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1. Introduction 

Benzimidazole motifs serve as fundamental structural 
elements in pharmaceutical chemistry and constitute the 
basis of many therapeutic agents with a broad spectrum 
of biological actions, ranging from anticancer [1], 
antidepressant [2], anti-Alzheimer [3], antiallergic [4], 
antioxidant [5], and antiviral properties [6] to 
antihypertensive, anti-inflammatory [7] and antidiabetic 
[8] activities. Modifications to these molecules through 
the addition of different substituents or functional 
moieties enable precise control over their 
pharmacological behavior [9]. Investigations into 
structure-activity relationships (SAR) have elucidated 
how drug performance relates to particular patterns of 
substitution on the benzimidazole nucleus, thereby 
facilitating rational design of targeted pharmaceuticals 
[10]. 

Considerable effort has been devoted to designing 

novel benzimidazole derivatives to explore their 
therapeutic potential. For example, Jeyakkumar et al., 
reported berberine–benzimidazole conjugates exhibiting 
strong antimicrobial and antifungal effects [11]. 
Alasmary and co-workers prepared 1,2,5-trisubstituted 
benzimidazoles and evaluated their antibacterial activity. 
[12]. Similarly, Liu and colleagues synthesized 
aminopyrimidinyl benzimidazoles with notable 
antimicrobial activity [13], while Abdullah and 
collaborators analyzed how electron-donating and 
electron-withdrawing substituents on carboxamide and 
biphenyl benzimidazole analogs influence anticancer 
properties [14]. Numerous investigations have explored 
benzimidazole derivatives across anticancer, 
antimicrobial, and related pharmacological areas [15-22]. 

Several clinically important drugs such as 
Oxibendazole, Thiabendazole, xParbendazole, 
Omeprazole, and Mebendazole rely on the benzimidazole 
pharmacophore to deliver anthelmintic, antifungal, 
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polymerase-inhibition, antiparasitic, and antiulcer 
effects, respectively. This underscores the central role of 
benzimidazole synthesis in pharmaceutical innovation. 
Detailed characterization of the electronic properties of 
benzimidazole and its associated transition states during 
synthesis could enable the development of new synthetic 
methodologies, reducing cost and improving efficiency. 

Elucidating a benzimidazole synthesis mechanism 
begins with identifying elementary steps and transition 
states. Although the overall synthesis pathway is 
established, microscopic details—such as the relative 
energies of transition states and intermediates—remain 
incompletely characterized. For instance, Mohanty and 
colleagues investigated azo-benzimidazole formation 
[23], while Jin and co-workers described copper-
catalyzed intramolecular N-arylation approaches [24]. 
Keri and co-workers highlighted environmentally 
friendly methods for functionalized benzimidazoles, 
outlining plausible mechanisms and directions for future 
work [25].  

Conventionally, benzimidazoles form by condensing 
o-phenylenediamine with aldehydes or carboxylic acids. 
This process involves nucleophilic attack by the diamine 
nitrogens on carbonyl carbons, followed by dehydration 
to establish C–N bonds. The cyclization stage typically 
comprises four key elementary steps, each with a distinct 
transition state. Dehydration steps often require less 
energy than C–N bond-forming steps; however, 
comprehensive microscopic insights into the overall 
mechanism remain limited. Addressing these gaps calls 
for quantum-mechanical analyses to achieve atomistic 
understanding. Density functional theory (DFT) serves as 
a powerful tool for constructing models to investigate 
these gaps. Prior research demonstrates that DFT 
methods are effective in designing both periodic [26-29] 
and non-periodic catalysts [30-34]. Furthermore, DFT 
facilitates understanding the photocatalytic properties of 
doped inorganic oxides [35-40], enables the optimization 
of materials for batteries [41, 42], and assist in the rational 
design of novel drugs [43], advanced drug carriers [44-
51], removing air pollutants [52] and innovative sensors 
[53-57]. 

In the present work, all elementary reactions involved 
in benzimidazole synthesis are investigated using first-
principles DFT. Detailed electronic properties of 
reactants, intermediates, transition states, and products 
are reported. The graphene quantum dot was employed as 
a novel catalyst to examine the changes in the energy 
barrier during benzimidazole synthesis. While graphene 
has been utilized in numerous experimental studies, to 
date, no reports have addressed its impact on the 
mechanistic pathway of benzimidazole formation. The 
paper is organized as follows: Section 2 outlines the 
computational approach and software employed; Section 
3 provides an overview of the proposed mechanism 
together with identified transition states and their relative 

energy profiles; the concluding section summarizes the 
principal findings.  

2. Materials and Methods 

To explore the benzimidazole synthesis mechanism 
and examine the electronic characteristics of the 
participating species, three complementary 
computational programs were applied. The structures of 
molecules and all transition states were optimized using 
DMol³ program [58], allowing the determination of 
reaction energy barriers and profiles. Gaussian program 
[59] was employed to compute wavefunctions for the 
optimized geometries, and these results were 
subsequently analyzed through MultiWFN program [60] 
to perform charge density and topological evaluations 
following the quantum theory of atoms in molecules 
(QTAIM). The graphical construction and visualization 
of Gaussian input and output files were carried out using 
GaussView program [61]. 

In DMol³ calculations, the geometries of all species –
 reactants, intermediates, and products – were optimized 
within the framework of the Perdew–Burke–Ernzerhof 
(PBE) exchange-correlation functional [62]. To 
appropriately describe van der Waals interactions, 
Grimme’s DFT-D2 empirical dispersion correction was 
included [63]. Since transition state identification is 
computationally demanding, the PBE functional was 
chosen because it offers a well-established balance 
between computational efficiency and accuracy for 
modeling catalytic reactions [39, 64-67]. The valence 
orbitals were represented by the double numeric plus 
polarization (DNP) basis set, while core electrons were 
treated using density functional semicore 
pseudopotentials (DSPP). The default orbital cutoff 
parameter was retained. The energy convergence criteria 
for the electronic cloud and geometry optimizations were 
set to 10-6 ans 10-5 Ha, respectively. The force 
convergence threshold was set to 0.002 Ha/Å. The self-
consistent field (SCF) charge and spin mixing parameters 
were 0.5 and 0.2, respectively. The displacement 
convergence for geometry optimization was fixed at 
0.005 Å. Transition states were initially located using the 
Linear Synchronous Transit (LST) method and 
subsequently refined by the Quadratic Synchronous 
Transit (QST) procedure. The root mean square (RMS) 
convergence for LST/QST was set to 0.003 Ha/Å. Fifteen 
images were employed for transition state confirmation. 
The parameters S6 and d for Grimm’s D2 dispersion 
correction were set to 0.75 and 20, respectively, while 
thermal occupation was assigned a value of 0.008.  

For Gaussian-based quantum chemical computations, 
wavefunctions used in QTAIM analyses were generated 
with the B3LYP hybrid density functional [68-70] 
together with the triple-zeta valence plus polarization 
Def2-TZVP basis set [71]. This level of theory is 
recognized as reliable for charge calculations [72-74]. 
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Standard numerical integration settings (99,590 grid 
points) and SCF convergence criteria were employed in 
all Gaussian calculations. All other parameters for the 
Gaussian program calculations were maintained at their 
default settings. The Gibbs free anergy and its difference 
values for reaction and activation energies were 
computed using the following equations: 
𝐺𝐺 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. + 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 + 𝐻𝐻 − 𝑇𝑇𝑇𝑇 +  ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.   (1) 

∆𝐺𝐺 = ∆𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . + ∆𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 + ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆 +  ∆∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.   (2) 

Vibrational frequencies were calculated via the finite 
difference method with a displacement parameter of 
0.0053 Å. Literature reports demonstrate that including 
solvent effects in DFT calculations yields results that are 
closer to experimental values [75, 76]. Accordingly, 
solvation free energies were incorporated using the 
Conductor-like Polarizable Continuum Model (CPCM) 
to account for solvent effects in the calculations. 

3. Results and Discussion  

3.1. Mechanistic overview 

Figure 1 illustrates the widely recognized reaction 
pathway for synthesizing benzimidazole, which 
originates from the condensation of phenylenediamine 
and formic acid through four elementary reaction steps. 
Figure 2 represents these four elementary steps, catalyzed 
by the graphene quantum dot. S0 corresponds to the 
initial mixture graphene, phenylenediamine, and formic 
acid.  

The state labeled R1 is obtained after both formic acid 
and phenylenediamine are physically adsorbed onto the 
graphene surface. In the first step (S1) a nucleophilic 
attack is occurred in which one of the phenylenediamine 
nitrogen atoms donates its lone pair to the carbonyl 
carbon of formic acid, producing a tetrahedral 

intermediate. Concurrently, a hydrogen atom from the 
amino group is transferred to the carbonyl oxygen, 
yielding a hydroxyl group. 

Subsequently, a water molecule is generated through 
the combination of an adjacent hydrogen atom with the 
hydroxyl group (S2), producing a new carbonyl moiety 
and facilitating structural rearrangement toward 
cyclization.  

In the third step (S3), the remaining nitrogen center of 
phenylenediamine performs a second nucleophilic attack 
on this newly formed carbonyl carbon, creating another 
C–N linkage that drives the molecular framework toward 
an imidazole ring. The final step (S4) involves the 
elimination of an additional water molecule, culminating 
in the formation of the benzimidazole skeleton. The 
dashed lines shown in Figure 1 and 2 merely illustrate 
conceptual interactions between the graphene catalyst 
and the evolving intermediates.  

The explicit nature of catalyst–substrate interactions 
is analyzed in detail in the subsequent discussion by 
QTAIM. 

3.2. Transition states and electronic property analyses 

Figures 3–6 display and topological graphs of the 
optimized geometries corresponding to the initial, 
transition, and final configurations involved in the four 
elementary reactions schematically outlined in Figure 2. 
In the R1 complex, nine noncovalent interactions are 
identified: three π–π interactions between graphene and 
phenylenediamine (C6···C38, C4···C46, C2···C57), two 
hydrogen bonds (O18···H11, O18···H10), three lone 
pair–π (LP–π) interactions involving N7, N8, and O18 
lone pairs, and one hydrogen–π (H–π) interaction 
(H20···C51). These interactions collectively link formic 
acid, phenylenediamine, and graphene within the 
complex. 

 

Fig. 1. Proposed reaction pathway for benzimidazole synthesis. The diagram illustrates four distinct transition states (TS1–TS4), 
with the formation of two water molecules as byproducts during the process.  
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Fig. 2. Proposed mechanism illustrating the four elementary steps involved in benzimidazole synthesis catalyzed by graphene 
nanocatalyst. 

The overall energy associated with these nine 
noncovalent interactions is found to be 
−26.29 kcal·mol⁻¹, indicating that the collective 
adsorption of formic acid and phenylenediamine is 
exothermic. The total energy of the isolated species 
(formic acid, phenylenediamine, and graphene quantum 
dot) was taken as the reference energy. All reported 
energies in the reaction coordinate profile are expressed 
relative to this reference energy. In Figures 3–6, the 
topological graphs of the noncovalent interactions, 
calculated by QTAIM, are presented in both side and top 
views to provide a clear visualization of these 
interactions. 

The absolute and relative reaction and activation 
energies, together with the transition state coordinates for 
all four elementary reactions illustrated schematically in 
Figure 2, are summarized in Table 1. As stated 

previously, the reference energy used to calculate relative 
energies is the total energy of three isolated components: 
formic acid, phenylenediamine, and graphene quantum 
dot (denoted as R in the S0 step of Figure 2). All values 
in parentheses correspond to the benzimidazole synthesis 
in the absence of any catalyst, as reported in our previous 
publication [77]. A brief examination of this table, 
comparing the data obtained in the presence and absence 
of the catalyst, reveals that graphene can significantly 
reduce the transition state activation energy for each 
elementary step of the benzimidazole synthesis. Each 
reaction step is discussed in detail below, focusing on the 
geometric and electronic properties of the reactants, 
transition states, and products involved in each step. 

Figure 3 focuses on the first elementary reaction, 
where nitrogen atom N8 attacks the carbon atom C17 of 
formic acid. Concurrently with this approach, hydrogen 
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atom H11 migrates toward the oxygen O18 of formic 
acid. In contrast to the first elementary reaction without 
the catalyst, where the rotation of formic acid leads to the 
disruption of two hydrogen bonds (O···H and H···C), the 
presence of graphene prevents the rotation of formic acid 
and preserves the intermolecular hydrogen bond. The 
relative barrier and reaction energies listed in Table 1 
indicate that, in the presence of graphene, the first 
elementary step is both kinetically and 
thermodynamically favorable.  

Although the reaction is endothermic, its relative 
energy with respect to the reference state (R in the S0 
step, representing the isolated components) is 
−14.34 kcal·mol⁻¹, making the reaction 
thermodynamically favorable. The QTAIM analysis 
shown in Figure 3 reveals that the H11 atom 
simultaneously interacts with N7, O18, and C93. The 
electron densities at the bond critical points (BCPs) for 
N7···H11, O18···H11, C59···H12, and C93···H11 are 
ρ = 0.178, 0.122, 0.012, and 0.010 a.u., respectively. In 

addition to TS1, H···C interactions are also observed in 
the R1 and P1 topological graphs. In R1, the C51···H20 
bond exhibits an electron density of 0.013 a.u. at the BCP, 
while in P1, the C61···H20 and C93···H11 interactions 
show electron densities of 0.010 and 0.012 a.u., 
respectively.  

Significant π–π interactions are also observed between 
the graphene catalyst and the reactant molecules. In the 
R1 configuration, six notable π–π contacts are identified 
between the following atom pairs: C2···C57, C4···C46, 
C6···C38, N8···C59, N7···C91, and O18···C90. The 
corresponding electron densities at the BCPs for these 
interactions are 0.0071, 0.0068, 0.0071, 0.0089, 0.0074, 
and 0.0048 a.u., respectively. In the TS1 structure, π–π 
interactions are identified between the following atomic 
pairs: C2···C57, C3···C47, C4···C46, C6···C38, and 
N7···C29. The electron densities at the bond critical 
points (BCPs) for these interactions are 0.0071, 0.0071, 
0.0058, 0.0057, and 0.0053 atomic units (a.u.), 
respectively. 

Table 1. Activation barrier energies (absolute and relative), reaction energies (absolute and relative), and the locations of 
transition states for the four elementary steps in benzimidazole synthesis in the presence of graphene quantum dot. Energies and 

frequencies are presented in kcal·mol⁻¹ and cm-1, respectively. Values in parentheses correspond to the reactions conducted 
without the catalyst.1 

Reaction  Absolute Barrier 
Energy 

Relative Barrier 
Energy 

Absolute Reaction 
Energy 

Relative Reaction 
Energy 

TS 
location 

Imag. 
Freq. 

S0 0.00 (0.00) 0 -26.29 (-9.08) -26.29 (-9.08) - - 

S1 +1.74 (+41.93) -24.55 (+32.85) +11.95 (+11.84) -14.34 (-6.32) 0.29 
(0.67) -48 

S2 +6.56 (+27.97) -7.98 (+21.65) -11.99 (-9.08) -26.32 (-15.40) 0.41 
(0.49) -269 

S3 +46.11 (+45.85) +25.78 (+36.00) +13.85 (+11.02) -6.50 (+1.17) 0.65 
(0.52) -1024 

S4 -6.34 (+33.45) -11.48 (+34.62) -13.71(-10.55) -18.84 (-9.38) 0.31 (0.2) -35 
1All absolute and relative barrier and reaction energies correspond to electronic energies (𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.) 

   

   

Fig. 3. Topological analyses from top and side views for the initial reactant (R1, left), transition state (TS1, middle), and product 
(P1, right) of the first elementary reaction (S1). 
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In the P1 structure, the π–π interactions are observed 
between the atomic pairs C2···C57, C3···C47, C4···C46, 
C6···C38, N7···C29, and N8···C59, with corresponding 
electron densities at the bond critical points (BCPs) of 
0.0077, 0.0074, 0.0057, 0.0061, 0.0060, and 0.0110 
atomic units (a.u.), respectively. These interactions bring 
formic acid and phenylenediamine into close proximity, 
restricting the rotation of the reactants and thereby 
facilitating C–N bond formation in the S1 step. 

Table 1 indicates that the TS1 location value of 0.29 
suggests TS1 is structurally more similar to the R1 
reactant. In contrast, for the system without a catalyst, the 
TS1 location is 0.67 [77], implying that the transition 
state structure more closely resembles the product. The 
QTAIM charges of N8 and C17 are -1.06 and +1.56 in 
R1, -1.03 and +1.27 in TS1, and -1.04 and +1.27 |e|, 
respectively. 

The S2 elementary step, analogous to S1, is both 
thermodynamically and kinetically favorable. The 
relative energy of TS2 is approximately 30 kcal·mol⁻¹ 
lower than the corresponding transition state energy in the 
absence of catalyst. The relative reaction energy for S2 is 
approximately 11 kcal·mol⁻¹ lower than that of the 
corresponding step without the catalyst. Figure 4 shows 
the topological graphs of R2, TS2, and P2 for S2 
elementary reaction. This figure illustrates various 
hydrogen bonds and π–π interactions between graphene 
and the intermediate species. In the R2 structure, two 
hydrogen bonds are present: H10···O19 and H11···C90, 
with electron densities at BCPs of 0.014 and 0.0091 a.u., 
respectively. The π–π interactions in R2 involve the 
following pairs: C1···C39, C5···C29, C3···C37, and 
N7···C30, with corresponding BCP electron densities of 
0.0067, 0.0064, 0.0067, and 0.0062 a.u., respectively. 
The hydrogen bonds in TS2 are H10···O19 and 
H11···C93 with the electron densities of 0.020 and 0.013 
a.u., respectively. There are six π–π interactions 

containing C1···C39, C2···C48, C3···C37, C4···C26, 
C5···C28, and N7···C30 with the electron densities of 
0.0065, 0.0059, 0.0081, 0.0041, 0.0059, and 0.0052, 
respectively. For P2 there are eight noncovalent 
interactions, three hydrogen bonds and 5 π–π interactions. 
The hydrogen bonds are H10···O19, H20···O19, and 
H11···C93 with the electron densities of 0.032, 0.013, 
and 0.013 a.u., respectively. The π–π interactions are 
C2···C48, C1···C39, C3···C37, C5···C28, and N7···C30 
with the electron densities of 0.0071, 0.0062, 0.0085, 
0.0058, and 0.0055 a.u., respectively. H20···O19 related 
to the hydrogen bond between leaving water molecule 
and the other oxygen. The energy associated with this 
hydrogen bond corresponds to the energy difference 
between the P2 and R3 configurations, amounting to 6 
kcal·mol⁻¹. 

Figure 5 presents the topological graph for the S3 
elementary reaction. This step is the most significant in 
the benzimidazole synthesis, as it possesses the highest 
activation energy along the reaction coordinate. 
Consistent with the reaction conducted without a catalyst, 
S3 remains the rate-determining step (RDS) in the 
presence of graphene, dictating the overall reaction rate. 
The relative activation energy of TS3 in the presence of 
graphene is approximately 10 kcal·mol⁻¹ lower than that 
of the equivalent transition state without the catalyst. 
Additionally, its relative reaction energy is about 8 
kcal·mol⁻¹ more exothermic compared to the value 
observed in the absence of graphene. In R3 there are five 
π–π interactions and two hydrogen bonds. The hydrogen 
bonds are H10···O17 and H18···C59 with the electron 
densities of 0.036 and 0.0036 a.u., respectively. The π–π 
interactions are: C1···C46, C2···C54, C4···C44, 
C4···C43, and N7···C88 with the electron densities of 
0.0065, 0.0067, 0.0071, 0.0069, and 0.0082 a.u., 
respectively. In TS3 there are two hydrogen bonds and 
five π–π interactions. 

   

   

Fig. 4. Topological analyses from top and side views for the initial reactant (R2, left), transition state (TS2, middle), and product 
(P2, right) of the second elementary reaction (S2).  
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Fig. 5. Topological analyses from top and side views for the initial reactant (R3, left), transition state (TS3, middle), and product 
(P3, right) of the third elementary reaction (S3). 

The hydrogen bonds are H10···C88 and H11···C56 
with the electron densities of 0.0048 and 0.0071 a.u., 
respectively. The π–π interactions are: C1···C46, 
C3···C44, C4···C43, C5···C35, and N7···C16 with the 
electron densities of 0.0049, 0.0069, 0.0075, 0.0072, and 
0.0064 a.u., respectively. P3 has eight π–π interactions 
without any hydrogen bond. The π–π interactions are 
C1···C46, C2···C54, C3···C44, C4···C43, C5···C35, 
C6···C45, N7···C88, and N8···C56 with the electron 
densities of 0.0064, 0.0060, 0.0071, 0.0078, 0.0081, 
0.0071, 0.0082, and 0.0068 a.u., respectively. 

The final elementary step, S4, exhibits a relative 
activation barrier approximately 23 kcal·mol⁻¹ lower than 
that of the analogous step without the catalyst. The 
relative reaction energy indicates that, in the presence of 
graphene, S4 is twice as exothermic as the corresponding 
reaction conducted in the absence of graphene. Figure 6 
shows the topological graphs for R4, TS4, and P4. There 
are four π–π interactions and a hydrogen bond in R4, five 
π–π interactions and one hydrogen bond in TS4, and five 
π–π interactions and three hydrogen bonds in P4. The 
hydrogen bond in R4 is H18···C47 with the electron 
density of 0.0087 atomic unit. The π–π interactions in R4 
are C2···C46, C4···C35, C6···C88, N7···C87, and 
N8···C89 with the electron densities of 0.0076, 0.0076, 
0.0078, 0.0075, 0.0084, and 0.0076 a.u., respectively. 
The hydrogen bond in TS1 is H9···N7 with 0.0088 a.u., 
and the π–π interactions are C2···C46, C4···C35, 
C6···C88, C16···C87, and N8···C89 with the electron 
densities of 0.0069, 0.0076, 0.0080, 0.0097, 0.0083, and 
0.0088 a.u., respectively.  

In P4 five interactions belong to the benzimidazole 
and three interactions belong to leaving water molecule. 
The π–π interactions in P4 are C2···C46, C4···C35, 
C6···C88, C16···C87, and N8···C89 with the electron 
densities of 0.0082, 0.0066, 0.0066, 0.0074, and 0.0086 
a.u., respectively, and the hydrogen bonds are H9···C27, 
H10···N7, H12···O17 with the electron densities of 

0.010, 0.032, and 0.0070 a.u., respectively. 
The calculated energy diagram for the benzimidazole 

formation pathway catalyzed by graphene is depicted in 
Figure 7. As discussed earlier, the label “R” corresponds 
to the initial configuration, which includes separate 
graphene, formic acid, and phenylenediamine and serves 
as the zero-point energy reference. “P4” denotes the final 
state of the consecutive four-step process in which 
benzimidazole and a water molecule are attached to the 
graphene sheet.  

Regeneration of the catalyst is achieved when P4 
transitions to P, producing free graphene, benzimidazole, 
and water. The energy profile reveals an overall 
activation energy of 25.78 kcal·mol-1 for the conversion 
of phenylenediamine and formic acid into benzimidazole, 
with an associated reaction energy of -18.84 kcal·mol-1.  

The energy needed to dissociate the benzimidazole-
water-graphene complex amounts to 33.32 kcal·mol-1. 
Since the overall relative reaction energy, -18.84 
kcal·mol-1, is released during the P4 synthesis step, only 
about 14.48 kcal·mol-1 is needed for regenerating 
catalyst.  

3.3. Frequency analysis and solvation effects 

To evaluate the thermal (enthalpy and zero-point 
vibrational energy, ZPVE), entropic (TS), and solvation 
free energy (∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) contributions to the relative energies 
of reactants, products, and transition states, all these 
terms were calculated for each species. Table 2 
summarizes the corrections applied to the reaction and 
transition state energies. Considering the correction terms 
alters the relative barrier and reaction energies for all 
steps. Only for TS1 does the barrier energy increases, and 
this increase is minimal at +0.68 kcal·mol-1. For the other 
three steps, the transition state barrier energies decrease, 
with the largest reductions observed for TS2 and TS4, 
where a water molecule is released as a by-product.



Chem Rev Lett 9 (2026) 17-28 
 

24 

   

   

Fig. 6. Topological analyses from top and side views for the initial (R4, left)), transition state (TS4, middle), and product (P4, 
right) of the fourth elementary reaction (S4). 

 
Fig. 7. Energy profile diagram depicting the multistep reaction mechanism for benzimidazole synthesis from phenylenediamine 

and formic acid catalyzed by the graphene quantum dot. 

Table 2. The correction terms (ΔH+ΔZPVE-TΔS+ΔΔGsolv) for reactions S1 to S4, transition states TS1 to TS4, and their relative 
barrier free energies, all expressed in kcal·mol⁻¹.  

Reaction Correction Relative Reaction Free Energy Transition State Correction Relative Barrier Free energy 
S1 +2.05 -12.28 TS1 +0.68  -23.86 
S2 -3.44 -29.76 TS2 -3.20  -10.98 
S3 -0.63 -7.14 TS3 -2.18  +23.58 
S4 +1.64 -17.20 TS4 -8.17  -17.20 

 

Including solvation free energy stabilizes these 
transition states by accounting for charge interactions 
between the solvation model and the water hydrogens and 
oxygen in TS2 and TS4.  

The rate-determining step (RDS), TS3, is also lowered 
when entropic and solvation free energy contributions are 
considered. With a barrier energy of +23.58 kcal·mol-1 
for the RDS in benzimidazole synthesis, it is possible to 
estimate the minimum temperature required for a 100% 
yield. Applying the Redhead equation [78] and assuming 
a pre-exponential factor of 1013 s-1, the temperature for 

100% yield is calculated to be 332 K (59 °C). For a 90% 
yield (α=0.9) in a first-order reaction, the following 
relations apply: 

𝑙𝑙𝑙𝑙 � [𝐴𝐴]
[𝐴𝐴𝑜𝑜]

� = −𝑘𝑘𝑘𝑘, 𝑘𝑘 = 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 , [𝐴𝐴] = [𝐴𝐴0](1 − 𝛼𝛼)   (3) 

and 

𝑙𝑙𝑛𝑛(1 − 𝛼𝛼) = −𝑘𝑘𝑘𝑘 = −�𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 � 𝑡𝑡   (4) 

Considering a reaction time t=3600 s, a pre-
exponential factor A=10+13 s-1, an activation energy 
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Ea=23.58 kcal·mol-1, and the gas constant R=1.987 
cal·mol-1·K-1, the calculated temperature is 
approximately 316 K (43°C). It is important to note that 
the uncertainty associated with the Redhead equation is 
at least ±5%.  

4. Conclusion 

This work presents a comprehensive quantum 
chemical analysis of the multistep benzimidazole 
formation mechanism, proceeding from 
phenylenediamine and formic acid in the presence of a 
graphene quantum dot catalyst. The proposed pathway 
involves four consecutive elementary reactions: initial C–
N bond creation, two successive dehydration events, and 
ultimate cyclization to form the heterocycle. Graphene 
acts as a catalyst by exothermically adsorbing both formic 
acid and phenylenediamine, resulting in a release of 26.29 
kcal·mol⁻¹. Computational results demonstrate that 
graphene effectively stabilizes the first transition state 
(TS1), reducing its activation energy from 41.93 to 1.74 
kcal·mol⁻¹ (with the relative energy shift from 32.85 to -
34.55 kcal·mol⁻¹). The rate-determining step is identified 
as the third elementary process (S3), where ring 
formation occurs.  

Initial exothermic adsorption contributes to lowering 
the total synthesis barrier from 46.11 to 25.78 kcal·mol⁻¹ 
when a graphene catalyst is present, corresponding to an 
activation temperature requirement near 158 °C. 
Additionally, theoretical predictions indicate that 
conducting the reaction at 50 °C yields up to 90%, which 
is considerably higher than observed without the catalyst. 
Quantum Theory of Atoms in Molecules (QTAIM) 
analysis further reveals numerous van der Waals contacts 
(electron density at bond critical points below 0.01 a.u.) 
stemming from π–π or lone pair–π interactions between 
graphene and formic acid, phenylenediamine, and 
intermediate compounds. These weak interactions seem 
to orient reaction intermediates more favorably, thereby 
facilitating reduced energy barriers throughout the 
transformation.  

In the present study, no defects or functional groups 
such as OH and COOH were considered. These 
functional groups could potentially interact with various 
groups in formic acid, phenylenediamine, and all reaction 
intermediates. Consequently, the presence of OH, 
COOH, or defects may alter both barrier and reaction 
energies. Readers are encouraged to explore the effects of 
these functional groups on the benzimidazole synthesis 
mechanism. In our future work, we aim to investigate the 
influence of these functional groups on reactants, 
products, intermediates, and all transition states.  
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