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Abstract The chemistry program in university includes content on reaction mechanisms and IR and NMR
spectroscopy. However, the laboratory conditions are limited, so students do not have access to experimental
spectral data. Applying the CDIO teaching process, we designed a group activity for university students to help them
improve their knowledge and ability to predict reaction mechanisms as well as use spectroscopy to confirm
structures of predicted products. On that basis, there will be impact assessments on students' capacity when
researching the structure of organic compounds in chemistry to take appropriate improvement measures. This
activity uses spectral analysis and reaction mechanisms in an exercise. Students are tasked with predicting the
reaction mechanism to identify the products of an organic chain reaction. Then, they analyze the provided IR and *H
NMR spectra and match each spectrum with the appropriate product.
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1. Introduction

CDIO stands for the English phrase Conceive - Design
- Implement - Operate. CDIO is an initiative of the
engineering departments of the Massachusetts Institute of
Technology (MIT), USA, in collaboration with Swedish
universities. This is a solution to improve training quality
to meet social requirements on the basis of determining
output standards to design training programs and methods
according to a scientific process [1,2].

CDIO is logically constructed and has a generalized
approach to it that can be used to develop standard
procedures for a variety of training fields outside of
engineering (with necessary modifications and additions),
including the pedagogical field.

Until now, the network of universities applying CDIO
in the world is increasing, especially in the US. Up to this
point, there have been more than 100 universities around
the world applying the program in Physics, Electronic
Engineering and Machine Engineering [3].

The CDIO-based teaching process is carried out
through the following steps:

Conceive: Form ideas on the basis of analyzing
teaching content.

Design: Design activities based on proposed ideas.

Implement: Organize and carry out activities based on
the teaching plan.

Operate: Evaluate impact, perfect teaching process,

constantly improve teaching activities.

Based on this process, the study will guide students in
group activities to learn about the structure of organic
compounds based on data on infrared spectroscopy and
nuclear magnetic resonance spectroscopy.

2. Content and Research Methods

2.1. Conceive

Teaching infrared (IR) and nuclear magnetic resonance
(NMR) spectroscopy is an essential component of
undergraduate curricula [4] and part of an important
program for students in Vietnam. Additionally, using a
reaction mechanism to predict the chemical structures of
products in organic synthesis plays an equally important
role. When students study organic chemistry, they learn
the fundamentals of reaction mechanisms and IR and
NMR spectroscopy, particularly *H NMR. However, the
use of experiments to analyze products requires laboratory
time and an NMR spectrometer, and multiple experiments
are needed to generate a variety of compounds for
spectroscopic analysis. To address these challenges, an
activity in class involving exchange and group activities
was applied to introduce upper-division undergraduate
students to the broader applications of IR and NMR
spectroscopy. This activity helps students synthesize and
evaluate organic compounds without requiring laboratory
time or IR and NMR spectrometers. The students should
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be able to predict the products on the basis of the reaction
mechanism and then confirm the structure of the organic
compounds by analyzing 'H NMR and IR spectra,
identifying splitting patterns by taking into account
nuclear spin and interpreting the 'H NMR spectra of
organic molecules. Thus, students will be able to
confidently confirm whether the reaction mechanisms
predicted are correct or not.

2.2. Design

This activity is constructed to follow a fundamental
lecture on IR and NMR spectroscopy and reaction
mechanisms. Students are provided with a chain reaction
(Figure 1). They work in groups of 3-4. The activity takes
approximately 2 hours to complete and can be broken into
hour-long segments when needed. First, the students
individually predict the mechanism of each reaction and
write the reactions. Then, they use existing knowledge of
IR and "H NMR fundamentals and reference materials that
provide approximate chemical shifts to predict splitting
patterns and signals in IR and *H NMR spectra and then
discuss their predictions within their group. After that,
they are provided with the IR and *H NMR spectra and
asked to match each molecule with the proper spectrum to
confirm the compound structures. Finally, they assign
peaks and briefly reflect on their discussion in writing.

The exercise uses a constructivist model to encourage
retrieval of prerequisite knowledge before scaffolding new
but related concepts [8,9].

Students must carefully consider solvent signals,
longer-range couplings that are sometimes not predicted in
simulations, and instrumental resolution because none of
the spectra used in the exercise were simulated (rather,
they were experimentally obtained). The writing prompt is
constructed to ask students what they understood, what
they did not understand, why, and how a gap in
understanding could be addressed [7]. This metacognitive
element to the exercise is designed to prompt student
reflection for increased knowledge retention [8-10]. As a
class, students then discuss what may have surprised them.
The class discussion can be expanded to include the
underlying principles of *H NMR couplings.

2.3. Implement

We predict the reaction mechanism from compound (C)
to compound (D) (Figure 2) and write the reaction (Figure
3). Then, we analyze the IR and 'H NMR spectra to
confirm the structure of compound (D). The students will
do the same with the other reactions in the exercises.

This is consistent with the synthesis of 1,3,4-oxadiazole-2-
thiol heterocyclic compounds from hydrazide and carbon
disulfide [11,12].
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Figure 1. The chain reaction exercise
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Figure 2. The reaction mechanism for the reaction between compound (C) and CS; to yield compound (D)
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Figure 3. The reaction between compound (C) and CS; to yield compound (D)
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Figure 4. IR spectrum of a KBr pellet of compound (D) (50/60 Hz)

2.3.1. Analysis of the IR Spectrum

This IR spectrum (Figure 4) showed no peaks at
1678.13 cm™ (C=0 signal, strong peak) or at 3313.82—
3200 cm™ (-NH-NH, signal, strong broad peak),
demonstrating the transformation of carbonyl and
hydrazyl groups. In addition, a variety of strong, broad
peaks from 2700 cm™ to 2966.62 cm™ were observed,
especially at 2720 cm™ (weak peak), consistent with a
thiol vibration signal. Strong absorption was observed in
the frequency range from 3080 cm™ to 3200 cm™,
indicating the presence of a particular -N-H bond in the
compound. Furthermore, peaks were observed at
2966.62 cm™?, 1599.04 cm™ and 1514.17 cm™ (C=C of
the aromatic ring). In addition, an absorption peak at
1631.83 cm™ was indicative of the presence of a C=N
bond, and strong signals from 1126.47 cm™ to 1174.69
cm™ indicated the presence of a C=S bond. All the IR
spectral data mentioned provide evidence of an
oxadiazole skeleton and confirm the existence of two
tautomers, thione and thiol [13].

2.3.2. Analysis of the *"H NMR Spectrum

Triple-bond JHH coupling constants in *H NMR are
typically on the order of 7 Hz [14]. *H NMR spectroscopy
(Figure 5 and Figure 6) revealed signals at a high
magnetic field that were consistent with alkyl substituents,

such as methyl and isopropyl groups, on the benzene ring.
Six H,, and Hy. protons gave rise to a doublet peak (J =
7.0 Hz) at a chemical shift at 8 = 1.180 ppm due to a spin-
spin interaction with Hy,. In addition, the signal of the Hy,
proton was observed at 3.190-3.245 ppm (multiplet peak).
Three protons of the methyl substituent gave rise to a peak
at 2.391 ppm (singlet peak). Furthermore, methylene Hy,
bonded with the heteroatom oxygen and the 1,3,4-
oxadiazole scaffold, leading to a resonance at 5.030 ppm
(singlet peak). Compared to the H,, signal of the ester
ethyl thymyloxyacetate (5 = 4.787 ppm), the Hla signal in
this compound was shifted to a lower magnetic field,
which was consistent with the electrophilic 1,3,4-
oxadiazole discussed in the introduction. In the specific *H
NMR spectral range for arene, there are two singlet peaks
at 6.776 ppm and 7.596 ppm representing 2 protons, Hg
and Hg, of the benzene ring. Moreover, at 10-10.5 ppm, a
broad peak for the H; proton appeared. To summarize, all
spectral *H NMR data provided evidence for the predicted
structure.

2.4. Operate

We conducted pedagogical experiments and a test to
evaluate the feasibility and effectiveness of the activity.
The experiment involved 117 students in the control group
(Co) and 117 students in the experimental group (Ex). All
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students were in Vietnam. Students in the Co group
completed individual activities and multiple tests (the total
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score of the tests was 10). Students in the Ex group and Table 2.
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Figure 5. *H NMR spectrum in DMSO of compound (D) (500 MHz) at 0-12 ppm
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Figure 6. *H NMR spectrum in DMSO of compound (D) (500 MHz) at 1.0-3.5 ppm

Table 1. Summary of Test Scores

complete a combined activity with only one test (the score
of the test was 10). The results are summarized in Table 1

Group Score X
Number of students 2 3 4 5 6 7 8 9 10
Ex Number 0 4 6 11 14 17 14 13 23 15
117 % 0.00 3.42 5.13 9.40 11.97 14.53 11.97 11.11 19.66 12.82
Co Number 0 23 17 15 15 14 13 14 6 0
117 % 0.00 19.66 14.53 12.82 12.82 11.97 11.11 11.97 5.13 0.00
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Table 2. Cumulative Frequencies Table

% Students receive a score of Xi or below
Group
1 2 3 4 5 6 7 8 9 10
Ex 0.00 3.42 8.55 17.95 29.91 44.44 56.41 67.52 87.18 100.00
Co 0.00 19.66 34.19 47.01 59.83 71.79 82.91 94.87 100.00 100.00
Table 3. Summary of Specific Data
Group Number of students X s? S CcVv k t tok ES Influence
Ex 117 6.85 5.22 2.28 33.36
232 6.60 1.97 0.87 Large
Co 117 4.90 4.97 2.23 45.53

( X : the average test score value; S: the criterion deviation value; CV: the coefficient of variation; k: degrees of freedom,; t: Student's t-distribution; o =

0.05; ES: effect size)

Table 4. Summary of t-Test Data

Levene's Test for
Equality of t-test for Equality of Means
. Variances
Variances S E 95% Confidence Interval of the
F Sig. t df Sig(p) | Mean Difference 1. Error Difference
Difference
Lower Lower
Equal variances
assumed 0.04 0.85 6.60 232 0 1.95 0.30 1.37 2.53
Equal variances 6.60 232 0 1.95 0.30 1.37 253
not assumed
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Figure 7. Diagram of test scores (a); graph of cumulative frequencies (b)

According to the diagram of test scores and the average
test score values (Figure 7, Table 3), we found that the
average test scores of the control group were lower than
those of the experimental group. In the graph of
cumulative frequencies, the line for the experimental
group is to the right and below the line for the control
group, confirming that the outcomes of the students in the
experimental group are higher than those of the students in
the control group. According to the data in Table 3, the
criterion deviation (S) value and the coefficient of
variation (CV) are relatively small (Sgx < Sc, and CVg, <
CV¢o), S0 the data are less dispersed. The average test
score values ( x) have high reliability. We hypothesize
the following: Hy — the difference between the values of
X ex and X ¢o IS not statistically significant; H; — the
difference between the values of X g and X ¢, IS
statistically significant. The value of t (Student's t-
distribution) is greater than t,, (o = 0.05). Therefore, we
can reject hypothesis Hy and accept hypothesis H;. This
means that students in the experimental group have better
advancement than students in the control group [15]. The
value of ES is large [16]. By using a t-test (Table 4), we
found that the (p) Sig. values were less than the value of o
(= 0.05), indicating that the difference in the distribution

of test scores between the control and experimental groups
is due to the impact of the combined activity, not an
accident [17].

Through observing the developments in class, we found
the following: (1) In the control group, the learning
attitude of the students was not positive, and the students
were quite quiet and less proactive in participating in the
lesson. Completing the exercises was not voluntary. It
depended on the score. (2) In the experimental group, the
students' attitude were more positive. They were very
interested in performing the exercises.

3. Conclusion

Applying a teaching process based on CDIO, helps
students work actively in groups and enjoy determining
the structure of organic compounds based on
spectroscopic data. In contrast to individual activities, this
activity helps students improve their ability to predict the
products of organic reactions by predicting reaction
mechanisms and analyzing IR and *H NMR spectra to
confirm the structure of the predicted substances. This
activity incorporates aspects of peer-to-peer learning and
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metacognition to increase student understanding and
retention of knowledge. We recommend evaluating future
iterations of this activity despite the small sample size, as
this will help track student progress in mastering the use
of organic reaction mechanisms to predict products and
the ability to confirm the structure of the compounds by
analyzing IR and *H NMR spectroscopic data. To make
this activity more effective, we recommend collecting 13C
NMR spectra to further help students confirm the structure
of the predicted compounds accurately and reliably.

Thereby confirming that when teaching chemistry
content associated with complex experiments, if teaching
activities are designed based on the CDIO approach, it
will help students develop chemical competencies and,
moreover, teaching organization competencies.
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