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1 Goals for Deliverable D.3.2 

The initial deliverable title was “Theoretical characterization post-transition metal cluster TC”. However, as a 

result of a thorough review of the literature and comprehensive discussions with the consortium partners on 

cluster elements and dopants, we chose to focus our attention on doped copper clusters (reason herefore is 

further motivated on page 3). 

 
Carbon dioxide acts as a greenhouse gas and its high concentration in the atmosphere contributes, among 

others, to global warming and ocean acidification. Global awareness to take action has led to the Power-to-

X approach, in which the synthesis of products (often energy carriers) can be performed by chemical 

transformations via carbon-free primary energy generation. Large quantities of carbon dioxide are available 

from different industrial processes as well as in the atmosphere. Consequently, the transformation of CO2 

into added-value chemicals presents a remarkable potential to utilize carbon-free electricity as well as to 

reduce the volume of petrochemical-based reactants required to produce different chemicals. [1] Possible 

target molecules include C1 compounds such as formic acid and methanol. [2] 

Although the area related to the catalytic conversion of CO2 has undergone a steady development, the 

challenge of CO2 activation remains the fact that this molecule is highly inert, and while its hydrogenation to 

several possible products is thermodynamically feasible, the reaction paths can involve high barriers. The 

combination of H2 and CO2 enables very diverse molecular transformations which could result in reduction 

of CO2 to methanol, but also to the formation of C-C bonded compounds such as ethanol etc., and a key to 

these transformations is the selection of the proper catalysts.  

Hydrogenation of CO2 to C1 targets has been carried out by a large number of catalysts in order to overcome 

the kinetic barrier. For instance, syngas (a mixture of CO/CO2/H2) has been converted to methanol using 

heterogeneous copper catalysts.  Copper based catalysts are well-known for their high performance in the 

methanol production. [3,4] However, industrial heterogenous catalysts are very complex systems and often 

the understanding of the reaction mechanism and the active sites is incomplete. In this sense, gas phase 

cluster models provide valuable insight into molecular processes in catalysis. Particularly, clusters are 

pertinent to model the active center.[5] Copper, as well as doped copper clusters like Cu3X (X is a first-row 

transition metal atom) seem to be promising candidates for CO2 reduction according to gas-phase studies, in 

which metal clusters can mimic the active sites of the catalyst and the elementary steps of C1 products 

formation can be studied at the molecular level. [5,6,7] 

In various studies, copper clusters have been examined to determine the structural and electronic properties 

that explain how cluster size and support affect the reactivity towards CO2 or glycerol/hydrogen adsorption. 

[8,9] In contrast, the composition and size dependence on the catalytic activity of doped copper clusters has 

been much less studied. The beneficial role of Zn in the industrial Cu/ZnO/Al2O3 methanol synthesis catalyst 

indicates that this combination of transition metals may result in the desired catalytic effect. To understand 

the catalytic mechanism, we plan to study the gas phase clusters and their role in CO2 activation. By studying 

the interaction of the clusters with small molecules such as CO2 or H2, we will gain a deeper understanding 

of the active site properties and the elementary steps in the CO2 reduction reaction.  

We are using computational methods to predict the geometric structure of the copper-zinc clusters, as well 

as their activity in carbon-dioxide activation. The target is to predict the most active cluster sizes and charge 

states among the small clusters, what will be experimentally investigated by the research group of Dr. Joost 

Bakker, involving Mr. Deepak Pradeep (ESR4). 
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Approach 

Bárbara Zamora Yusti (ESR6) is trained in the theoretical and practical aspects of the cluster structures and 

reactivities for thermal catalysis. We will work together with Dr. Joost Bakker and Deepak Pradeep (ESR4) in 

the future experimental testing of the computational predictions, and we submitted a joint beam time 

application for the infrared spectra measurements using the IRMPD FELICE setup at Nijmegen. 

We are using Density Functional Theory based methods to investigate the structure and reactivity of metal 

clusters and we interpret the findings based on the bond indices, charges and on the Energy Decomposition 

Analysis. 

For the computations we used the Gaussian 16 
[10]

 program available in the computer cluster at the Budapest 

University of Technology and Economics, as well as the Q-Chem 5.4 program
[11]

  and the computers at the 

Furukawa Electric Institute of Technology. We used in-house code to systematically investigate the cluster 

geometry. 

We started the work by benchmarking the possible functionals and basis sets to select a sufficiently accurate 

method. Then we systematically investigated the geometries of the cluster structures and the carbon-dioxide 

binding in different modes and selected the low-energy structures. The subsequently computed reaction 

paths show the carbon-dioxide activation by the metal clusters. Finally, we computed the infrared spectra of 

the bare clusters and the most important intermediates and products of the CO2 activation reaction. 

2 Computational Details 

Methodology 

The Cu4Zn structures were optimized
 [10,11]

 and the frequency calculations on the optimized geometries were 
carried using the TPSSh/def2-TZVP method.  CO

2
 adsorption in different binding modes was systematically 

investigated on the most stable Cu4Zn metal cluster structure. Intermediates and products were located, and 
the CO

2
 activation pathway was explored.  

Benchmarks 

We evaluated the accuracy and the job wall time of different density functionals and basis sets compared to 

our benchmark CCSD(T) computations and to reference experimental data reported in the literature. The 

chosen molecules represent the Cu-Cu, Zn-Zn, Cu-CO or Zn-C interactions, which are present in the CuZn 

cluster - CO2 adducts. 

We tested the def2-TZVP and def2-QZVP all electron basis sets, as well as the LANL2DZ, LANL2TZ, LANL2TZ(f) 

and the (aug)-cc-pVTZ-PP basis sets with relativistic effective core potential. It must be noted that the f 

polarization function for zinc was not available in the LANL2TZ basis set, thus the exponents were optimized 

by Ms. Bárbara Zamora Yusti. 

We used the TPSSh functional, what was shown to be accurate for Cu3X (X=Sc, Ti, V, …, Cu, Zn) clusters,[7] but 

later in this report we will show the results using several other functionals. 

The benchmarking results are available in Tables 1-5. It is well visible that the cc-pVTZ-PP basis set yields 

small relative errors in the binding energies as well as in the bond lengths. However, the computation needs 

relatively long wall times. On the other hand, the def2-TZVP basis set provides acceptable accuracy with a 

considerably reduced computational time. LANL2TZ(f) is shown to be a rapid and economical computational 

method. 

The computations clearly showed that the accurate computation of the Zn2 dimer cluster binding energy and 

bond length is a challenge for the Density Functional Theory based methods. This can be explained by the 

4s2 3d10 electronic structure of the zinc atom, thus the binding in the dimer is due to the weak combination 

of the occupied valence s and p orbitals. This implies the importance of the dispersion interactions. We will 

take it into account in our future studies if clusters containing multiply doped zinc atoms will be investigated. 
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Table 1. Comparison of binding energies (BEs) and bond lengths (BLs) for the Cu2 dimer cluster. 

Method Basis set BE 

(kJ/mol) 

BL 

(Å)  

Relative 

error BE, 

% 

Relative 

error BL, 

% 

Job wall-

time, s 

(elapsed) 

Experimental [12]  201 2.219    

TPSSh 

def2-TZVP 182 2.256 -9.7 1.7 170 

def2-QZVP 185 2.245 -7.9 1.2 5641 

LANL2DZ 191 2.246 -5.0 1.2 48 

LANL2TZF 207 2.240 2.7 1.0 97 

cc-pVTZ-PP 196 2.221 -2.6 0.1 10528 

CCSD(T) aug-cc-pVTZ-

PP 

188 2.221 -6.5 0.1 134416 

 
Table 2. Comparison of bond dissociation energies (BDEs) and bond lengths (BLs) for the Zn2 dimer cluster. 

Method Basis set BDE 

(kJ/mol) 

BL 

(Å) 

Relative 

error BDE, 

% 

Relative 

error BL, 

% 

Job wall-

time, s 

(elapsed) 

Experimental [12]  3.35 4.19    

TPSSh 

def2-TZVP 5.51 3.173 64 -24 134.05 

def2-QZVP 5.06 3.195 51 -24 2543.63 

LANL2DZ 4.29 3.606 28 -14 20.59 

LANL2TZF 

 

3.93 3.557 17 -15 30.41 

cc-pVTZ-PP 5.01 3.204 50 -24 4967.94 

 

Table 3. Comparison of bond dissociation energies (BDEs) and bond lengths (BLs) for Cu-C in Cu+-CO carbonyl cation. No experimental 

value for the bond length was found. 

Method Basis set BDE, 

(kJ/mol) 

BL 

(Å) 

Relative error 

BDE, % 

Job wall-

time, s 

(elapsed) 

Experimental 
[13] 

 149    

TPSSh 

def2-TZVP 166 1.880 11 282.54 

def2-QZVP 165 1.879 11 7161.15 

LANL2DZ 178 1.899 20 47.03 

LANL2TZF 

 

173 1.875 16 66.45 

cc-pVTZ-PP 186 1.854 25 1210.47 
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Table 4 . Comparison of bond dissociation energies (BDEs) and bond lengths for Cu-C in Cu-CO.  

Method Basis set BDE, 

(kJ/mol) 

BL 

(Å) 

Relative error 

BDE, % 

Relative error 

BL, % 

Job wall-time, s 

(elapsed) 

Experimental 
[14] 

 25(±5)     

      CCSD(T)  aug-cc-pVTZ-

PP 
 1.880                                    383730 

TPSSh 

def2-TZVP 13 1.910 -48 1.6 304 

def2-QZVP 14 1.904 -43 1.3 9141 

LANL2DZ 21 1.940 -16 3.2 83 

LANL2TZF 

 

17 1.905 -33 1.3 151 

cc-pVTZ-PP 17 1.877 -31 -0.2 1334 

 
 

Table 5. Comparison of ionization energies (IEs) and Zn-C bond lengths (BLs) for Zn-C in dimethylzinc (Me2Zn). 

Method Basis set IE, 

(eV) 

BL 

(Å) 

Relative 

error BE, % 

Relative 

error BL, % 

Experimental [15]  9.40 1.930   

TPSSh 

def2-TZVP 8.65 1.948 0.9 -8.0 

def2-QZVP 8.66 1.947 0.9 -7.8 

LANL2DZ 8.23 2.018 4.6 -12.4 

LANL2TZF 

 

8.11 2.022 4.8 -13.7 

cc-pVTZ-PP 8.61 1.937 0.4 -8.4 

 
Overall, we selected three suitable methods: 

 

• TPSSh/LANL2TZ(f) – rapid method with an acceptable accuracy 

• TPSSh/def2-TZVP – all electron method, which leads to reasonable results, what 
can be directly compared to previously reported data 

• TPSSh/cc-pVTZ-PP – method, involving relativistic effective core potential for 
accurate results, but with high computational time 

 
Based on the system of study and the desired accuracy, we can select the suitable one from this 
list. 
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3 Results 

Cluster structures for Cu4Zn 

The most stable cluster structures are depicted in Figure 1. The method (TPSSh/def2-TZVP) was chosen based 

on the structure reported previously, [7] as well as on our new computations. 

 

 
Figure 1. Most stable Cu4Zn cluster structures. Relative energies with respect to the putative global minimum. All the structures 

have singlet ground state singlets, except for the structure at the bottom-right, which is triplet. Method: TPSSh/def2-TZVP. 

The most stable structures have singlet ground states. The putative global minimum is planar and is a bond 

capped derivative of the lowest energy Cu3Zn isomer.[7] It must be noted, however, that several low-lying 

isomers exist, which imply the fluxional behaviour of the cluster. We plan to test this finding using 

experiments in the future. 

 

Due to the energetically quasi-degenerate isomers, it is important to investigate further the effect of the 

computational method on their energetic ordering. Thus, we tested several functionals (Figure 2) and basis 

sets (Figure 3). 

 

All the functionals and basis sets yield the same lowest energy structures, which confirms the putative global 

minimum geometry. On the other hand, there are slight differences in the relative energies of structures 2 

and 5. The energy differences are in the range of the accuracy of the method. 
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Figure 2.  Relative energies of the Cu4Zn cluster isomers (Fig. 1) compared to the lowest energy isomer. For all functionals def2-TZVP 
basis set was used. 

 

 
Figure 3. Relative energies for the low energy Cu4Zn cluster isomers (Fig. 1) for the different basis sets.  TPSSh functional was used 
for all basis sets. 

 

CO2 binding to Cu4Zn 

Previously our group investigated the CO2 activation mechanism using DFT computations on first row (3d) 

transition metal (X) doped Cu3X clusters.[7] It was found that early transition metal doping (Sc, Ti, V) can lead 

to submerged CO2 dissociation barriers, with the energy of the transition structures well below that of the 

reactants. Late transition metal dopants (Mn, Zn), on the other hand, yield significant barriers, but still lower 

than the activation barrier for CO2 dissociation on the pure Cu4 cluster. Most importantly, the reactions for 

these elements turned out to be nearly thermoneutral, indicating a possible catalytic activity.  

To examine the Cu4Zn reaction path, CO
2
 adsorption in different binding modes was systematically 

investigated on the most stable Cu4Zn metal cluster structure. The most stable adducts are shown on Figure 
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4, including a very stable structure with dissociated CO2.  The results depend slightly on the applied basis set 

(Figure 5), but the computations confirm the lowest energy structure. 

 
 

Figure 4. Relative energies of the cluster-CO2 structures with respect to the lowest energy structure. Method: TPSSh/def2-TZVP. 

 

 

Figure 5. Effect of the applied basis set on the relative energies of the Cu4Zn-CO2 adducts in different binding modes, compared to 
the lowest energy structure. Method: TPSSh. 

The reaction pathway was calculated by exploring the transition structures connecting the minima (binding 
modes). According to our computations (Figure 6) the CO2 dissociation reaction barriers significantly 
decrease for the larger clusters (Cu4Zn) in both reaction pathways, indicating that not only the doping but 
also the cluster size influences the catalyst activity. Further preliminary computations (Figure 7) have 
revealed some stabilization of the CO2 dissociation product in the case of [Cu3ZnCO2]+

 cationic cluster, with 
respect to the neutral cluster (but not for the [Cu3ZnCO2]-

 and [Cu4ZnCO2]- anionic clusters). Although the full 
reaction pathway with the barriers should be explored, it is already clear that not only the cluster size, but 
the charge affects the CO2 activation, thus these clusters are viable targets for experimental study. 

    
            

 

  

  

  

  

  

  

          

 

 

 

 

 

 

 

 

 



Marie Skłodowska-Curie Actions Grant Agreement n° 955650 

 

Page   10 / 12 

 
Figure 6.  Reaction pathway for the CO2 activation on Cu4Zn. Cu3Zn data taken from reference 7. Structures optimized at the 
TPSSh/def2-TZVP level of theory. 

 

Figure 7. Relative energies of the most stable [Cu3ZnCO2] adducts (CO2 dissociated) with respect to the initial CO2 adduct. Left: neutral. 
Right: cationic state. Method: TPSSh/def2-TZVP. 

Infrared spectra 

 

Bárbara Zamora Yusti will spend two months in the Fall of 2022 as an ITN secondee at the FELIX Laboratory 

(group of Dr. Joost Bakker). In this secondment, the clusters will be synthesized and will be reacted with 

carbon-dioxide. The formed species will be analyzed using IRMPD. This will allow the comparison of the 

computed and the measured infrared spectra to provide information about the progress of the reaction. 

Calculated spectra for the [Cu3Zn]+-CO2 adducts reveal a prominent peak at 2253 cm-1 (antisymmetric CO2 

stretching) for the molecularly and at 2057 cm-1 (CO stretching, Figure 8) for the dissociatively adsorbed CO2, 

respectively. Thus, the position of this band can be used to distinguish between these alternative structures, 

since the intense band at the high energy part of the spectrum (below 2100 cm-1) will be characteristic only 

for the structure with dissociated CO2. Furthermore, a characteristic feature of the structure with the 

molecularly bound CO2 is the 1260 cm-1 O-C-O bending vibration, while the structure with dissociated CO2 
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has no visible absorption in this region (Figure 8). Altogether, a careful comparison of the calculated spectra 

with the experimental data will provide important structural information. 

 

  

Figure 8. Calculated vibrational spectra for the [Cu3Zn]+ complex with molecularly (top) and dissociatively (bottom) adsorbed CO2. 
(Method: TPSSh/def2-TZVP with anharmonic scaling factor of 0.930). 

 

Cluster structures for Cu5Zn 

 

We continued with the investigation of larger cluster sizes. The lowest energy structures of Cu5Zn are 

depicted in Figure 9. 

 

 
Figure 9. Most stable Cu5Zn cluster structures optimized with def2-TZVP basis set and TPSSh functional. Relative energies with respect 
to the first structure. All structures shown are doblets. 
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4 Outputs 

 

 

• Online participation with the poster presentation “DFT-based investigation of structure and CO2 

adsorption on Cu4Zn clusters” in the workshop Cutting-Edge Homogeneous Catalysis (CEHC-2) (29-

31 March 2022)  

• Poster presentation “DFT-based investigation of structure and CO2 adsorption on Cu4Zn clusters” 

at the First Catchy School in Budapest, Hungary (19-21 April 2022).  

• Submission of the FELIX beam time proposal: CO2 activation on zinc dopped copper clusters. 

Proposers: Deepak Pradeep, Bárbara Zamora Yusti, László Nyulászi, Joost Bakker and Tibor Höltzl. 

May 2022. 
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