scalable method, and the use of a 

cheap and commercially available ligand precursor, H3BTC. Also, the method tolerates a variety 

of metal salt precursors without producing appreciable changes in crystallinity of the final product, 

including nitrates, chlorides or sulfates, which are usually the preferred option for industry to 

minimize safety and corrosion issues14.  

 

Monometallic compounds 

 Various monometallic compounds were prepared following the method described above, 

and the solids were first characterized by powder diffraction (PXRD). MOFs containing Co+2, Ni+2, 

Cu+2 or Zn+2 were all found to be crystalline and isoreticular. In contrast, all our attempts to obtain 

an isoreticular Mn2+ compound were unsuccessful. The material obtained presented a clearly lower 

crystallinity and a different structure (see Fig. S1 in the Supporting Information). Hereafter, we 

will refer to these metal trimesate compounds as M-BTC, where M indicates the metal used in each 

case, though a more representative formula should be [µ-M(H2O)42(BTC)M(H2O)4BTC] (see 

below).  

 By comparing the XRD peak positions of the M-BTC materials with the existing MOF 

collected in the Cambridge Structure Database29, the solids prepared with the above method were 

found to correspond to a family of metal trimesate compounds of general formula M3BTC2·12H2O, 

first synthetized by Yaghi and co-workers using a conventional solvothermal method30. This 

structural assignment was confirmed by Rietveld refinement of the synthetized M-BTC 

compounds, as shown in Fig. 2.  



 

 

Figure 2. Rietveld refinement of XRD patterns: Observed (red dots), refined (black solid lines), 

and their difference (blue bottom line). Green vertical bars indicate the X-ray reflection positions. 

 

 Thermogravimetric curves of the M-BTC compounds (see Fig. S2 in the Supporting 

Information) typically showed two main steps at about 125-150 °C and 420-480 °C, corresponding 

to coordinated water and decomposition of the organic ligand, respectively. The observed weight 

losses were in agreement with the stoichiometry expected for a M3BTC2·12H2O compound (see 

Table S2 in Supporting Information). In all cases, this stoichiometry was also in agreement with 

the corresponding ICP and elemental analysis (see Table S3 in Supporting Information). 

 M3BTC2·12H2O compounds crystallize in the monoclinic C2 (5) space group with a layered 

structure whose cell metrics depends on the nature of the metal atom (see Table 1). The structure 

features infinite zigzag chains aligned along [101] direction that are formed by the alternation of 

BTC with M atoms. The repeating unit (black rectangle in Fig. 3) contains two types of M atoms, 

hereafter denoted bridging (Wyckoff position 4c) and terminal (Wyckoff position 2b), in a 2:1 



ratio. Both BTC molecules in the repeating unit bind to bridging M atoms in an unidentate mode 

along the chain, and an additional M atom is coordinated in a bidentate fashion by one free 

carboxylate group on alternate BTC molecules. Individual zigzag chains stack along the b axis 

(Fig. 3b) to form layers in the (10-1) plane, while these layers are stacked along the c axis with an 

ABA arrangement (Fig. 3c and d). Interactions between chains are dominated by hydrogen bonds 

between water molecules of bridging and terminal M atoms, while interlayer interactions consist 

of hydrogen bonds between the carboxylate oxygens and the water molecule coordinated to both 

type of M atoms (see Fig. S3 in Supporting Information). 

 

Figure 3. a) M3BTC2·12H2O zigzag chains. The black rectangle single out the repeating unit. b) 

Single M3BTC2·12H2O layer representation along (001) direction. Hydrogen atoms and water 

molecules have been removed for clarity. Cell borders are indicated by black lines. Layer packing 

representations along (001) and (010) directions are shown in parts c) and d) respectively. Chain 

are colored depending from the layer in which they lay. 

 

 



Table 1. Cell metrics obtained by Le Bail refinement for monometallic trimesate MOFs. 

Compound Co-BTC Ni-BTC Cu-BTC Zn-BTC 

Space group C2 C2 C2 C2 

a (Å) 17.467(1) 17.440(7) 17.412(2) 17.475(6) 

b (Å) 12.947(1) 12.867(9) 12.913(3) 12.926(5) 

c (Å) 6.556(6) 6.539(6) 6.5669(2) 6.582(3) 

β (°) 112.230(3) 112.603(4) 111.93(2) 112.443(4) 

V (Å3) 1372.53(3) 1354.91(7) 1369.63(5) 1374.30(6) 

χ2 1.62 1.35 1.45 1.78 

 

In their original report on the hydrothermal synthesis of M-BTC compounds, Yaghi and co-workers 

studied the behavior of Co, Ni and Zn compounds upon thermal treatment and rehydration30. The 

authors concluded that the compounds showed a sequential loss of up to 11 water molecules out of 

the 12 present in the original hydrated solid. Although this partial dehydration process was 

accompanied by a severe loss of crystallinity and corresponding peak broadening, the structural 

order and crystallinity were reestablished upon exposure of the monohydrated compounds to water. 

A similar behavior was also observed for our compounds prepared at room temperature, as it is 

shown in Figure S4 for the Co-BTC compound. In this case, partial dehydration and rehydration 

of the solid is accompanied by a reversible color change from pink to blue and back to pink for the 

hydrated, partially dehydrated and rehydrated samples, respectively. These results demonstrate that 

the room temperature synthesis produces materials with a stability to the loss of guest molecules 

which is at least similar to that of the materials prepared at higher temperature.  

 

Bimetallic compounds 

Co-Ni bimetallic compounds. The above synthesis method was adapted to prepare different series 

of bimetallic compounds, including Co-Ni and Co-Zn mixtures. Thus, Co-Ni bimetallic trimesates 

with Co:Ni ratios in all the range of compositions were first prepared by mixing appropriate 

amounts of the two metal precursors with an aqueous Na3BTC solution, as described in the 

Experimental Section. Hereafter, we will refer to these materials as CoxNi-BTC, in which x 

represents the (nominal) molar percentage of cobalt in the solid.  



 Powder XRD analysis confirmed that all the Co-Ni bimetallic materials were crystalline 

and isoreticular, as shown in Fig. S5 (Supporting Information). According to the ICP analysis (see 

Table S2 in Supporting Material), incorporation of both metals in the final solid was found to be 

quantitative with respect to the initial concentration of precursors used. Accordingly, a progressive 

color change of the samples with the composition was observed, passing from green (for the pure 

Ni-BTC) to pink (for pure Co-BTC), as shown in Fig. S6 (Supporting Information).  

Since the pure monometallic compounds, Ni-BTC and Co-BTC, are both isoreticular with very 

similar cell parameters (see Table 1), one can expect that the isomorphous replacement of one metal 

by the other should be readily feasible without changing the framework structure of the MOF. 

However, due to the similar ionic radii and scattering factors of Ni2+ and Co2+, it is not at all 

straightforward from the experimental point of view to discriminate whether a true solid solution 

or a simply physical mixture of the two monometallic MOFs is formed during the synthesis of the 

bimetallic samples. This is in general the case for the rest of bimetallic series prepared in the present 

work, which will be discussed later. 

 A first indication in favor of the formation of true solid solutions is that we did observe 

clear differences in the TGA curves of the bimetallic compounds and those corresponding to 

physical mixtures of the two pure Ni-BTC and Co-BTC, as shown in Fig. S7 in the Supporting 

Information. In particular, we note that in the case of the physical mixture there are two distinct 

weight losses associated to water (below 200ºC), corresponding to the two pure compounds, while 

only one water weight loss is seen in the Co30Ni-BTC solid solution. Likewise, the decomposition 

temperature of the solid solution and physical mixture are also clearly different, being around 70º 

higher for the solid solution.  

Formation of solid solution is further supported by powder XRD. Indeed, we did not observe any 

peak splitting or the presence of new shoulders in the XRD patterns of the CoxNi-BTC samples, 

as could be expected for a physical mixture of the two monometallic MOFs. Moreover, the peaks 

of the bimentallic compounds are narrower than those of the pure Ni-BTC material (see insets in 

Fig. S5 in the Supporting Information). We observed definite shifts of the signals with the 

composition on going from pure Co-BTC to pure Ni-BTC, which clearly speaks in favor of a solid 

solution and against a simple physical mixture. To address this point in more detail, we have used 

Le Bail methods to extract the cell parameters from the corresponding powder XRD patterns of the 

compounds. The results obtained are shown graphically in Fig. 4.  



 

Figure 4. Variation of the cell parameters a, b, c and β, of bimetallic CoxNi-BTC compounds as a 

function of the molar composition. 

 

 As it can be observed, although the differences are relatively small, there is a continuous 

evolution of the cell parameters of CoxNi-BTC as a function of the composition, which follow 

different trends for a, b c and β. The observed variations in cell parameters are a consequence of 

the different complex interactions (mainly hydrogen bonding) between the carboxylate groups of 

the ligand and the water molecules in the MOF, whose relative strength and bond distances may 

slightly change when either Ni or Co ions are present in the framework. The existence of such a 

continuous evolution (rather than a random variation) of cell parameters with the composition is a 

clear indication in favor of the formation of a true solid solution. In particular, the b parameter 

increases continuously with the amount of Co in the bimetallic compound, while β follows the 

opposite trend. In contrast, parameters a and c follow a more complex evolution, with clear minima 

at around 33 mol% of Co.  

 The lack of a strict linearity of the cell parameters with composition indicates that the 

CoxNi-BTC compounds do not obey the Vegard’s law31. This fact indicates that the distribution of 
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Co and Ni ions in the bimetallic compounds is not completely random. The presence of the minima 

in the curves of a and c at ca. 33 mol% Co strongly suggests a preferential occupation of the Co 

ions at the terminal positions, which are in a 1:2 multiplicity ratio with respect to bridging sites 

(see Fig. 3). This is a relevant observation, since if we assume that the terminal sites are 

preferentially occupied by Co2+ ions, rather than a random distribution of both elements, this would 

lead to a precise and predictable array of metal ions in the framework, which can be finely tuned 

by changing the overall composition of the bimetallic MOF. Thus, it should be possible to predict, 

to a certain extent, what would be the average separation between two closest Co ions as a function 

of the Co:Ni molar ratio of the solid, or to determine the probability to have an isolated Co2+, 

surrounded only by Ni2+ ions in the closest positions. This certainly has important implications in 

the design and catalytic properties of well-defined single-site catalysts2, 32, as we will illustrate in 

a forthcoming work. 

 It is worth mentioning that the addition of ethanol was found to be beneficial for the 

preparation of true solid solutions. Ethanol accelerates the overall precipitation process, which 

avoids the segregation of two pure phases of each individual monometallic MOF due to different 

rates of precipitation. Indeed, in the absence of ethanol, different precipitation rates were observed 

for pure Ni-BTC and Co-BTC monometallic compounds. Accordingly, when ethanol was not 

added to the synthesis mixture of bimetallic materials, incorporation of the two metals in the final 

compound was less quantitative (important deviations with respect to the ratio of precursors used) 

and varied from batch to batch, indicating that the crystallization process without ethanol is less 

homogeneous than when ethanol is added to the synthesis mixture. 

 To lend further support to the formation of solid solutions, we have slightly modified the 

synthesis conditions to obtain crystals suitable for single crystal diffraction (see Experimental 

section and Table S1 in the Supporting Information). Such large crystals (> 10 µm) were big 

enough for a complementary single crystal diffraction and SEM/EDX analysis. On one hand, single 

crystal diffraction confirmed the formation of the bimetallic compound with the same crystalline 

structure as the one obtained above33. On the other hand, EDX element mapping allowed us to 

conclude that both Ni and Co were simultaneously incorporated in a single particle and that they 

distribute homogeneously throughout the whole crystal; i.e., we did not detect Ni- or Co-enriched 

regions (such as tips or rims) in any of the single crystals analyzed. Fig. 5 shows typical SEM/EDX 

measurements obtained for samples containing 33% and 50% of cobalt, as representative examples 



of the whole CoxNi-BTC series. The corresponding single crystal refinement for sample Co50Ni-

BTC can be retrieved from the CIF file available in the Supporting Information. 

 

 

Figure 5. SEM/EDX analysis of samples Co33Ni-BTC (a-d) and Co50Ni-BTC (e,f) single crystal 

samples. a) and e): SEM images of the solids; c) and d): Co and Ni element mappings of the crystal 

shown in a); b) and f): Evolution of the Co (pink line) and Ni (cyan line) compositions along the 

white lines indicated in a) and e), respectively.  



 

Co-Zn bimetallic compounds. The versatility and scope of the room temperature aqueous synthesis 

method described above was further investigated by preparing an additional series of Co-Zn 

bimetallic materials. The compounds were all found to be isoreticular in the complete range of 

compositions, as shown in Fig. S8 (Supporting Information). Also in this case, a continuous 

evolution of the cell parameters with the composition was clearly observed, but parameters a and 

c showed an opposite trend with respect to that observed for the Co-Ni series (see Fig. 4), with 

relative maxima (instead of minima) at ca. 30% Co, as shown in Fig. 6. In our opinion, the presence 

of these maxima in the evolution of a and c parameters reinforce the hypothesis that a preferred 

occupancy of the terminal positions by Co2+ ions occurs also in Co-Zn bimetallic mixtures. 

Meanwhile, parameters b and β followed a similar evolution with composition as that observed for 

Co-Ni mixtures: i.e., b increases and β decreases with the Co content of the mixture.     

 

Figure 6. Variation of the cell parameters a, b, c and β, of bimetallic CoxZn-BTC compounds as 

a function of the molar composition. 
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Mn-Ni bimetallic compounds. In the course of an ongoing catalytic study of the M-BTC 

compounds (the results will be presented elsewhere), we were also interested in preparing Mn2+-

containing compounds having the same structure as the Co-BTC prepared herein. Unfortunately, 

as commented above, we have not been able to prepare a pure monometallic Mn-BTC isoreticular 

compound using the same aqueous synthesis procedure (see Fig. S1 in Supporting Information). 

Nevertheless, we succeeded in preparing a series of bimetallic compounds with the right structure 

containing Mn2+ ions in a Ni-BTC matrix up to a maximum concentration of 50% Mn, as shown 

in Fig. S9 (Supporting Information). Above this concentration of Mn2+ ions, bimetallic compounds 

showed a considerably lower crystallinity and the same (unknown) structure observed for the pure 

Mn-BTC compound.  

 The evolution of the cell parameters with the composition for the isoreticular MnxNi-BTC 

compounds, up to a  maximum Mn content of 50%, is shown in Fig. 7. While parameters b and β 

follow the same general evolution already discussed for Co-Ni and Co-Zn compounds (b increases 

and β decreases with the Mn content), the continuous trends of the cell parameters a and c do not 

present any evident maxima or minima, but only a discontinuity in the trend of the a axis is 

observed at ca. 30-40% Mn. Unfortunately, our data in this case is not conclusive on whether a 

preferential site occupation or a random distribution of Mn2+ ions takes place. 

 



 

Figure 7. Variation of the cell parameters a, b, c and β, of bimetallic MnxNi-BTC compounds as 

a function of the molar composition. 

CONCLUSIONS: 

 Herein we have applied a fast, sustainable and industrially friendly procedure for the 
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solutions. These materials feature zigzag chains containing two positions for the metal ions; an 

unidentate bridging position (along the chain) and a bidentate terminal position (on alternate BTC 

molecules), in a 2:1 ratio. Packing of these chains into layers, and layer stacking lead to the three 

dimensional structure of the MOFs. 

 Following the synthesis method described here, we have been able to prepare isoreticular 

Co-Ni and Co-Zn binary mixtures in all range of compositions, as well as Mn-Ni compounds up to 

a maximum Mn concentration of 50%. By combining powder and single-crystal diffraction and 

SEM/EDX analysis of the solids, we have unambiguously demonstrated that true solid solutions 

are formed rather than physical mixtures, in which the two metal ions distribute homogeneously 

throughout the whole crystal (enrichment of one of the two metals at tips, rims or other regions of 

the crystal has never been observed in any of the analyzed samples). Moreover, a careful analysis 
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of the evolution of the cell parameters with the composition of Co-Ni and Co-Zn bimetallic 

compounds strongly suggests that a preferential occupation of the terminal positions by Co2+ ions 

takes place. If this is so, then the synthesis method used herein would lead to the formation of well-

defined and predictable environments for the metal ions in the framework, which would basically 

depend upon the overall chemical composition of the binary materials. This would determine 

relevant parameters for the material properties, such as average distance between neighbor metal 

active sites or the statistical probability to have site isolation. Clear implications are envisaged for 

the final catalytic properties of bimetallic compounds, as we will demonstrate in a forthcoming 

report. As far as Mn-Ni mixtures is concerned, although preferential site occupation of terminal 

positions by Mn2+ ions is also feasible, our data are not conclusive enough to state it with certainty.   

 

SUPPORTING INFORMATION 

Specific conditions for the synthesis of bimetallic Co-Ni compounds; XRD of Co-BTC and Mn-

BTC; TGA curves of monometallic M-BTC materials (M = Co, Ni, Cu, Zn); Measured weight 

losses and calculated molecular formula of the monometallic M-BTC compounds; Detailed view 

of hydrogen bond interactions between layers in M-BTC; XRD of bimetallic CoxNi-BTC 

compounds; Measured Co:Ni molar ratios in CoxNi-BTC compounds; Visual aspect of CoxNi-

BTC compounds; Comparative TGA curves of bimetallic CoxNi-BTC and a physical mixture of 

Co-BTC + Ni-BTC; XRD of bimetallic CoxZn-BTC compounds; XRD of bimetallic MnxNi-BTC 

compounds 
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