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Abstract: Maximizing the utilization of CO2 through mimicking its activation by nature to form H2CO3 is 

considered and tested. The active site present in the carbonic anhydrase was chosen as the model and various 

electron releasing and withdrawing substituents were introduced in the imidazole rings to alter the activity 

of the enzyme model. To compare their activities, the mechanistic pathway was probed for the pure and 

substituted models employing DFT/B3LYP level of theory. Optimization was performed on structures and 

the computed energies were used for elucidating the mechanistic pathway. The study reveals that the 

designed active site model that mimics the nature’s process, yields results similar to those observed in nature. 

The study will help the process of capturing and activation of CO2 effectively to form H2CO3. 
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1. Introduction 

In the recent years, among the various attractive 

fields of research, utilization of CO2 draws more 

attention due to immense possibility of various 

products formation [1, 2]. Further, from the point of 

view of environmental concern, it is the right time 

to mitigate this global warming greenhouse gas [3]. 

In order to achieve this, numerous efforts have been 

undertaken though there is no such process with 

considerable efficiency. 

When nature is looked upon for a solution, it is 

quite interesting that the enzyme carbonic 

anhydrase reversibly fixes the CO2 into bicarbonate 

[4, 5]. This activity is mainly attributed to the 

specific active site of the enzyme which is made up 
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of Zn(II) ion surrounded by three histidine units and 

one water molecule.  In reality, the handling of 

these enzymes at ordinary conditions is difficult. 

Furthermore, it is not possible to directly use the 

enzyme as a catalyst for a prolonged time in a 

reaction.  

To overcome hurdles, in handling enzymes, 

researchers are trying to make the active site 

containing inorganic complex molecules which is 

capable of mimicking the catalytic role of an 

enzyme. These kinds of studies are providing an 

opportunity to mimic the natural process at the 

laboratory level [6-8].  Recently, metal organic 

frame works and transition metal surfaces, 

exhibited prominent activity towards carbonic acid 
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formation reaction [9, 10]. This study prompted the 

evaluation of such activity by the metal in the 

enzyme model. In general metals can convert CO2 

to CH4, CO, HCOOH, CH3OH, etc. It is desirable 

to elucidate a new path which can help to transform 

CO2 into other value added products to a 

considerable extent. There are certain metal 

complexes which effectively catalyze the CO2 

transformation reactions [11-13]. These 

conclusions revealed that CO2 could be transformed 

into various products on carbonic anhydrase. 

Furthermore, zeolitic imidazole framework (ZIFs) 

systems, having coordinatively unsaturated metal 

sites at the end of the corners or surfaces, behave as 

photocatalysts [14-16] in CO2 transformation. The 

above study suggests the view that ZIFs can 

effectively support the transformation of CO2. 

To achieve effective conversion of CO2 into 

H2CO3, the active site of the enzyme model was 

considered. Further, effect of various electron 

releasing and withdrawing groups was also studied. 

All these evaluations were carried out using 

quantum mechanical methods at DFT/B3LYP 

level.  

 

2. Computational Methods 

Geometry optimization and other energy related 

calculations were performed using Hybrid density 

functional of B3LYP level of theory. Core electrons 

in the Zn atom were treated at LANL2DZ level of 

basis set. Basis set of 6-31g(d) was used for the 

electrons in all other elements such as C, O, N and 

H. After initial geometry optimization, stability was 

further evaluated by calculating the single point 

energy along with vibrational frequency 

calculations to find out whether the obtained 

configurations were in stationary or 

transition/intermediate states. The interaction 

between the model and the reactant were evaluated 

by calculating the binding energy between them. 

Binding energy (BE), is given by BE =Emodel+reactant-

Emodel-Ereactant, where, Emodel+reactant, Emodel and Ereactant 

are the zero point energy corrected total electronic 

energy of the model with reactant, pure model and 

the reactant respectively. The reaction pathway was 

estimated through determination of the relative 

Gibbs free energy,  G=Gproducts-Greactants, where, 

Gproducts and Greactants are the zero-point energy 

corrected Gibbs free energy of the products and 

reactants respectively at 1 atm pressure and a 

temperature of 298.15 K. All the electronic 

structure calculations were carried out using 

Gaussian 09 software package [17]. 

 

3. Results and Discussion 

Active site model 

Careful analysis of the carbonic anhydrase 

enzyme reveals that its active site consists of a Zn2+ 

ion which is surrounded by three histidine 

(substituted imidazole) units and a water molecule 

to satisfy the valencies of the tetrahedral geometry 

(Fig.1.a). The active site of the model under study 

was slightly modified from the original structure in 

that the histidine unit consists of imidazole and a 

substituent. In the considered model, the substituent 

of the imidazole unit was replaced by methyl group. 

Two-dimensional representation of the modified 

model is shown in Fig.1. and the schematic 

representation of the activity of the enzyme is 

represented in Fig.2.

 

 

    
(a)                                            (b)                                                   (c) 

Fig. 1. Active site of carbonic anhydrase (a) actual site in enzyme (b) 2-D representation of the 

model and (c) ball and bond type representation.
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Fig. 2. Schematic representation of the activity of the enzyme in the transformation of CO2 to H2CO3 

 

The structural parameters of the constructed 

model are presented in Table 1. The values in the 

tables closely resemble with those found in earlier 

report [18]. Hence, the present study mainly 

concentrates on elucidating the nature of CO2 

interaction rather than the structural aspects.   

 

Adsorption of CO2 on model active site 

Prior to the study on the mechanistic pathway of 

CO2 transformation, initial assessment of the 

interaction between CO2 & H2O and the active site 

were evaluated, since, in carbonic anhydrase, all the 

events take place at the site containing H2O. This is 

done with a view to provide clear insight into how 

the CO2 gets adsorbed and activated. The possible 

interaction modes of CO2 on the active site are as 

shown in Fig.3.   

 

 

 

 

 

 

Table 1. Selected structural parameters of the 

active site model 

Bond length  (Å) Bond angle (°) 

Zn-O 2.13 O-H-O 106.89 

Zn-N1 2.06 O-Zn-N1 100.94 

Zn-N2 2.05 O-Zn-N2 103.40 

Zn-N3 2.05 O-Zn-N3 107.82 

O-Ha 0.97   

O-Hb 0.97   

   

 
Fig. 3. Possible interaction modes of CO2 with 

H2O in the active site of the chosen model 
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(a)                                           (b)                                       (c) 

Fig. 4. The optimized configurations of the CO2 interaction modes 

 

During the interaction, three different ways of 

adsorption are possible for CO2 with H2O that are 

presented in Fig.3(a-c). They are: (a) C of CO2 

interacting with O of H2O, (b) C of CO2 orient 

towards H of H2O and (c) O of CO2 approaches 

towards H of H2O. These possible interaction 

modes were initially subjected to geometry 

optimization, the resultant configurations of which 

are presented in Fig.4(a-c). From the figure it is 

clear that, the configurations of CO2 in all the 

modes finally retain the linear shape rather than to 

expected new shape which is evident from the angle 

of 179.5° for CO2. The structural parameters and the 

binding energy of these configurations are listed in 

Table 2. Further, the CO2 interacts in all the modes 

in a similar way through O of CO2 with H of H2O 

at a distance of 1.85 Å. Although, the angle of O-

--H-O is 177.44° which is closer to 180° supports 

the existence of hydrogen bonding.  

 

Deprotonation of H2O 

The carbonic anhydrase reaction pathway is 

initiated by the removal of H+ form H2O via 

deprotonation step. Although, pure carbonic 

anhydrase itself is ready to loose H+, the result of 

model-CO2 interaction reveals that one of the 

oxygens of CO2 interacts with the H of H2O to 

increase the reactivity of the H+ in comparison to 

the pure model. Hence, the proton removed during 

the deprotonation, may also directly migrate to the 

O of CO2 to form COOH species. In order to verify 

this possibility, the COOH species was located at 

the point where the CO2 was held physically. On 

optimization, the proton of COOH was found to 

migrate to OH forming H2O and physisorbed CO2 

leading to a structure similar to that obtained in the 

interaction studies (Fig.4(a)). This result proves 

that, even though CO2 may approach H2O, it won’t 

take up H+. Hence, it is essential to elucidate the 

most favorable route for the deprotonation step. 

Thus, the deprotonation was carried out (i) in the 

absence of CO2   and (ii) in presence of CO2. For 

both the reactions, the calculated Gibbs free 

energies were arrived at as -8.02 eV and -7.72 eV 

respectively. The data reveal that the deprotonation 

is more favorable in the absence of CO2, than in the 

presence of CO2. Furthermore, the negative sign 

with higher values suggests that the deprotonation 

is a spontaneous step. As CO2 reduces the space 

available for depronation the free energy decreases 

in the presence of CO2. Hence, it may be concluded 

that the deprotonation step is an independent step.

 

 

Table 2.   Binding energy (eV) and structural parameters of the CO2 and H2O 

Optimized 

configurations 

Binding 

Energy 

aH-O 

(Å) 

bH-O 

(Å) 

H-O-H 

(°) 

aO-C 

(Å) 

bO-C 

(Å) 

O-C-O 

(°) 

aO---Ha 

(Å) 

a -0.29 0.97 0.97 107.42 1.18 1.16 179.48 1.87 

b -0.29 0.98 0.97 106.98 1.18 1.16 179.58 1.85 

c -0.31 0.98 0.97 107.02 1.17 1.15 179.59 1.84 
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Interaction of CO2 with OH  

In general, the CO2 directly interacts with OH- 

to form HCO3
- species in the five-coordinated zinc 

environment of the carbonic anhydrase. To verify 

this, the CO2 was placed on OH- via physisorption 

and chemisorption modes and then was allowed for 

relaxation. The result obtained indicates that, 

configuration of CO2 in both the modes gets 

changed and both the final configurations are the 

same which are presented in Fig.5.   The distance 

between the CO2 and OH indicates that CO2 is held 

by physical adsorption which is further supported 

by the binding energy value of -0.02 eV.  

 
Fig. 5. Optimized structure of CO2 with 

deprotanated active site 

The active site in the actual enzyme is 

surrounded by other amino acids and peptide 

linkages that may facilitate the unusual 

coordination environment for the reported 

mechanism. Here, the chosen model does not 

include the extra environmental interactions. 

Further, this reactivity is totally different from the 

proposed usual enzyme activity. However, this 

study would provide guidelines for the designing of 

new catalysts to mimic nature’s role in CO2 

transformation.  

 

Adsorption of COOH 

The dissociated proton, which is present in the 

medium would be easily added to the CO2 to form 

(COOH)+ species which then interacts with the OH- 

site in the enzyme model to form H2CO3 species. It 

is interesting to note that in the case of real enzyme, 

H2CO3 is formed by the desorption of HCO3
- from 

the active site which further reacts with the H+ 

available in the environment. The H2CO3 formed 

from the model active site was allowed for energy 

minimization and the resultant configuration is 

presented in Fig.6. The distance of Zn-O was found 

to be 2.32 Å, which is 0.19 Å higher than that in the 

pure model. Furthermore, the H2CO3 unit does not 

move far away; but still it is interacting with the 

active site. This interaction was further probed with 

the help of binding energies. The value of -0.39 eV 

is obtained as binding energy for the above 

interaction. This energy reveals that the molecule is 

held on to the active site through physical 

adsorption. Now, it is essential to analyze whether 

water will be able to replace H2CO3 or not. In order 

to achieve this, the binding energy of H2O was 

calculated and the value was -1.31 eV. The binding 

energy indicates that, H2O can easily replace the 

physisorbed H2CO3 from the active site.  

 
Fig. 6. Optimized structure of H2CO3 with the 

active site 

  

Effect of Substituents in the activity of the 

Enzyme model 

a) Gibbs free energy of formation 

As seen from the earlier results, the model 

mimics the active site activity. 

 
Fig. 7. 2-D Representation of the active site 

with the various possible substitution sites.
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The imidazole moiety was substituted with 

different R1, R2 and R3 to predict the possible 

change of the activity of the active site. In general, 

the activity of any molecule can be easily altered by 

substituting H of the imidazole by electron 

releasing and withdrawing groups.  The 

substituents introduced and their complex 

formation energies are presented in Table 3. While 

R=Me and Et, they are electron releasing groups 

and hence release electrons towards the ring.  

In turn, the electron density of ligating ‘N’ of 

imidazole increases, thus stability of the complexes 

increases. Where R=NO2, the electron withdrawing 

nature of NO2 depletes electron to make the 

nitrogen less basic. Hence the complexes formation 

energy slightly decreases as compared to that of 

electron releasing groups. NO2 in position of R2 

makes the steric hindrance without H-bonding, 

whereas, when it is in R3, it leads to steric hindrance 

though H-bonding with H of H2O may increase the 

stability of the complex. Hence, NO2 at R3 position 

is more stable than R2. In the case of halogens, 

electronegativity plays important role, though the 

size makes the electron repulsion caucuses the 

mesomeric effect. This leads to the increase in 

formation energies in the order, F>Cl>Br. On N-X, 

resonance effect decreases due to larger & smaller 

orbital overlap. So, electron density on nitrogen 

increases. Hence, ligation tendency increases.  

While comparing the formation energies in N-NO2 

and N-NO, the N-NO has less energy than N-NO2. 

This is due to the fact that N-NO has resonance 

stabilization than N-NO2, and hence the electrons 

are not readily available for the effective bonding.  

Fig. 7. Shows the 2D representation of the active 

site along with the positions of substituents. The 

electron releasing groups chosen were CH3- and 

CH3CH2- and electron withdrawing substituents F, 

Cl, Br, NO2 and NO groups were considered. Once 

the substituents were introduced, their 

thermodynamic Gibbs free energy of formation 

were calculated which are presented in Table 3. 

The Gibbs free energies of formation of the 

substituted models reveal that all the model sites are 

thermodynamically favorable and are spontaneous 

in nature except for the model-19.  Since, it has 

three bigger sized bromine atoms which are present 

together, the available space in the active site is less 

due to steric hindrance causing the formation 

energy as endothermic. 

 

b) Gibbs free energy of deprotonation 

The substituent effect on the enzyme model is 

evaluated by means of predicting the Gibbs free 

energy of deprotonation step and the second step of 

the interaction between the CO2 and OH- species as 

these two steps, at the initial stage control the whole 

of the mechanistic pathway. Hence, Gibbs free 

energies of the deprotonation have been calculated 

and are presented in Table 4. All the values have 

negative sign indicating that the process is 

thermodynamically feasible.  While comparing the 

deprotonation of substituted models with that of the 

pure model, most of the models return slightly 

higher Gibbs free energy than that the pure model. 

c) Interaction of CO2 with OH- 

The interaction of CO2 with the formed OH- 

species was then evaluated. Here, the CO2 is 

interacting with the modified models which are 

similar to the interaction in the pure model. On 

energy minimization, the calculated binding energy 

between the model and CO2 is presented in Table 4.  

It is quite interesting to see that the values indicate 

that all the models can up take CO2 with negative 

binding energies. Furthermore, the values are 

almost in the same range except for models 1, 9, 13, 

18 & 19. Thus, the CO2 is held physically as 

observed in the pure model. However, the models, 

1, 9, 13, 18 &19 appear to have higher binding 

energies compare to other models and hence CO2 is 

strongly chemisorbed in them. The chemisorption 

modes of adsorption of CO2 on models 1, 9 & 13 

are shown in Fig. 8.
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Table 3. Various substituents of the model and their Gibbs free energy of formation 

S.No 

(model) Substituents 

G 

(eV) 

A B C  

 R1 R2 R3 R1 R2 R3 R1 R2 R3  

1 CH3 H H H H H H H H -21.50 

2 H H H CH3 H H CH3 H H -21.64 

3 H H H H H H H H H -21.78 

4 ethyl H H H H H H H H -21.60 

5 H H H ethyl H H H H H -21.74 

6 H H H H H H ethyl H H -21.96 

7 ethyl H H H H H ethyl H H -21.78 

8 ethyl H H H H H CH3 H H -21.72 

9 ethyl H H CH3 H H H H H -21.71 

10 ethyl H H ethyl H H H H H -21.76 

11 H F H H H H H H H -21.08 

12 H H H H F H H H H -21.02 

13 H H H H H H H F H -21.05 

14 H F H H F H H F H -20.33 

15 H F H H F H H H H -20.71 

16 H F H H H H H F H -20.71 

17 H H H H F H H F H -20.73 

18 H Cl H H Cl H H Cl H -18.97 

19 H Br H H Br H H Br H 6.523 

20 H H F H H F H H F -21.47 

21 H H Cl H H Cl H H Cl -21.07 

22 H H NO2 H H NO2 H H NO2 -19.51 

23 H NO2 H H NO2 H H NO2 H -17.11 

24 F H H F H H F H H -76.55 

25 Cl H H Cl H H Cl H H -75.37 

26 Br H H Br H H Br H H -74.76 

27 NO H H NO H H NO H H -12.53 

 

  

 
        a                                         b                                                   c 

Fig.8. Optimized configuration of the CO2 interaction with OH in various models a=model-1, 

b=model-9 and c=model-13 
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A close scrutiny of Fig. 8(a) shows that CO2 

interacts with the H on the OH in the model that 

migrates to the O of CO2 to form HCO3
- leading to 

a new coordination mode with Zn atom, mono-

dentate in model 1 and bridge bi-dentate in models 

9 & 13 respectively. This directly reflects in the 

binding energies. Model-1 has lower binding 

energy than model-13 and model-9. The Zn-O bond 

length in model-1 is 1.95 Å, and the average Zn-O 

bond length in model-9 and model-13 are 2.19 Å 

and 2.16 Å respectively. The order of stability of 

the HCO3
- on these models is: 1<13<9. Although, 

the models 13 and 9 have similar type of 

coordination modes resembling that observed in 

pure model, with the small exception being that the 

H is on any one of the coordinated oxygens ie., on 

the free O of HCO3
-. Hence, it is presumed that the 

newly obtained configurations may direct the 

reaction differently. Thus, the following 

mechanism is proposed in which after the 

interaction of CO2 with OH-
, the HCO3

- formed will 

be further taking up one H+ to form *OCOHOH 

species on the active site. After optimization, the 

obtained configurations are presented in Fig.9. 
 

Table 4. Structural parameters of H2O on the modified model, natural bonding orbital 

charge on the atoms, Gibbs free energy of deprotonation and binding energy(B.E.) of 

CO2 

    NBO charges ǀqǀ ∆G  

(eV) 

CO2 

B.E. 

(eV) 

 O-H4 O-H3 Zn-O O H3 H4 

1 0.97  0.97  2.13 -0.979 0.539 0.541 -7.96 -0.58 

2 0.97 0.97 2.14 -0.978 0.539 0.539 -7.92 -0.25 

3 0.97 0.97 2.14 -0.977 0.539 0.538 -7.84 -0.26 

4 0.97 0.97 2.14 -0.979 0.540 0.539 -7.92 -0.25 

5 0.97 0.97 2.14 -0.977 0.538 0.538 -7.83 -0.25 

6 0.97 0.97 2.14 -0.975 0.537 0.538 -7.74 -0.24 

7 0.97 0.97 2.14 -0.817 0.483 0.485 -7.84 -0.26 

8 0.97 0.97 2.14 -0.977 0.540 0.538 -7.79 -0.34 

9 0.97 0.97 2.14 -0.977 0.539 0.538 -7.88 -1.01 

10 0.97 0.97 2.14 -0.977 0.538 0.538 -7.82 -0.23 

11 0.97 0.97 2.13 -0.824 0.488 0.479 -7.96 -0.21 

12 0.97 0.97 2.13 -0.827 0.479 0.488 -8.09 -0.24 

13 0.97 0.97 2.13 -0.982 0.542 0.538 -8.06 -0.92 

14 0.97 0.97 2.11 -0.823 0.489 0.482 -7.90 -0.27 

15 0.97 0.97 2.11 -0.825 0.488 0.480 -7.98 -0.20 

16 0.97 0.97 2.11 -0.824 0.488 0.482 -7.98 -0.09 

17 0.97 0.97 2.11 -0.982 0.540 0.543 -7.98 -0.21 

18 0.97 0.97 2.10 -0.986 0.543 0.541 -7.76 -0.49 

19 0.97 0.97 2.09 -0.985 0.537 0.536 -7.83 -0.49 

20 0.97 0.97 2.12 -0.980 0.542 0.542 -8.12 -0.19 

21 0.97 0.97 2.11 -0.987 0.539 0.537 -8.10 -0.16 

22 0.97 0.98 2.24 -0.967 0.519 0.529 -7.77 -0.28 

23 0.97 0.97 2.11 -0.980 0.542 0.539 -7.76 -0.16 

24 0.97 0.97 2.12 -0.984 0.544 0.543 -8.41 -0.22 

25 0.97 0.97 2.13 -0.982 0.543 0.542 -8.25 -0.22 

26 0.97 0.97 2.13 -0.981 0.542 0.541 -8.14 -0.22 

27 0.97 0.97 2.12 -0.983 0.543 0.544 -8.26 -0.18 
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                          a                                         b                                                   c 

Fig.9. Optimized configuration of *OCOHOH species on model a-model-1, b-model-9 and c-model-13. 

 

Fig. 9. reveals that even though, initially the 

coordination of HCOO may be different, after the 

uptake of H+ the bond involved in the coordination 

gets cleaved before finally forming the H2CO3. 

The formed species then easily gets desorbed from 

the active site and seems to be simply held 

physically on. This result indicates that even in the 

new mode of CO2 adsorption, it is finally 

converted easily into the H2CO3. 

 

4. Conclusion 

An attempt of mimicking the natural activity of 

carbonic anhydrase towards conversion of CO2 into 

H2CO3 through simple models, was undertaken to 

elucidate its activity at DFT/B3LYP level. The 

results suggest that on the designed model, 

spontaneous activity could be observed in the 

original active site. Furthermore, this result 

supports the observed activity upon addition of 

ZIFs in photocatalytic reactions, since, the active 

sites easily capture and activate CO2.  
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