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Section S1. Details of DFT Calculations 

Density functional theory (DFT) methods were employed to probe the 

interaction between Co(II) and MIIP. In this work, the hybrid B3LYP functional,1 

as implemented in Gaussian 09 package,2 was used to perform the DFT 

calculations, together with Grimme’s D3 correction with Becke-Johnson 

damping function.3 The cobalt atom was described using Stuttgart fully 

relativistic effective core potentials (RECPs) and the associated optimized basis 

sets.4 The small-core RECPs replaced 10 core electrons in cobalt while the 

corresponding valence basis set represented the remaining 17 electrons. The 

nonmetallic atoms including H, C, N, and O were treated using two combined 

basis sets: one with the 6-31+G(d) basis set for geometry optimization and 

frequency calculations, and another one with the larger basis set 6-311++G(d,p) 

to refine energies.5 Frequency calculations were performed on all optimized 

stationary points to identify the nature as minima and provide thermodynamic 

quantities, such as energy (E) and Gibbs free energy (G). The solvent effect of 

water was taken into account using the polarizable continuum model (PCM).6 

The Wiberg bond indices (WBIs) were obtained using natural bond orbital 

(NBO) analysis.7 
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Section S2. N2 Sorption-Desorption Isotherms 

 

 

Figure S1. N2 sorption-desorption isotherms of UiO-66-NH2, MIIP, and MNIP. 
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Section S3. EDS Spectra 

 

 

Figure S2. EDS spectra of MIIP and MNIP. 

  

Element Mass % Atom %

C 50.93 68.30 

N 9.01 10.37

O 17.17 17.29

Zr 22.89 4.04

Total 100.00 100.00

Element Mass % Atom %

C 45.14 62.76 

N 8.83 10.52

O 21.25 22.18

Zr 24.77 4.54

Total 100.00 100.00

MIIP

MNIP
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Section S4. Zeta Potentials 

 

 

Figure S3. Zeta potentials of MIIP and MNIP as a function of pH. 
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Section S5. Sorption Kinetics 

The pseudo-first-order (Equation S1), the pseudo-second-order (Equation 

S2), and the intra-particle diffusion model (Equation S3) are shown below.8 

1ln( ) lne t eq q q k t− = −           (S1) 

2
2

1

t ee

t t

q qk q
= +                 (S2) 

 𝑞𝑡 = 𝑘𝑖𝑛𝑡𝑡0.5 + 𝐶              (S3) 

where qe (mg∙g-1) and qt (mg∙g-1) are the amounts of metal ions adsorbed at 

equilibrium and at time t (min), respectively. k1 (min-1), k2 (g∙mg-1∙min-1), and kint 

are the kinetic rate constants for pseudo-first-order, second-order models, and 

intra-particle diffusion rate constants, respectively. C (mg∙g-1) is the constant 

proportional to the boundary later thickness. 
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Figure S4. The pseudo-first-order kinetic model fitted curves. 
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Figure S5. The pseudo-second-order kinetic model fitted curves. 

 

 

Figure S6. The intra-particle diffusion model fitted curves. 
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Section S6. Sorption Thermodynamics 

The thermodynamic parameters including the changes of enthalpy (ΔH0), 

entropy (ΔS0), and Gibbs free energy (ΔG0) were calculated using the following 

equations. 

0 0Δ Δ
ln －=d

S H
K

R RT
           (S4) 

0 0 0Δ Δ ΔG H T S= −             (S5) 

where T (K) is the absolute temperature and R (8.314 J∙mol-1∙K-1) is the ideal gas 

constant. The values of △H0 (standard enthalpy change) and △S0 (standard 

entropy change) were calculated from the slope and intercept of the linear 

regression of ln Kd vs 1/T. 

 

 

Figure S7. Relationship curves between lnKd and 1000/T. 
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Section S7. Sorption Isotherms 

The Langmuir model (Equation S6) and Freundlich model (Equation S7) 

can be described as follows. 

1e e

e m m L

c c

q q q K
= +                (S6) 

1
ln ln ln ce F eq K

n
= +             (S7) 

where qm (mg∙g-1) is the maximum sorption capacity, and KL (L∙mg-1) is the 

Langmuir sorption equilibrium constant. ce (mg∙L-1) and qe (mg∙g-1) are the 

concentration of the adsorbate in the equilibrated solution and the amount of 

the adsorbate adsorbed on the sorbent, respectively. KF (mg∙g-1(L∙mg)1/n) is the 

Freundlich constant that indicates the sorption capacity, and n is an empirical 

parameter related to the intensity of sorption. 
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Section S8. Selectivity and Reusability 

 

 

Figure S8. XRD of MIIP after 5 cycles. 

Table S1. The N2 sorption-desorption data of UiO-66-NH2, MIIP, and MNIP. 

Samples Surface area (m2∙g-1) Pore diameter (nm) Pore volume (cc∙g-1) 

MIIP 672.8 3.7 0.28 

MIIP after 5 cycles 660.2 3.7 0.28 

 

  

10 20 30 40 50 60

In
te

n
si

ty
 (

a
.u

.)

2 Theta (degree)

MIIP

 MIIP after 5 cycles



S12 

Section S9. Bond Length and WBIs from DFT Calculations 

Table S2. Bond length (R, Å) and Wiberg bond indices (WBIs) of Co–Ow and Co–NVP bonds 

in the Co(II)–VP complexes. The Ow represents the oxygen atoms of water and NVP 

represents the nitrogen atoms of the ligand VP. The averaged value is in blue. 

Species Co–Ow Co–NVP 

R (Å) WBIs R (Å) WBIs 

Co(H2O)62+ 2.113 0.080   

 2.115 0.079   

 2.115 0.079   

 2.113 0.080   

 2.118 0.079   

 2.118 0.079   

 2.115 0.079   

CoVP(H2O)52+ 2.123 0.080 2.208 0.111 

 2.121 0.081   

 2.140 0.077   

 2.137 0.078   

 2.148 0.074   

 2.134 0.078   

Co(VP)2(H2O)42+ 2.159 0.076 2.116 0.103 

 2.151 0.078 2.116 0.103 

 2.151 0.078 2.116 0.103 

 2.159 0.076   

 2.155 0.077   

Co(VP)3(H2O)32+ 2.205 0.072 2.139 0.100 

 2.194 0.072 2.124 0.103 

 2.155 0.080 2.112 0.108 

 2.185 0.075 2.125 0.104 

Co(VP)4(H2O)22+ 2.114 0.088 2.202 0.097 

 2.114 0.088 2.202 0.097 

 2.114 0.088 2.182 0.095 

   2.182 0.095 

   2.192 0.096 

Co(VP)5H2O2+ 2.240 0.067 2.207 0.092 

   2.168 0.093 

   2.173 0.095 

   2.173 0.094 

   2.176 0.098 

   2.179 0.094 

Co(VP)62+   2.239 0.082 

   2.240 0.082 

   2.234 0.082 

   2.234 0.082 

   2.234 0.082 

   2.234 0.082 

   2.236 0.082 
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