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1. Section S1 

1.1 Nomenclature Details of Sites 

1.1.1 FAU model 

The nomenclature for all sites available in FAU follows the International Zeolite Association 
(IZA) database.1 The following site classifications are used:  

Site Ia and Ib: Located within the sodalite cage. The two Al atoms are separated by one or two 

Si units within a six-membered ring (6MR).  

Site Ic: Located within two different six-membered rings of the sodalite cage on different 

planes. The two Al atoms are separated by two Si units.  

Site IIa and IIb: Contain two Al atoms distributed with one or two Si units in between within the 
six-membered ring of the sodalite cage window. These sites point toward the supercage or 

the exterior.  

Site III: Comprises two Al atoms distributed with one Si unit in between within the four-
membered ring (4MR) of the sodalite cage window, pointing toward the supercage. 

 

1.1.2 CHA model 
Tables S4, S7, and S8 summarise the adsorption properties of the different types of sites 

available in CHA. In CHA, three distinct ring environments exist: six-membered rings (6MR), 

eight-membered rings (8MR), and four-membered rings (4MR). Previous studies have shown 
that Al distributions associated with divalent cation binding in four-membered rings are 

unstable and experimentally unlikely.2,3 Accordingly, 4MR sites are not considered further in 
the present work. 

The nomenclature used to describe the remaining sites is as follows. Zn(6MR)Al(6MR-1) and 
Zn(6MR)Al(6MR-2) denote Zn2+ located in a six-membered ring, with the two Al atoms separated 

by one and two Si units, respectively, within six-membered rings. Zn(8MR)Al(8MR-1) and 
Zn(8MR)Al(8MR-3) refer to Zn located in eight-membered rings, with the two Al atoms separated 

by one and three Si units, respectively, within eight-membered rings of CHA. Zn(6MR)Al(8MR-2) 
denotes Zn located in a six-membered ring, with the two Al atoms separated by two Si units 

within an eight-membered ring. 

For H-CHA, the nomenclature for follows the same convention. H(6MR)Al(6MR-1) and H(6MR)Al(6MR-2) 
refer to Al distributions with one and two Si units in between within six-membered rings, 

respectively H(8MR)Al(8MR-1), H(8MR)Al(8MR-2), and H(8MR)Al(8MR-3) refer to Al separations of one, two, 
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and three Si units, respectively, within eight-membered rings. Similarly, for Zn(OH)+-CHA, 

Zn(OH)+(8MR)Al(8MR-1), Zn(OH)+(8MR)Al(8MR-2), and Zn(OH)+(8MR)Al(8MR-3) denote Al separations of 
one, two, and three Si units, respectively, within eight-membered rings. 

 
1.1 Cluster models 

For the QM:QM calculations, specific cluster models are employed, as illustrated in Figures 2, 

3, S1, and S2. Hydrogen terminations of O atoms with dangling bonds are set to a bond length 
of 0.953 Å.4 For FAU, hybrid calculations are carried out on cluster models representing site I 

and site II, as shown in Figure S1. For CHA, Figure S2 depicts the cluster extracted from the 
optimized periodic structure for the Zn(6MR)Al(6MR-2) configuration. In this cluster, dangling bonds 

of Si atoms are saturated with hydrogen atoms at a bond length of 1.455 Å.4 The cluster model 
for Zn-MOF-74 includes six Zn cations, five 2-oxidobenzoate anions, one phenolate anion, 

one formate anion, and six benzene rings, giving a total of 73 atoms. Dangling bonds in this 
cluster are saturated with hydrogen atoms using two different bond lengths: 1.09 Å for C atoms 

belonging to the benzene moieties and 0.953 Å for O atoms belonging to the formate and 

phenolate anions. 
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2. Section S2 

Table S1. Optimized cell parameters of different Zn-based zeolite models studied. 

Models Si/Al 
ratio 

a[Å] b[Å] c[Å] α[º] β[º] γ[º] 

Zn-FAU 23 17.33 17.33 17.39 59.78 60.11 59.98 
Zn-CHA 17 13.76 13.76 14.92 90.14 89.97 120.12 

 

 

Table S2. Relative energies between different Zn2+ binding sites (Esite) in kJ mol−1 for Zn-FAU 
with a Si/Al ratio of 23, as obtained with PBE+D2 and PBE+D4.  

Zn sites Esite 

PBE+D2 PBE+D4 
Ia 5.7 8.9 

Ib 54.8 63.9 

Ic 116.4 110.2 
IIa 0 0 

IIb 3.5 4.7 
III 134.6 127.9 

 

 

Table S3. Relative energies between different Li+ binding sites (Esite) in kJ mol−1 for the Li-FAU 
with a Si/Al ratio of 47, as obtained with PBE+D2 and PBE+D4. 

Li sites Esite 

PBE+D2 PBE+D4 
I 0.4 2.3 

II 0 0 
III 43.6 26.8 
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Table S4. Relative energies between different Zn2+ binding sites (Esite) in kJ mol−1 for Zn-CHA, 

with a Si/Al ratio of 17, as obtained with PBE+D4. Also shown are non-scaled stretching 
frequencies of T−O−T vibrations in cm−1. The frequencies in bold and parentheses are 

experimental values.5 
 

Zn sites Esite υT−O−T 

 

PBE+D4  
Zn(6MR)Al(6MR−1) 10 837 

Zn(6MR)Al(6MR−2) 0 850 (902) 

Zn(8MR)Al(8MR−1) 84 845 
Zn(6MR)Al(8MR−2) 1 916 (950) 

Zn(8MR)Al(8MR−3) 76 900 

 

 

Table S5. Calculated adsorption energies (Ead), and enthalpies (Had) at 298 K for CO2 and H2 

adsorption in Zn-FAU (Si/Al = 23), obtained using PBE+D2. Also reported are zero-point 
energy corrections (ΔEZPE), thermal contributions (ΔEtherm), entropy contributions (−TΔSad), 

and relative Gibbs free energies (Gad), all in kJ mol−1, at a pressure of 0.1 MPa. The energies 
in parentheses include high-level corrections using MP2:PBE+D2.  

 

  

 Ead ΔEtherm ΔEZPV Had −TΔSad Gad 

CO2       
Ia −54 (−57) 1  6 −47 (−50) 37 −10 

IIa −48 1 6 −41 42 −1 

III −79 (−85) 0  6 −73 (−79) 46  −28 
H2       

Ia −19 (−12) −2 5 −16 (−9) 18 3 
IIa −21 −3 7 −17 24 7 

III −45 (−40) −7 10 −42 (−37) 27 15 
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Table S6. Adsorption energies (Ead), and enthalpies (Had) at 298 K for CO2 and H2 adsorption 

in Li-FAU (Si/Al = 23), obtained using PBE+D2/D4. Also reported are zero-point energy 
corrections (ΔEZPE), thermal contributions (ΔEtherm), entropy contributions (−TΔSad), and 

relative Gibbs free energies (Gad), all in kJ mol−1, at a pressure of 0.1 MPa.  

 

PBE+D2 

 Ead ΔEtherm ΔEZPV Had −TΔSad Gad 

CO2       

I −59.4 0.8 6.1 −52.5 42 −10.5 

II −46.5 0.8 6.3 −39.4 37.3 −2.1 

III −55.8 1.4 5.5 −48.9 35.9 −13.0 

H2       

I −10.5 −10.8 14.6 −6.7 33.2 26.5 

II −23.1 −4 11.2 −15.9 22.9 7.0 

III −28.4 −4.4 11.9 −20.9 24.7 3.8 

PBE+D4 

 Ead ΔEtherm ΔEZPV Had −TΔSad Gad 

CO2       

I −65.7 0.5 6.3 −58.9 42.2 −16.7 

II −45.2 −1.5 6.2 −40.5 45.9 5.4 

III −53.2 1.0 6.5 −45.7 39.6 −6.1 

H2       

I −7.5 −9.8 13.1 −4.2 34.1 29.9 

II −15.0 −2.3 6.9 −10.4 19.2 8.8 

III −16.3 −2.9 8.1 −11.1 19.6 8.5 
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Figure S1. Cluster models as taken from the periodic optimized structure of Zn-FAU for 

MP2:PBE+D2 and MP2:PBE+D4 single-point calculations for site I and site II. Color code: 
silicon- yellow, aluminum- green, oxygen- red, zinc- blue, and hydrogen- white 

 

 

 

Figure S2. Cluster models from the periodic optimized structure of Zn-CHA for MP2:PBE+D4 
single-point calculations. Color code: silicon- yellow, aluminum- green, oxygen- red, zinc- blue, 

and hydrogen- white 
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Scaling Procedure 

The scaling factor F is determined following ref. 6. The original approach was subsequently 
adapted for IR-active vibrations of C=O double bonds.7 The scaling is introduced to correct for 

systematic errors arising from both the electronic structure method and the harmonic 

approximation used to compute vibrational frequencies. Specifically, the scaling factor is 
defined as the ratio between the experimentally observed asymmetric stretching frequency of 

gas-phase CO2, 𝜐!"#,%&
'() = 2350	𝑐𝑚*+,8 and the corresponding harmonic frequency calculated 

at the PBE+D4 level, 𝜐!"#,%&
,-.) . By applying this factor to CO2 adsorbed in the materials, the 

calculated vibrational frequencies are corrected under the assumption that these systematic 

errors are similar for the same vibrational mode of the same type of bond. This procedure 
therefore improves agreement with experimental observations without fitting the frequencies 

to the specific adsorption environment. 

𝐹 = 	 /!"#,%&	
()*

/!"#,%&	
+,-*  

 

Table S7. Relative energies between different Zn(OH)+ binding sites (Esite), adsorption 

energies (Ead), and enthalpies (Had) at 298 K for CO₂ and H₂ adsorption in Zn(OH)+-CHA (Si/Al 
= 17), obtained using PBE+D4. Also reported are zero-point energy corrections (ΔEZPE), 

thermal contributions (ΔEtherm), entropy contributions (−TΔSad), and relative Gibbs free 
energies (Gad), all in kJ mol⁻¹, at a pressure of 0.1 MPa. PBE+D4 quality wavenumbers for 

O−H of Zn(OH)+ and adsorbed CO2 stretching vibrations (νCO2) in cm−1. The energy in bold 
includes an experimental value. The scaling factor is calculated as derived according to a 

procedure explained above, following Sauer et al. 6 

 

CO2 Esite Ead ΔEtherm ΔEZPV Had −TΔSad Gad υZnOH υOHsc υCO2 

 

Zn(OH)+(8MR)

Al(8MR-1) 
30.4 −40.7 −3.1 4.9 −39.1 35.1 −4 3644 3610 2341[a] 

Zn(OH)+(8MR)

Al(8MR-2) 
0 −42.9 −6.0 5.2 −43.7 38.1 −5.6 3675 

3665 
3556 2344[a] 

Zn(OH)+(8MR)

Al(8MR-3) 
9.3 −37.4 −4.4 3.7 −38.1 34.0 −4.1 3648 3638 2346[a] 

 [a] scaling factor =0.9928, scaling factor for OH frequency = 0.9876  
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Table S8. Relative energies between different proton binding sites (Esite), adsorption energies 

(Ead), and enthalpies (Had) at 298 K for CO₂ and H₂ adsorption in H-CHA (Si/Al = 17), obtained 
using PBE+D4. Also reported are zero-point energy corrections (ΔEZPE), thermal contributions 

(ΔEtherm), entropy contributions (−TΔSad), and relative Gibbs free energies (Gad), all in kJ mol⁻¹, 
at a pressure of 0.1 MPa. Scaled PBE+D4 quality wavenumbers for adsorbed CO2 stretching 

vibrations (νCO2) in cm−1.  

 

[a] scaling factor =0.9928, scaling factor for OH frequency = 0.9876 

CO2 Esite Ead ΔEtherm ΔEZPV Had −TΔSad Gad υCO2 

 

H(6MR)Al(6MR-1) 0 −43.8 −0.6 6.6 −37.8 41.5 3.7 2348[a] 
H(6MR)Al(6MR-2) 2.2 −41.5 0.3 6.4 −34.8 36.8 2.0 2350[a] 

H(8MR)Al(8MR-1) 11.9 −12.2 −0.9 5.6 −7.5 39.6 32.1 2356[a] 

H(8MR)Al(8MR-2) 1.7 −52.8 −1.4 6.9 −47.3 41.7 −5.6 2354[a] 
H(8MR)Al(8MR-3) 6.9 −22.9 −1.0 7.6 −16.3 32.8 16.5 2350[a] 
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