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II. COMPUTATIONAL SECTION 
II.1 Computational Methods  

The model system in the presence of one epoxide molecule was conformationally sampled to 
locate the most stable complex. The conformational sampling was carried out using Grimme’s 
CREST program,1,2 which used metadynamics (MTD) with genetic z-matrix crossing (GC) 
performed at the GFN2-xTB3–5 extended semiempirical tight-binding level of theory with opt= 
vtight option.  

The resulting GFN2-xTB optimized structures (12 in total) were further optimized, using 
Gaussian 16 rev. B.01 software,6 in the gas phase using the B3LYP hybrid functional7–10 with 
Grimme’s D3 dispersion correction with Becke-Johnson damping11 (hereafter denoted B3LYP-
D3BJ) and the def2-SVPD12,13 Karlsruhe-family basis set for Br atom and def2-SVP12,14 basis 
set for all other atoms (this mixed basis set is denoted BS1). The “D” in def2-SVPD basis set 
denotes diffuse functions which are important for the correct description of anionic electron 
distributions.15–17 Dispersion correction (D3BJ) has been added to correctly capture non-
covalent interactions.18–21 Minima and transition structures on the potential energy surface 
(PES) were confirmed as such by harmonic frequency analysis, showing respectively zero and 
one imaginary frequency.  

Gibbs energies were evaluated at the reaction temperature of 90 ºC, using Grimme’s scheme of 
quasi-RRHO treatment of vibrational entropies22, using the GoodVibes code23. Vibrationa l 
entropies of frequencies below 100 cm-1 were obtained according to a free rotor description, 
using a smooth damping function to interpolate between the two limiting descriptions.22  

The free energies reported in Gaussian from gas-phase optimization were further corrected 
using standard concentration of 1 mol/L,24 which were used in solvation calculations, instead 
of the gas-phase 1atm used by default in the Gaussian program.  

To improve on the accuracy of the corrected Gibbs energy profile, single point (SP) calculat ions 
on the gas phase B3LYP-D3BJ/BS1 optimized geometries were performed at B3LYP-D3BJ 
with def2-TZVPD12,13 basis set for Br atom and  def2-TZVP12,14 basis set for all other atoms 
(denoted BS2) in the implicit SMD continuum solvation model25 for ethanol solvent that was 
used experimentally, to account for the effect of solvent on the potential energy surface. The 
final corrected Gibbs energy SMD(ethanol)-B3LYP-D3BJ/BS2//B3LYP-D3BJ/BS1 is used for 
discussion throughout. All Gibbs energy values in the text and figures are quoted in kcal mol-1 . 

Non-covalent interactions (NCIs) were analyzed using NCIPLOT26 calculations. The .wfn files 
for NCIPLOT were generated at BS1 level of theory. NCI indices calculated with NCIPLOT 
were visualized at a gradient isosurface value of s = 0.5 au. These are colored according to the 
sign of the second eigenvalue (λ2) of the Laplacian of the density (∇2𝜌) over the range of –0.1 
(blue = attractive) to +0.1 (red = repulsive). Molecular orbitals are visualized using an 
isosurface value of 0.05 au throughout. All molecular structures and molecular orbitals were 
visualized using PyMOL software.27 

Geometries of all optimized structures (in .xyz format with their associated energy in Hartrees) 
are included in a separate folder named DFT_optimized_structures with an associated 
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readme.txt file. All these data have been deposited with this Supporting Information and 
uploaded to https://zenodo.org/records/10399395 (DOI: 10.5281/zenodo.10399395). 

II.2 Model reaction  

Scheme S1 shows the model reaction that we have used for the computational studies of 
reaction mechanism for ZIF catalyzed conversion of CO2 and epoxide to cyclic carbonate. 
Model catalyst M3 was used to represent the full catalyst Z3.  

 
Scheme S1. Model reaction used in the computational modelling studies. 

The DFT optimized structures for the model reaction is shown in Figure S7. The ring opening 
of Zn-coordinated epoxide by the bromide anion (TS1) has a much lower barrier than the ring 
opening of boronic acid coordinated epoxide (TS1ba and TS1baL). In TS1ba, the Zn is tri-
coordinated whereas in TS1baL, the tetrahedral coordination of Zn ion is fulfilled by 
coordinating an ethanol solvent molecule. TS1baL has a slightly lower barrier than TS1ba, 
however, both barriers are much higher than TS1. 
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Figure S7. DFT optimized structures for the model reaction shown in Scheme S1. Key distances are given in Å. 

 

II.3 Role of boronic acid groups 

To understand the role of boronic acid groups on the catalyst, we replaced the boronic acid 
group by the methyl group and the reaction is shown in Scheme S2.  

 
Scheme S2. Reaction where the boronic acid groups in the catalyst is replaced by methyl groups. 
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The full Gibbs energy profile for this model reaction is shown in Figure S8. Similar to the model 
reaction in Scheme S1, with the corresponding Gibbs energy profile in main text Figure 4, the 
ring closure step is the rate-determining step. This reaction gives an energetic span of 23.4 
kcal/mol, which is 5.0 kcal/mol higher than the energetic span of the model reaction (18.4 
kcal/mol, Figure 4, main text). This indicates that the boronic acid groups help with lowering 
the energetic span of the overall catalytic reaction. 

 

 

Figure S8. Gibbs energy profile for the reaction shown in Scheme S2. 

 

II.4 Model reaction based on catalyst Z1 

We focused on the turnover frequency (TOF)-determining intermediate (TDI), which is the Zn-
coordinated complex after CO2 addition (INT4z, Scheme S3), and the TOF-determining 
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transition state (TDTS), which is the ring closure step for the model reaction using catalyst Z1 
(TS3z, Scheme S3).  

This gives the energetic span of 19.4 kcal/mol, which is 1.0 kcal/mol higher than the energetic 
span calculated for the model reaction for catalyst Z3.  

 

 
Scheme S3. Model reaction based on catalyst Z1 and the key step for determining the energetic span. 

 

II.5 Molecular origins of contributions by boronic acid groups 

To further understand the molecular origins of the roles of the boronic acid groups, we 
performed the highest occupied molecular orbitals (HOMO) and non-covalent interact ions 
(NCI) analysis for the key TSs resulting from reactions in Schemes S1–3 (TS3, TS3’ and TS3z). 
The results are shown in Figure S9. 
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NCI plots 

  

 

 
Figure S9. DFT optimized structures , HOMOs and NCI plots  for the key TSs resulting from reactions in 
Schemes S1–3. Key distances are given in Å. 

 

II.6 Optimized structures and absolute energies, zero-point energies  

Geometries of all optimized structures (in .xyz format with their associated energy in Hartrees) 
are included in a separate folder named DFT_optimized_structures with an associated 
readme.txt file. All these data have been deposited and uploaded to 
https://zenodo.org/records/10399395 (DOI: 10.5281/zenodo.10399395). 

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy 
and quasi-harmonic Gibbs free energy (at 90 oC/363.15 K) for optimized structures are given 
below. Single point corrections in SMD ethanol using B3LYP-D3/BS2 level of theory are also 
included.  

Structure E/au ZPE/au H/au T.S/au qh-G/au 
SP B3LYP-
D3/BS2  

CO2 -188.44468 0.011776 -188.42837 0.026724 -188.455093 -188.6672 

epoxide  -192.97454 0.085035 -192.88226 0.036821 -192.919077 -193.2052 

cyclic_carbo
nate -381.4548 0.102874 -381.3421 0.044682 -381.386477 -381.9099 

dimer_sm_e
poxide -8803.658 0.576725 -8803.0186 0.170469 -8803.172421 -8806.657345 

https://zenodo.org/records/10399395
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dimer_sm_e
poxide_c2 -8803.658 0.576725 -8803.0186 0.170458 -8803.172417 -8806.657342 

dimer_sm_e
poxide_c3 -8803.6588 0.576931 -8803.0194 0.168919 -8803.172449 -8806.657071 

dimer_sm_e
poxide_c4 -8803.6588 0.576931 -8803.0194 0.168917 -8803.172448 -8806.65708 

dimer_sm_e
poxide_c5 -8803.6588 0.576932 -8803.0194 0.168915 -8803.172446 -8806.657075 

dimer_sm_e
poxide_c6 -8803.6588 0.576932 -8803.0194 0.168912 -8803.172445 -8806.657077 

dimer_sm_e
poxide_c7 -8803.6565 0.576853 -8803.0173 0.169754 -8803.170675 -8806.659842 

dimer_sm_e
poxide_c8 -8803.6525 0.576448 -8803.0132 0.171203 -8803.167401 -8806.653085 

dimer_sm_e
poxide_c9 -8803.6494 0.575706 -8803.0107 0.173077 -8803.165891 -8806.657583 

dimer_sm_e
poxide_c10 -8803.6494 0.575711 -8803.0107 0.173053 -8803.165877 -8806.657596 

dimer_sm_e
poxide_c11 -8803.6478 0.575914 -8803.0089 0.173903 -8803.164386 -8806.65798 

dimer_sm_e
poxide_c12 -8803.6434 0.575445 -8803.0048 0.17327 -8803.160201 -8806.655768 

INT1 -8803.6622 0.5767 -8803.0231 0.169633 -8803.176726 -8806.6519 

TS1 -8803.6341 0.575809 -8802.9966 0.167338 -8803.14824 -8806.6363 

INT2 -8803.6616 0.576871 -8803.023 0.167632 -8803.174706 -8806.6641 

INT3 -8992.1243 0.589972 -8991.4673 0.181392 -8991.630027 -8995.340613 

TS2 -8992.1212 0.590345 -8991.4653 0.176885 -8991.624904 -8995.336051 

INT4 -8992.1328 0.592595 -8991.4747 0.176807 -8991.634108 -8995.354331 

TS3 -8992.1077 0.592314 -8991.4508 0.173704 -8991.608047 -8995.326162 

INT5 -8992.134 0.594371 -8991.4744 0.178396 -8991.63412 -8995.355012 

INT1ba -8803.6349 0.576292 -8802.996 0.170084 -8803.149648 -8806.6402 

TS1ba -8803.5987 0.575491 -8802.9619 0.166795 -8803.113175 -8806.615906 

INT2ba -8803.6126 0.575122 -8802.9765 0.165189 -8803.126618 -8806.6338 

TS1baL -8958.5739 0.65744 -8957.8474 0.185301 -8958.014143 -8961.7657 
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z1_dimer_s
m_epoxide -8225.7528 0.533199 -8225.1679 0.149641 -8225.302092 -8228.092418 

z1_dimer_s
m_epoxide_c
2 -8225.7528 0.533199 -8225.1679 0.149626 -8225.302085 -8228.092418 

z1_dimer_s
m_epoxide_c
3 -8225.7528 0.5332 -8225.1679 0.149595 -8225.302072 -8228.092414 

z1_dimer_s
m_epoxide_c
4 -8225.7529 0.53324 -8225.1679 0.149665 -8225.3022 -8228.091866 

z1_dimer_s
m_epoxide_c
5 -8225.7529 0.533241 -8225.1679 0.14964 -8225.302186 -8228.091869 

z1_dimer_s
m_epoxide_c
6 -8225.7541 0.533611 -8225.169 0.147112 -8225.301938 -8228.092031 

z1_dimer_s
m_epoxide_c
7 -8225.7541 0.533613 -8225.169 0.147105 -8225.301932 -8228.09203 

z1_dimer_s
m_epoxide_c
8 -8225.7541 0.533613 -8225.169 0.147105 -8225.301933 -8228.092029 

z1_dimer_s
m_epoxide_c
9 -8225.7541 0.533614 -8225.169 0.147098 -8225.301928 -8228.092025 

z1_dimer_s
m_epoxide_c
10 -8225.7539 0.533692 -8225.1687 0.147045 -8225.301528 -8228.09215 

z1_dimer_s
m_epoxide_c
11 -8225.7543 0.533769 -8225.1691 0.146395 -8225.301668 -8228.091431 

z1_dimer_s
m_epoxide_c
12 -8225.7543 0.53377 -8225.1691 0.146377 -8225.30166 -8228.091426 

TS3z -8414.1955 0.548676 -8413.5924 0.159021 -8413.733581 -8416.7701 

INT4z -8414.2402 0.549631 -8413.6362 0.154154 -8413.775104 -8416.8042 

INT1' -8530.4349 0.580568 -8529.7959 0.1635 -8529.942166 -8533.0963 
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TS1' -8530.3995 0.578795 -8529.7625 0.168359 -8529.910639 -8533.071908 

INT2' -8530.4209 0.580148 -8529.7829 0.162717 -8529.928117 -8533.091036 

TS2' -8718.8835 0.593306 -8718.2282 0.17671 -8718.383768 -8721.766873 

INT4' -8718.8961 0.595715 -8718.2385 0.177131 -8718.39404 -8721.785948 

TS3' -8718.8683 0.595757 -8718.2119 0.167518 -8718.362147 -8721.752738 

INT5' -8718.9036 0.597667 -8718.2445 0.177341 -8718.39954 -8721.793926 
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