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Abstract

The fundamental mechanism of biochemistry lies on the reaction kinetics, which is 

determined by the reaction pathways. Interestingly, the reaction pathway is a challenging 

concept for undergraduate students. Experimentally, it is difficult to observe, and 

theoretically, it requires some degree of physics knowledge, namely statistical and quantum 

mechanics. However, students can utilize computational methods to study the reaction 

kinetics without paying too much attention but not wholly neglecting the comprehension of 

physics. We hereby provided an approach to study the reaction kinetics based on density-

functional calculations. We particularized the study of the isomerization case involving five 
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molecules at three different temperatures and emphasized the importance of the transition 

state in the study of reaction kinetics. The results we presented were in good agreement with 

the experiments and provided useful insights to assist students in the application of their 

knowledge into their research.

Keywords: Reaction Kinetics; Computational Study; Density Functional Theory; Transition 

State; Vibrational Modes

1 Introduction

The Nobel Prize in Chemistry 2013 was a reminder to the biochemistry communities about 

the importance of quantum mechanics and computational methods. Long before the Nobel 

committee recognized the works of Karplus-Levitt-Warshell, [1] the community already 

realized the fundamental biochemistry lay on chemical reactions, which were full of quantum 

physics. It was Linus Pauling who pioneered the application of quantum mechanics in 

chemistry when he introduced it to explain the nature of the chemical bond. [2] The chemical 

bond itself is a many-electron problem, which required certain physical approximations and 

numerical methods to determine the appropriate wave functions. The Nobel Prize in 

Chemistry 1998 for Kohn, and Pople [3] was precisely about this matter. 

The reminder makes sense since the aspect of quantum mechanics is not apparent in 

the biochemistry field. While the quantum effects are visible at the scale of Angstrom or 

smaller, the objects of interest in biochemistry are usually at the size of nano to micrometer. 

That is the reason biochemists tend to apply the classical mechanic approach instead of the 
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quantum one. Nonetheless, there is the presence of quantum effects in chemical re- actions 

despite the size of reactants, which reflects the importance of physical chemistry. However, 

mainstream undergraduate biochemistry textbooks, such as Nelson’s Lehninger Principles 

[4] and Voet’s Biochemistry [5], rarely discuss quantum mechanics and assume that the 

readers have some physical chemistry background. Moreover, a physical chemistry textbook 

review by Zimmerman [6] gave us gave us the awareness that not all the textbooks on 

physical chemistry for bioscience have an adequate quantum explanation for biochemistry. 

On the other hand, the use of computers in teaching has been prevalent in 

undergraduate courses. The integration of computational methods into undergraduate 

curricula in chemistry has been beneficial for the students. [7–9] For example, Rodrigues et 

al. [10] and Elmore et al. [11] reported their efforts on introducing undergraduate student to 

molecular dynamics simulation based on classical mechanics. In term of quantum mechanics, 

Esselman, and Hill [7] and Halpern [12] taught students on the chemical re actions with the 

basis of density functional theory (DFT). The classical and quantum mechanical approaches 

are essential in studying chemical reactions. Both consider the reaction in terms of intra and 

intermolecular interactions. The classical approach uses the molecular mechanical force field 

to govern the interaction, while the quantum approach uses the electronic structures. Even 

though the concept is more abstract than the classical mechanical approach, the quantum one 

is favorable to study molecular systems. 

We utilize the computational method to study chemical kinetics quantum mechanically. 

We intend to expose biochemistry students to quantum mechanics in straightforward 

practical applications. Our focus is on the transition state (TS), which is essential in 
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biochemistry since Pauling Pauling [13] introduced it in the explanation of enzymatic 

reaction in 1948. [14] A molecule’s lifetime in the TS is very brief, hence it is challenging to 

observe experimentally. Since the TS is a quantum state, the computational method is a 

favorable tool to identify all possible transition states along with all possible reaction 

pathways. Our case of study is on the topic of isomerization since it is the simplest chemical 

reaction so that students can understand the rate constant calculation derived from the basic 

formulation. 

We prefer the computational method with the basis of DFT to perform the project. We 

discuss the reason for the use of DFT in the next section. The project presented herein was 

assigned to a bachelor student. The student performed the task during her last two semesters. 

The Handout in the Supplementary Information and all the results reported in this article 

were extracted from her work, providing a step-by-step procedure together with notes for the 

instructors. Therefore, we have ascertained the reproducibility of this exercise. Meanwhile, 

we discuss the insights here so to assist students in the application of their knowledge into 

practical research. 

2 Theoretical Background

There are two ingredients to study chemical kinetics, which are the TS and the vibrational 

modes. DFT calculations can construct the former, while post-DFT calculations can 

determine the latter. Therefore, students can explore the reaction kinetic without the need to 

conduct experiments. However, students must have a basic knowledge of quantum 
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mechanics, statistical mechanics, and atomic and molecular physics (a physical chemistry 

course can cover for the last two topics) to interpret the computational results. In this section, 

we briefly summarized the TS, DFT, and vibrational modes calculations, which are pivotal 

for students to understand the project. We list the technical terms in Table 1 to assist readers 

in getting familiar with the terms. 

[Table 1 about here.]

2.1 The Transition State

In terms of stability, the TS is the opposite of the ground state. One way to picture the stability 

of molecules is by using the potential energy curve (PEC), as illustrated in Figure 1. The 

ground state is located at the local minimum, while the TS is at the local maximum (also 

known as the saddle point). At the TS, the particle stands like a ball on a hill. The ball tends 

to move to any lower places, which explains the short lifetime of the molecule in the TS. In 

the illustration, the particle’s total energy (E = Tn + Vn) is higher than the TS’s energy, hence 

it can cross from x1 to x3. In the case of a chemical reaction, it implies that the product were 

generated; otherwise the reaction would not have occurred. 

[Figure 1 about here.]

In an energy level diagram (ELD) of a chemical reaction, the TS determines the 

possible reaction pathways. Figure 2 shows a chemical reaction that may undergo Path 1 or 

Path 2, which is identified by the number of the TSs in the pathways. Both reactants and 

products commonly are at the ground state. Path 1 is the simplest one and often referred to 
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as the one-step mechanism, where there is only one TS. Path 2 contains two TSs that straddles 

a ground state between, which is called the intermediate state. 

Two substantial physical quantities in an ELD are ∆E1 and ∆E2. The former associates 

with bonding energy and the latter correspond to the energy barrier. The energy barrier is due 

to the TS that acts like a barrier between the reactants and the products. The reactants must 

obtain sufficient energy to cross the barrier, otherwise, the reaction will not occur. Eyring 

[15] developed a theory for the rate constant calculations based on the TS, which is called 

transition-state theory (TST, please see The Handout for the detailed formula). The theory is 

analogous to the empirical Arrhenius equation.

[Figure 2 about here.]

2.2 Density Functional Theory 

Each state in the ELD (Figure 2) is essentially a quantum state. A quantum state contains two 

physical quantities: the total electronic wave function and the total electronic energy, or (ψ, 

E). The ψ consists of a linear combination of all occupied molecular orbital wave functions 

(MOs). The MOs and its corresponding energy construct the electronic structure of the 

molecule. Therefore, studying a molecular system with the basis of molecular orbitals is 

referred to the electronic structure methods. 

In quantum mechanics, a quantum state is a solution of an equation of motion (EOM). 

The fundamental quantum EOM is the time-independent Schrödinger equation (TISE). 

While TISE is the foundation of the electronic structure methods, it is solvable only for the 
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simplest model, the hydrogen atom. Some mathematical approximations are required to 

modify TISE such that it is solvable for a many-electron system. 

DFT provides another EOM for dealing with many-electron system. It replaces ψ with 

the electron density (ρ) since the ground state ρ is unique for each system. [16] It led to a new 

EOM with the basis of ρ, which is called the Kohn-Sham equation, and engendered a new 

potential known as the exchange-correlation (XC). [17] The Kohn-Sham equation can 

determine the most stable geometry of the molecule and its correspondent E, which is the 

quantum state in the ELD. 

2.3 Vibrational Modes 

Nuclei within a molecule are constantly vibrating, that leads to the molecular vibration 

phenomena. Molecular vibrations are the origin of the infrared spectrum, which is usually 

used to identify the presence of chemical bonds. A common perception of molecular 

vibrations is that heat vibrates molecules. However, molecules are still vibrating even at 

absolute zero temperature, which is known as the zero-point energy. [18] The zero-point 

energy is a quantum effect and may influence a chemical reaction. 

Molecular vibrations have patterns, which are called the vibrational modes. Water, for 

example, possesses the following modes of vibration: stretching, scissoring, rocking, 

wagging, and twisting. A non-linear molecule with N atoms has 3N - 6 vibrational modes, 

and it is 3N − 5 for linear molecules. [19] The vibrational modes can be understood from the 

harmonic oscillator. [20] Around the ground state (Figure 1: x1 and x3), all vibrational modes 

have positive real number force constants. Therefore, the restoring forces always bring the 
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molecule back to the ground state geometry (oscillation occurs). However, around the TS 

(Figure 1: x2), at least one mode disappears because the restoring force fails to bring the 

molecule into the TS (no oscillation occurs). In the mathematical solution, disappearing 

modes are identified by negative force constants; hence, their corresponding frequency is an 

imaginary number. By tracking these specific modes, we can design a correct reaction 

pathway. 

The importance of vibrational mode calculations is that it is the door to apply thermal 

energy correction on the total energy. The Kohn-Sham equation works at absolute zero 

temperature, as it is in TISE. Consequently, the ELD in Figure 2 constructed from the DFT 

calculations is at absolute zero temperature. However, chemical reactions occur at a certain 

temperature. Therefore, the thermal energy corrections are necessary. The thermal energy 

corrections include the internal energy, enthalpy, and the Gibbs free energy. Practically, the 

vibrational mode calculations are performed after the optimized geometry has been achieved 

(a post-DFT calculation). 

3 Case Studies

3.1 Description

Table 2 lists four case studies of isomerization, together with the experimental values of the 

activation energy, the pre-exponential factor, and the rate constant from McQuarrie, and 

Simon [21] textbook. The four cases exhibit first-order rate laws and occur experimentally 

in a gas phase, which is a perfect condition for a DFT study. The cases I, II, III and IV have 
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been ordered according to the increasing difficulty level of finding the TS geometry. The 

difficult examples could involve more than one intermediate and/or TS and therefore it is 

difficult to determine the preferable reaction pathways. As a result, students may present 

reaction kinetics that are erroneous, or ambiguous. 

Students must design the possible isomerization pathways for all four cases. What they 

know from the experiments is the initial and final states, as depicted in Table 2. Students 

must be aware that while most computational chemistry software can perform geometry 

optimization in the TS, there is always a question whether the calculated geometry is a correct 

saddle point that connects the reactants and the products in a PEC. The question becomes 

crucial when the reaction pathway has more than one TS. 

Student shall perform a series of calculations to verify their designed pathways. The 

next section explains the series of calculations. Eventually, they shall calculate the Arrhenius 

parameters (energy of activation and pre-exponential factor) and rate constant based on their 

designed pathways. The predicted results shall be compared to the experimental values to 

justify their designed pathways. 

[Table 2 about here.]

After completing the case studies, we expect students to explore the following two 

questions. The isomerization product can have more than one possible isomer. The first 

question is which of the isomers may have the highest probability of being the product. The 

isomerization probability depends on the energy barrier. Thus, the second question is how 

the energy barrier can be engineered (decreased or increased). Students may introduce the 
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solvent environment in their calculations. The second question is the key to introduce 

enzymes to the reaction. 

3.2 Computational Details

We use Path 1 in Figure 2 as our pathway model for all cases in Table 2. The reason is that 

isomerization is a unimolecular reactions that commonly occurs in a one-step mechanism. 

However, the same procedure we present here can be applied in bimolecular reactions such 

as ester hydrolysis, [22, 23] redox reaction, [24] and interaction in a complex [25]. 

We determine the energy level for all states in ELD through DFT calculations. The 

calculations employ B3LYP and 6-311+G(d,p), as the XC and basis set (BS) respectively, 

that are integrated into Gaussian 16 software. [26] The geometry optimization calculation 

routine determines the initial and the final states. Students only need to input the molecule’s 

initial geometrical structure and total charge (which is zero, or neutral in our cases). To find 

the correct TS, students must use vibrational mode calculations, which will be discussed in 

the next section. We provide a brief introductory XC functional and BS together with 

calculation routines in The Handout. 

Then, we correct the DFT calculated states with thermal energy from the vibrational 

mode calculations. Vibrational mode calculations are done at 298.15 K (room temperature), 

500 K, and 700 K. The corrections that affect the energy barrier (∆E2 in Figure 2) yield to 

the standard enthalpy (∆‡H◦) and the standard Gibbs energy of activation (∆‡G◦). The DFT 

calculations can be performed with the Gaussian 16 software with the same XC functional 
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and BS. The thermal corrected ELD is used to determine the Arrhenius parameters and the 

rate constants. 

Finally, we use the thermal corrected ELD to determine the Arrhenius parameters and 

the rate constants. Two theories are applied here, the TST and the harmonic transition-state 

theory (HTST). [27]  The TST considers all thermal energy contributions from the 

vibrational, rotational, and translational motion of a molecule. These three types of motion 

are typical for molecules in the gas phase. Meanwhile, the HTST considers only vibrational 

motions in the thermal energy calculations. The HTST is commonly used in studying the 

chemical reactions on catalysts, which shares some similarities to the reactions on enzymes. 

It is worthwhile to mention that the use of HTST (developed in the late 1950s) is a 

complement to Rice-Ramsperger-Kassel theory (RKK theory, late 1920s) [28] that has been 

demonstrated by Halpern [12] for Case I. 

4 Results and Discussion

We present the results according to the consequential order of research flow, which is 

described in The Handout. There are six results, which are (1) the designed pathways, (2) the 

ground state structures, (3) the transition state structures, (4) the pathways in ELD, (5) the 

pre-exponential factors, and (6) the rate constants. The first two results focus on Case I as a 

demonstration for students so that they can apply the same steps to other cases as it is 

described in The Handout. 
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4.1 The Pathway Design

In Case I, N and C atom must exchange their positions while keeping the triple bond  intact. 

The idea is to rotate C atom of N≡C′ toward the CH3 terminal; once the distance of C–C′ is 

close enough, one electron from the triple bond of N≡C′ moves to create a single bond of C–

C′.

This mechanism is illustrated via the designed pathway in Scheme 1. This mechanism 

requires that there is at least one vibrational mode of C′ that supports its displacement from 

the initial state to state 1a. The TS should be located between state 1a and 1g. Therefore, 

students need to verify this required vibration mode in the initial state geometry. However, 

the first thing students need to verify is the validation of B3LYP and 6-311+G(d,p) as the 

proper XC and BS in this study. 

Scheme 1: A possible pathway of Case I. State 1a to 1g are the designed pathway to 

determine the TS. C atom is the one exchanging the position with N atom. Note: for clarity 

purpose, the respective positive and negative charges of N and C, are omitted along the 

pathway.
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4.2 The Ground State Structure

Since the nature of DFT is to determine the ground state structure, the optimized structure 

can be used to verify the opted XC functional and BS. Table 3 lists the geometrical 

parameters of methyl isocyanide from the calculated results along with two different 

experimental values. Overall, the values of ∆1 and ∆2 are within the accuracy limit according 

to Young [29, Table 16.1]. 

Students must pay attention to ∆1 and take some additional steps (see The Handout) 

before justifying the results. Here, it is necessary to have two experimental references to 

verify the opted XC functional and BS. Besides the geometrical structure, it is also necessary 

to verify the electronic spin state to obtain the most stable electronic structure. In Case I, both 

the initial and the final states are in singlet spin states. It is well known that most of the 

organic compounds are in the ground singlet spin state, with some exception being in triplet 

carbenes. [30, 31] Therefore, B3LYP functional and 6-311+G(d,p) BS are appropriate for 

this study. 

[Table 3 about here.]

4.2 The Transition State Structure

After ensuring their XC and BS, students proceed to verify the required vibrational mode in 

the initial state geometry. Since the vibrational mode determines the correct TS, this 

verification is a crucial step and the most important results of all steps. It is also the basic 

concept to understand the reaction kinetics of an enzyme. Therefore, students must pay 

careful attention during the calculation and the analysis. 
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Table 4 lists the vibrational frequencies of methyl isocyanide at 298.15 K. The 

calculated results are in a good agreement with the experimental data – this is another method 

to verify the use of XC functional and BS. Following the formula 3N − 6, methyl isocyanide 

has 12 vibrational modes. Some are degenerate modes that leave only eight fundamental 

modes. This is in agreement with the experimental study reported by Khlifi et al. [32], which 

observed the presence of only eight vibration bands. 

[Table 4 about here.]

Among the eight fundamental modes, ν1 provides the requirement for Scheme 1. The 

motion is captured in Figure 3(a). This mode should appear in state 1a through 1g. Here, 

partial geometry optimization calculations take place when the angle of ∠ CNC′ is fixed. 

Since the goal is to find the TS, only the initial few states require checking until the vibration 

with frequency ν1 disappears (mathematically represented by imaginary frequency). In 

Scheme 1, it is up to state 1c as displayed in Figure 3(c)–(d) and Table 5. It is clear that mode 

ν1 decreases and eventually becomes an imaginary number. 

[Figure 3 about here.]

[Table 5 about here.]

[Figure 4 about here.]

Table 5 shows the electronic energy of each state relative to the initial state energy. 

The energy goes up to state 1b and then goes down. Interestingly, ν1 becomes imaginary in 

state 1c, which implies that the geometry of state 1c has a TS character. Since the TS must 

be at the saddle point, its energy must be the highest. Therefore, the TS can be predicted to 
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be lying between state 1b and 1c. The prediction is verified after performing the transition-

state optimization calculation on the geometry of state 1c. 

Figure 4 summarizes the final geometrical structures and parameters at the TS. The 

necessary vibration motion is the ν1 mode. For Case I, Figure 4(a) shows how the position of 

N≡C′ is shifting as it is rotating with the axis lying between the two atoms as it is 

aforementioned in the previous paragraph. For Case II [Figure 4(b)], the H′ atom that was 

bound to the C atom in the initial state is moving toward one of the neighboring C atoms. 

Therefore, the cyclic structure is broken, and a new double bond is formed (the final state). 

Case III [Figure 4(c)] is similar to Case II. The H′ from one CH is moving to the CH2 

accordingly, and the cyclic is broken a new triple bond is formed as the final state. For Case 

IV [Figure 4(d)], the mechanism is known as the Claisen rearrangement: the O atom, which 

was bound with C1 at the initial state, is moving together with the fragment O–C–C′ to the 

top of the fragment C1–C–C2. [33] The motion of ν1 allows the C′ atom to form a new bond 

with the C2 atom and a new structure is formed accordingly (the final state). 

4.4 The Activation Energy

Once the TS is determined, it is now possible to draw the ELD. Figure 5 shows the ELD for 

all cases from Table 2. The ELD uses relative energy, as Figure 2 explained. In general, all 

final states are significantly more stable (their relative energy is negative) than their 

respective initial states. Even though the stability implies that the isomerization is 

energetically favorable, the energy barriers are still considered significantly high. 

[Figure 5 about here.]
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[Figure 6 about here.]

Figure 6 shows ELD after thermal corrections (Hcorr. and Gcorr.) at 298.15 K. It is clear 

that all isomerization cases are exothermic and exergonic. Two special cases here are Case 

II and IV. In Case II, the isomerization of cyclopropane to propene, it is a slow reaction. In 

case IV, not only that it is a fast reaction, but also ∆‡G◦ > ∆‡H◦. It implies ∆‡S◦ is negative. 

Eventually, the calculated activation energy Ea can be plotted against the experimental 

values, as shown in Figure 7(a). There are three plots in the figure, one calculated by the 

energy barrier, one by ∆‡G◦ , and one by TST. The comparison in the plots demonstrate that 

TST improves the trend (both m and c in the “y = m x + c” of the linear regression) with 

respect to ∆‡G◦ . Furthermore, the energy barrier from DFT calculations also yields a similar 

trend (the slope and the R2) relative to the other two. It implies that the activation energy of 

isomerization can be predicted based on an energetic study with DFT. 

[Figure 7 about here.]

4.5 Pre-exponential Factors 

Figure 7(b) plots the predicted pre-exponential factor A based on TST and HTST. The plot 

shows that the TST and HTST results are in agreement with each other. However, the linear 

regressions for both theories share nearly identical slope with low R2 values. Both best-fit 

lines clearly show that they are not aligned with the perfect y = x line, which means that their 

slopes are far from unity. These three characters imply that both approaches predict nearly 

the same value for A but with low accuracy. 
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The divergent linear regressions from the perfect line are due to the large discrepancies 

found in Case II and III. It suggests that there is a significant similarity between Case II and 

III. At the same time, the apparent difference between Case I and IV indicates that both TST 

and HTST perform better in both instances. By considering that the two theories require 

vibrational mode calculations, their prediction of A depends on the accuracy of calculated 

vibrational frequencies. According to the work of Jaramillo and Scuseria [34], the higher 

bond order of C–C is associated with a higher error for the C–C vibrational frequency (See 

The Handout: Table SI-4). Therefore, it implies that the large discrepancy is attributed to the 

cyclic breaking of the annulated structure and the formation of the bond with a higher bond 

order seen in Case II and III, but not in Case I and IV. 

4.6 The Rate Constants 

Figure 8 shows the final results of this work in a regression linear of ln k(T). The R2 of both 

TST and HTST calculations show a good linear function relative to the experimental values. 

However, the slope of the best-fit lines shows that TST’s trend is closer to the perfect y = x 

line than that of HTST at both temperatures 500 K and 700K. Since HTST only considers 

molecular vibration motion (refer to The Handout for the detailed formula), it indicates that 

both rotational and translation motions are essential in the rate constant study of molecular 

systems. 

[Figure 8 about here.]

The trend in Figure 8 aligns with the trend of the ELD results (Figure 5 and Figure 6). 

The rate constant calculation results show that TST and HTST underestimate k(T) in Case II 
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and overestimate it in Case IV. This underestimation relates to the ELD’s trend in the 

previous discussion, where k(T) from both theories depend on the energy barrier (see The 

Handout for details). According to the ELD results, Case II is a slow reaction, but Case IV is 

a fast one. From this perspective, both TST and HTST work best for a moderate reaction 

(Case I and III) where the activation energy is around 160 kJ/mol (or about 1.7 eV of energy 

barrier). 

Since it aligns with the k(T) trend, the ELD can be used to justify the designed 

isomerization pathways. For example, the ELD predicts k(T) quite accurately for Case I. It 

implies that Figure 4(a) is the correct TS geometry and consequently Scheme 1 is the correct 

mechanism. Accordingly, we have successfully explained the mechanism of isomerization 

via vibrational movement. For Case I, it is ν1 mode that initiates the isomerization. Therefore, 

it is this mode that needs to be engineered for the enhancement of isomerization. 

5 Summary 

We have presented the successful usage of computational method in the study of reaction 

kinetics. The case study is four isomerizations. The computational method was with the basis 

of density functional theory coupled with vibrational mode calculations. The investigated 

reaction kinetic quantities were the activation energy, the pre-exponential factors, and the 

rate constant which were determined at three different temperatures. The activation energy 

was determined with the energy level diagram. The last two quantities were calculated by 

two different theories, namely transition-state theory, and harmonic transition-state theory. 
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Students were tasked to design isomerization pathways for all cases. Using the de- 

signed pathways, students are required to track a specific mode where the vibrational 

frequency decreases and eventually disappears (as an imaginary number) in the transition 

states. The tracking was to determine the correct transition states in the isomerization 

pathways. Students present the pathways in an energy level diagram and use it as the basis 

of the kinetics quantities calculations. 

The calculated results were in good agreement with the experiments. In the results and 

discussion section, students are exposed to the advanced analysis from simple pro- cedures. 

We provided an example of findings: the importance of a transition state in the rate constant 

calculations and a specific vibrational motion that initiates the isomeriza- tion. It 

demonstrates the usefulness of computational technology in the exploration of kinetics 

involved in isomerization.

Supplementary Material 

A student’s handout to engage in this project, which includes instructor’s notes and brief 

explanations of formulae that have been used, is provided. 
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Figure

Figure 1: An illustration of a particle’s PEC; x and y-axis are the particle’s position and 

potential energy V, respectively. At position xn, the particle has the potential and kinetic 

energy, Vn and Tn, respectively. The particle is only allowed to have Vn along the PEC. 

While Vn may change along the curve, the total energy E = Tn + Vn remains constant. The 

ground state is at x1 and x3, while the TS is at x2 (the saddle point). 
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Figure 2: An energy level diagram of a chemical reaction. The reactants are in state a 

(initial) and the products are in state c (final). In this illustration, there are two possible 

reaction pathways from the initial to the final state: through the TS b (Path 1), or through 

TS d, which has one intermediate state e (Path 2). It is a common practice to set state a’s 

energy as zero reference. The energy difference ∆E1 and ∆E2 are the reaction energy 

(thermodynamic) and energy barrier (kinetics), respectively.
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(a) Initial. (b) 1a, ∠CNC′ = 135°

(c) 1b, ∠CNC′ = 90° (d) 1c, ∠CNC′ = 45°

Figure 3: The motion of ν1 from Scheme 1 at the first four states. The angle of CNC′ 

is fixed during the partial optimization. (See Table 5 for their physical quantities.) 
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(a) Case I, ν1 = 438i. (b) Case II, ν1 = 1199i.

(c) Case III, ν1 = 927i. (d) Case IV, ν1 = 441i.

Figure 4: Geometrical structure model at the TS with the value of ν1 (in 1/s). The important 

bond distances and angles are also shown; angle in (d) is the dihedral angle. Only selected 

atoms are labeled (see text). 
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(a) Case I (b) Case II

(c) Case III (d) Case IV

Figure 5: An ELD for the initial state (IS), TS, and the final state (FS) based on the 

electronic energy calculation. The initial state energy is set as the reference.
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(a) Case I (b) Case II

(c) Case III (d) Case IV

Figure 6: Energy level diagram of Figure 5 after performing thermal correction at 298.15 

K  on the enthalpy (H, red lines) and Gibbs free energy (G, blue lines).
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(a) (b) 

Figure 7: The Arrhenius parameters (a) Ea and (b) ln A: calculated results against the 

experimental values and the linear regressions. The solid gray line is the perfect y = x. 
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(a) (b) 

Figure 8: Calculated against experimental logarithmic values of the rate constant ln k(T ). 

The solid gray line is the perfect y = x line. 
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Table

Table 1: List of symbol (including the abbreviation) used throughout the manuscript. 
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Table 2: Case study’s Kekulè structure, the experimental value from McQuarrie, and 

Simon [21, Table 28.4 and 29.1] of the activation energy Ea (kJ/mol), the pre-exponential 

factor A (1/s), and the rate constant k(T) (1/s). 
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Table 3: Geometrical parameters of methyl isocyanide from Lide [39] (Ref. 1) and 

Halonen, and Mills [40] (Ref. 2), and the calculation results (Calc.). 
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Table 4: Vibrational frequencies of methyl isocyanide (the reactant) from calculation 

results (Calc.) and experimental data (Expr.) by Khlifi et al. [32] at room temperature. 
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Table 5: Vibrational frequency of ν1 (in 1/cm), relative energy (Er in eV), and bond  

distance (in Å) of methyl isocyanide at the four initial states as illustrated in Figure 3. 

Negative frequency indicates the imaginary frequency. 
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To: Reviewer 1
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Aims and Scope
The aim of BAMBED is to enhance teacher preparation and
student learning in Biochemistry, Molecular Biology, and
related sciences such as Biophysics and Cell Biology, by
promoting the world-wide dissemination of educational
materials. BAMBED seeks and communicates articles on many
topics, including:

Innovative techniques in teaching and learning.
New pedagogical approaches.
Research in biochemistry and molecular biology
education.
Reviews on emerging areas of Biochemistry and
Molecular Biology to provide background for the
preparation of lectures, seminars, student presentations,
dissertations, etc.
Historical Reviews describing "Paths to Discovery".
Novel and proven laboratory experiments that have both
skill-building and discovery-based characteristics.
Reviews of relevant textbooks, software, and websites.
Descriptions of software for educational use.
Descriptions of multimedia materials such as tutorials on
various aspects of biochemistry and molecular biology.

Abstracting and Indexing Information

Biochemistry & Biophysics Citation Index (Thomson
Reuters)
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Chemical Abstracts Service/SciFinder (ACS)
Education Index/Abstracts (EBSCO Publishing)
ERA: Educational Research Abstracts Online (T&F)
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Journal Citation Reports/Science Edition (Thomson
Reuters)
MEDLINE/PubMed (NLM)
OmniFile Full Text Mega Edition (HW Wilson)
Science Citation Index Expanded (Thomson Reuters)
SCOPUS (Elsevier)
Web of Science (Thomson Reuters)
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The SJR is a size-independent prestige indicator that ranks
journals by their 'average prestige per article'. It is based on
the idea that 'all citations are not created equal'. SJR is a
measure of scientifc inguence of journals that accounts
for both the number of citations received by a journal and
the importance or prestige of the journals where such
citations come from It measures the scientifc inguence of
the average article in a journal, it expresses how central to
the global scientifc discussion an average article of the

This indicator counts the number of citations received by
documents from a journal and divides them by the total
number of documents published in that journal. The chart
shows the evolution of the average number of times
documents published in a journal in the past two, three and
four years have been cited in the current year. The two
years line is equivalent to journal impact factor ™
(Thomson Reuters) metric.

Cites per document Year Value
Cites / Doc. (4 years) 1999 0.217
Cites / Doc. (4 years) 2000 0.327
Cites / Doc. (4 years) 2001 0.155
Cites / Doc. (4 years) 2002 0.263
Cites / Doc. (4 years) 2003 0.356
Cites / Doc. (4 years) 2004 0.365
Cites / Doc. (4 years) 2005 0.574
Cites / Doc. (4 years) 2006 0.478
Cites / Doc. (4 years) 2007 0.592
Cites / Doc. (4 years) 2008 0.477

Total Cites  Self-Cites

Evolution of the total number of citations and journal's self-
citations received by a journal's published documents
during the three previous years.
Journal Self-citation is defned as the number of citation
from a journal citing article to articles published by the
same journal.

Cites Year Value
Self Cites 1999 17

External Cites per Doc  Cites per Doc

Evolution of the number of total citation per document and
external citation per document (i.e. journal self-citations
removed) received by a journal's published documents
during the three previous years. External citations are
calculated by subtracting the number of self-citations from
the total number of citations received by the journal’s
documents.

Cites Year Value

% International Collaboration

International Collaboration accounts for the articles that
have been produced by researchers from several countries.
The chart shows the ratio of a journal's documents signed
by researchers from more than one country; that is
including more than one country address.

Year International Collaboration
1999 4.00
2000 0.99

Citable documents  Non-citable documents

Not every article in a journal is considered primary research
and therefore "citable", this chart shows the ratio of a
journal's articles including substantial research (research
articles, conference papers and reviews) in three year
windows vs. those documents other than research articles,
reviews and conference papers.

Documents Year Value
Non-citable documents 1999 50

Cited documents  Uncited documents

Ratio of a journal's items, grouped in three years windows,
that have been cited at least once vs. those not cited during
the following year.

Documents Year Value
Uncited documents 1999 179
Uncited documents 2000 181
Uncited documents 2001 239
Uncited documents 2002 197
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