
Chapter 19
An Approach to Developing Electronic
Laboratory Textbook—Experimental
Program of Esterification of Acetic Acid
and Ethanol

A. Ikuo, Y. Yoshinaga and H. Ogawa

Abstract A computer graphics (CG) teaching material of the esterification of
acetic acid and ethyl alcohol was made based on the quantum chemistry calculation.
The CG teaching material could simultaneously display realistic shapes and elec-
trostatic potentials of the molecules on the way from the state of reactants to that of
products. The teaching material could demonstrate images of dynamical reaction
mechanism of the esterification. We have integrated the teaching material with the
laboratory manual of chemical experiments for University students to develop an
electronic textbook. The textbook in the tablet PC could display not only experi-
mental procedure but also the reaction mechanism by the CG teaching material.
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19.1 Introduction

To understand the observed phenomena, chemists have been used to imagine and
explain observation in terms of molecules (Fig. 19.1).

Observed phenomena and molecular level models are then represented in terms
of mathematics and chemical equation [1, 2]. Students’ difficulties and miscon-
ceptions in chemistry are from inadequate or inaccurate models at the molecular
level [3]. Visualization is of great help for students to have images at the molecular
level. It is our aim to produce computer graphics (CG) teaching material based on
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the quantum chemistry calculation, which provides students with clear images of
the nature of chemical reaction [4]. If the CG teaching material is integrated with
the laboratory manual of chemical experiments for University students, students
would observe the reaction from three thinking levels, namely, phenomena in the
observable level, the CG teaching material in the molecular level, and chemical
equation in the symbolic level. Our ultimate goal is to produce an electronic
textbook for chemistry experiments, which integrates these three thinking levels.

Electronic textbook has several advantages, such as attaching movie and pro-
grammable capability, over paper textbook. Interactive web-based electronic text-
book was reported [5]. By using the tablet PC, interactive electronic textbook was
produced for the mechanical engineering [6]. In the field of chemistry, inclusion of
lecture movie to the electronic textbooks is common [7, 8]; however, limited number
of electronic textbook deals with the laboratory manual [9]. Moreover, combination
of CG movie of reaction mechanism and experiment has not been reported.

We report here a CG teaching material adopting the CG with the electrostatic
potential on electron density (EPED) model that represents both the realistic shape
and electrostatic potential of molecule, and an approach to developing electronic
textbook for University students which could encourage students to integrate the
observable level experiment and the molecular world of the esterification reaction.

19.2 Procedure

19.2.1 Calculation

Esterification of acetic acid and ethyl alcohol is described as shown in the Eq. 19.1.

CH3COOHþC2H5OH ! CH3COOC2H5 þH2O ð19:1Þ

Fig. 19.1 Dividing the image into the three thinking levels
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The mechanism of the reaction is well known [10], and generally, the esterifi-
cation proceeds in the presence of a proton catalyst. The rate-determining step
includes the attack of the oxygen atom of hydroxyl group of ethyl alcohol to the
central carbon of the formed carbonium ion and release of water as shown in the
Scheme 19.1. As this step dominates all over the reaction, therefore, the calculation
based on quantum chemistry on the rate-determining step was carried out. Although
another mechanism that involves more than a pair of reactants is possible as
reported in the case of carbonic acid formation [11], it was not considered in this
paper for simplicity of the program.

The structures of intermediates of the esterification of acetic acid and ethyl alcohol
and their electrostatic potentials on electron density were calculated as follows: the
semi-empirical molecular orbital calculations MOPAC [12] with PM5 Hamiltonian
in CAChe Work System for Windows (Former name of Scigress, ver. 6.01,
FUJITSU, Inc.) was used in all the calculations for optimization of geometry by the
Eigenvector following method, for search of transition state by use of the program
with saddle point search, and for search of the reaction path from the reactants to the
products via the transition state by the intrinsic reaction coordinate (IRC) calculation
[13]. Details of procedure of the quantum chemistry calculations were described in a
previous paper [4]. The electrostatic potential on electron density (EPED) model [14]
was calculated [15] based on structures from the results of the IRC calculation.

19.2.2 Production of Electronic Textbook

A movie of the reaction path was produced by the DIRECTOR (ver. 8.5.1J,
Macromedia, Inc.) software, after displaying the bond order of structure of reactants
in each reaction stage, which was drawn by the CAChe software. The obtained CGs
of the EPED model, the ball-and-stick model, and reaction profile were combined.
The Quick Time movie file was created by use of 100 frames of combination CGs.
It was confirmed that the drawn CGs of the molecular models of reactants move
smoothly in the produced movie. The green ball, which indicates progress of the
reaction, was arranged on the reaction profile and simultaneous movements of the
ball and the models of reactants were confirmed. The produced movie file was
converted to the Quick Time movie for iPad by the Quick Time PRO (ver. 7.66,
Apple, Inc.) software. Electronic textbook was produced with iBooks Author
software (ver. 2.1.3, Apple, Inc.).
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Scheme 19.1 Mechanism of the esterification in the rate-determining step
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19.3 Results and Discussion

19.3.1 CG Teaching Material in Tablet PC

Figure 19.2 shows the combination CGs of molecules on the way from the state of
reactants to that of products via the transition state. The CG teaching material
demonstrates changes of the electrostatic potential and realistic shape of the reac-
tants on the reaction profile in all stages at the same time.

The values of electrostatic potentials were represented in different color on the
model of reactants in the transition state, and the figure legend of color boundaries
for electrostatic potential was also listed. Distribution of the electrostatic potential
among the reactant can be seen by the colors. For example, oxygen of ethanol is
negatively charged with relative value of −0.06 based on evaluation of energy of
interactions of prove proton to the charge of the iso-surface, and hydrogen of
carbonium ion is positively charged with relative value of +0.09. The model by the
electrostatic potential provides information about change of electrostatic distribu-
tion of molecules on the way from the state of reactants to that of products.

The green ball on the reaction profile indicates the most probable pathway of
chemical reaction according to the IRC theory [13]. Other CGs such as the EPED
model and the ball-and-stick model are synchronized with the movement of the ball

Fig. 19.2 CG teaching material
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on the reaction profile. By using the Quick Time control bar, the degree of the
reaction progress can be changed which simultaneously changes the structure of the
reactant. When a student touches the teaching material in the tablet computer, the
Quick Time control bar appears and the green ball on the profile can be moved by
student’s choice. The students can manipulate the reaction back and forth until they
obtain the image of the reaction. The CG teaching material provides details of the
chemical reaction mechanism dynamically.

19.3.2 Electronic Textbook in Tablet PC

In order to integrate the observable level and the molecular level, the small-scale
chemical experiments of students’ laboratory, and the CG teaching material were
integrated in the electronic textbook. The experimental section of the electronic
textbook was inserted with images of experimental procedure in the forms of
flowcharts and pictures, which can be enlarged by students’ touch (Fig. 19.3).
The CG teaching materials of reaction profiles were inserted in the textbook
(Fig. 19.4). When a student touches the icon on the profile, the teaching material
appears to show the image of the structural change during the reaction. After
studying the concept of activation energy with the text and the CG teaching

Fig. 19.3 Experimental procedure from the electronic textbook
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Fig. 19.4 CG teaching material in the electronic textbook

Fig. 19.5 Determination of activation energy in the electronic textbook
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material, the student could actually measure the apparent activation energy from the
product yield at different temperatures, in the advanced section of the experiment
(Fig. 19.5). The obtained activation energy of 56.5 kJ mol−1 agreed with the lit-
erature value of ca. 60 kJ mol−1 [16].

19.4 Conclusions

The CG teaching material of the esterification of acetic acid and ethyl alcohol was
made based on the semi-empirical molecular orbital calculation. The CG teaching
material could simultaneously display realistic shapes and electrostatic potentials of
the molecules on the way from the state of reactants to that of products. The
teaching material could demonstrate images of dynamical reaction mechanism of
the esterification. We have integrated the teaching material with the laboratory
manual of chemical experiments for University students to develop an electronic
textbook. The textbook in the tablet PC could display not only experimental pro-
cedure but also the reaction mechanism by the CG teaching material. After studying
the concept of activation energy, students could actually measure the apparent
activation energy. The textbook could be used to encourage students to integrate the
observable level experiment and the molecular world of the esterification.
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