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ABSTRACT: Chemometric techniques such as partial least-squares (PLS)
regression have been applied with huge success to a wide array of chemical
problems including multicomponent analysis of analytes in complex mixtures.
Despite this, there are few examples of laboratory pedagogical exercises that
involve students in the acquisition of chemical data from infrared spectroscopic-
based instrumentation, followed by quantitative chemometric analysis using PLS.
In this article, we present a computational activity that introduces undergraduate
students in an instrumental analysis laboratory setting to data acquisition using
attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy
followed by data analysis using PLS. The first part of the activity involved
students creating mixture designs of binary terpene components consisting of p-
cymene and limonene. These mixtures were then analyzed using an ATR-FTIR
spectrometer, where students became familiarized with the instrument and were
shown how to characterize and differentiate the aforementioned terpenes using their generated FTIR spectra. The second part of the
activity involved preprocessing the acquired FTIR spectral data from the first part followed by the simultaneous quantitative
determination of the prepared terpenes using PLS. On the basis of student surveys, it can be concluded that this convenient and
inexpensive activity was ultimately successful in introducing students to the use of chemometrics for quantitative analysis of terpenes
using an ATR-FTIR. This easy-to-do two-week activity can be used as a standalone for instrumental analysis laboratory classes and
can even be integrated in advanced courses in applied spectroscopy and chemometrics.
KEYWORDS: upper-division undergraduate, analytical chemistry, computer-based learning, chemometrics, IR spectroscopy, spectroscopy

■ INTRODUCTION
Even though the concept of Fourier transform infrared (FTIR)
spectroscopy has been known for more than a century, it took
more than 60 years for its application to be widely recognized as
a potential analytical tool.1 Today, due to rapid commercial
development and extensive research, it is considered to be one of
themost powerful chemical techniques, and has had a wide array
of successes in agriculture, biomaterials, chemistry, and
environmental science among others.2−5 A wide variety of
experiments have been introduced to students allowing them to
learn more about FTIR spectroscopy, specifically on the use of
an attenuated total reflectance (ATR) accessory for acquiring
the infrared spectra of unknown solid and liquid organics, of
inorganic solids synthesized by students, studying the
adsorption of ions from solution onto oxide particle surfaces,
and structural analysis of nanofilms.6−8 Further, a variety of
approaches have also been introduced to students to enhance
their knowledge on spectral interpretation and understanding
the FTIR such as by using a spreadsheet exercise, computing the

infrared spectrum using the interferogram data, and by visual
spectra comparison and statistical analysis and matching.9−11

Similar to FTIR, although there are existing laboratory
exercises implementing the use of chemometrics, a highly
interdisciplinary field, which employs applied mathematics,
computer science, and multivariate statistics using methods
employed in core-data analytic problems,12 the majority of these
are primarily targeted toward classification purposes (i.e.,
principal component analysis, factor analysis).11,13−16 Further,
although the chemical education community acknowledges the
need for student training in various computational meth-
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ods,17−19 there are limited pedagogical materials and no
simplified or standardized way of incorporating these into the
curriculum, especially in the use of instrumentation for data
generation and consequent chemometric quantitative analysis of
the same data. There are some studies, however, that are
dedicated to the use of instrumentation and chemometrics for
quantitative determination of analytes but are typically
introduced in advanced analytical courses.20,21 Further, many
of these studies cannot also be directly implemented in the
undergraduate curriculum because of the limitation of having to
purchase expensive and not so user-friendly chemometric
software packages.
In this article, we report a pedagogical approach for

introducing chemometrics to the instrumental analysis curric-
ulum by utilizing experimental data from FTIR analysis. Herein,
we focus our analysis on monoterpenes, p-cymene and limonene
(Figure S1), main components of essential oils that are known to
have anticancer, analgesic, immunomodulatory, vasorelaxant,
neuroprotective, and antinociceptive properties.22−25 The
purpose of focusing on a binary mixture is primarily due to
advantages related to cost (i.e., p-cymene and limonene are
readily available in many laboratories) and time (i.e., the project
can be completed in 12 h).
In this two-week activity, students prepare binary mixtures of

p-cymene and limonene and analyze each of the prepared
mixtures using an ATR-FTIR in the first week. In the same week,
students also get acquainted with the use of an ATR-FTIR as
well as interpret the spectral peaks generated to distinguish the
two terpenes. In the second week, students are introduced to
chemometrics using partial least-squares (PLS) and then
construct multivariate calibration models to simultaneously
quantify the above-mentioned terpenes from the data generated
in the first week. The PLS method is an exceptionally powerful
chemometric approach that generates a calibration model of
superior strength when compared to alternative techniques like
multiple linear regression.26,27 Moreover, it facilitates the
examination of highly intricate mixtures, necessitating solely
on knowledge of components of interest for constructing the
calibration model. It accomplishes this by conducting regression
utilizing latent variables or factors derived from the dependent
and independent data, which align with their axes of highest
variation and demonstrate maximal correlation.27

We have incorporated this activity in the instrumental analysis
laboratory, although this could also be implemented in the
quantitative analysis laboratory as well as advanced analytical
chemistry classes. The code needed for the chemometric
quantitative analysis was provided using an R-based Markdown
document using a free available R package called the “pls”.28 R is
a freely available software package for statistical computing that
runs on a wide variety of UNIX platforms, Windows, and Mac
Operating Systems.29

■ METHODS
In this section, we present an overview of the methods used in
this study. Additional background including student handouts
and written statistical codes are readily available in the
Supporting Information section. In this study, participants (n
= 20) consisted of students with Environmental Science (15%),
Forensic Chemistry (35%), Biochemistry (40%), and Chemistry
(10%) majors.

Part 1: Preparation of Sample Mixtures and ATR-FTIR
Analyses

Preparation of Terpene Mixtures. To obtain the data
needed for the chemometric quantitative analysis of terpenes,
the first week was dedicated to designing an experiment
consisting of binary mixtures of p-cymene and limonene. In
order to do so, a full factorial design was used to generate such
terpene mixtures in four levels (i.e., low, average, above average,
and high levels of terpenes) ((24 = 16 mixtures) (Table S1))
using the "DoE.base" package in RStudio.30,31 A full factorial
design was used because it provides the experimenter sufficient
information to evaluate the whole set of main effects as well as all
interaction effects.32 Further, it permits studying the effects of
various factors on a response.33 Due to the interest of time, an
activity involving the implementation of the full factorial design
using the aforementioned RStudio package was not covered in
this lab. As such, a readily available template spanning the above-
mentioned volume levels of terpenes was provided to the
students (Table S1). For each mixture, specific volumes of each
terpene (Table S1) were first added using a micropipet in a
scintillation vial. Each mixture was then dissolved in 10 mL of
ethanol, shaken by hand, covered tightly using aluminum foil
capped scintillation vials, and immediately stored in a
refrigerator to avoid evaporation. Since three trials were needed
for each mixture for an ATR-FTIR analysis, pairs of students
forming a group were each assigned to prepare 2−3 mixtures.
This arrangement allowed us to finish all spectrophotometric
analyses in 1 week given that all experiments were performed
using the same instrument.
Qualitative Analysis of Terpenes by ATR-FTIR.An ATR-

FTIR analysis was separately performed for each pure terpene to
identify unique spectral regions for each of the analytes. Analysis
was performed using a Shimadzu IRAffinity-1S with air as a
blank. Each analysis was done in triplicates from 4700.52 to
339.47 cm−1 range ensuring that the ATR accessory was
thoroughly cleaned, and background spectrum was taken before
any sample spectral measurement. All analyses were performed
at every 2 cm−1 resolution. The instrumental parameters/
conditions included an absorbance measurement mode, Happ-
Genzel apodization, measurement at 45 scans, and standard
detector as an internal beam. The average of the spectral
measurements was then used in the final data analysis. Peak
picking was performed to identify the peaks in each prepared
mixture. This was then correlated with the peaks of the pure
terpenes to identify subtle signals due to each terpene
component.
Part II. Chemometric Analysis of Terpene Mixtures

Quantitative Determination of Binary Terpene Mix-
tures Using FTIR and Chemometrics. The RStudio program
was used to analyze the prepared mixtures from the previous
part.31 Since it is anticipated that students would have no prior
experience in any kind of programming language, a brief
introduction on how to run simple exercises using PLS and
signal processing on RStudio was introduced to the class.31

Specifically, the class utilized examples from running PLS using
freely available gasoline data.34 All PLS analysis was performed
using the RStudio “pls” package.28

Data generated from the FTIR were preprocessed using the
“prospectr” package in R using the first-derivative function.35

First derivative was used in this study because it offers
advantages of being able to resolve overlapping peaks, reduce
baseline offset, compensate for instrumental drift, and enhance
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small spectral absorptions as well as provide predictions with
increased accuracy.35 Multivariate calibration, regression, and
testing were performed using PLS, a powerful multivariate
statistical technique that has been successfully applied in many
areas.36−40 To assess prediction accuracy of the regression
model, the root-mean-square error (RMSE) was calculated as41

= = y y

N
RMSE

( )i
N

i i1
2

where y and y′ are the predicted and actual concentrations,
respectively, and N is the number of samples. The R2, goodness
of fit between the predicted and measured values in the training
set, was also calculated (Table S2). A visual overview of the two
aforementioned steps is provided in Figure 1.

Chemical Hazards

Ethanol is a clear, colorless liquid that is absorbed by the
gastrointestinal tract and distributed throughout the body. It
may irritate or burn eyes and skin upon inhalation and contact
with it. Further, its vapors may also cause asphyxiation or
dizziness.42

p-Cymene inhalation causes impairment of coordination,
andheadache. Contact with liquid causes mild irritation to the
eyes and skin. Lastly, ingestion causes irritation of mouth and
stomach.43

Limonene is a colorless liquid with a citrus-like odor. The
liquid is known to irritate the eyes, and prolonged contact with
skin causes irritation. Further, ingestion causes irritation of the
gastrointestinal tract.44

Avoid inhalation and contact with these chemicals and ensure
that all operations are to the extent possible performed under a
certified chemical fume hood or another approved ventilated
enclosure. Use safety goggles, masks, and a laboratory coat when
using the aforementioned chemicals.

■ RESULTS

Vibrational Spectral Analysis of Pure p-Cymene and
Limonene by ATR-FTIR
Each spectral measurement was thoroughly investigated by
identifying peaks that differentiated one terpene from the other.
The FTIR spectra of the p-cymene is characterized by unique
peaks at 2957, 1514, 1101, 1055, 813, 719, and 540 cm−1. The p-
cymene spectrum displays the C�C stretching motion of the
aromatic ring within the range 1500−1400 cm−1, along with the
symmetric bending vibration of the isopropyl methyl group at
1381 cm−1. Additionally, the asymmetric vibration of the same
group can be observed at 1362 cm−1. On the contrary, the para-
substituted phenyl moiety of the compound is evident within the
spectral region of 1055−1019 cm−1, whereas the robust double
bond at approximately 813 cm−1 is attributed to the breathing
mode of the phenyl nucleus. The morphology of the peak is
likely influenced by the distinct substituents present on the para-
substituted phenyl group (Figure 2).45−47

Limonene, on the other hand, has unique spectral regions
found at 2913, 2832, 1643, 1435, 1375, 1150, 885, 799, and 430
cm−1 (Figure 2). This compound is characterized by C�C
belonging to an alkene in the∼1643 cm−1 peak. Further, it is also
characterized by CH (sp2) and CH (sp3) in the spectral range of
3012−3084 and 2966−2836 cm−1, respectively. Other remark-
able bands include ∼1375 and 1453 cm−1 belonging to the CH2
and CH3 bends, respectively. Lastly, there was also a bending
vibration of �C−H of disubstituted and trisubstituted double
bonds at 885 and 799 cm−1.48 The unique spectral differences
among these pure terpenes clearly indicate that subtle
differences would be sufficient to distinguish one terpene from
the other in mixtures. The characteristic key absorbance bands
among these two terpenes can be used for discriminating them
(Figure 2). Such subtle differences may make it difficult to
delineate the differences among the two terpenes in binary
mixture designs in ethanol (Figure 3). As such, we utilized PLS
regression to develop predictive models.
ATR-FTIR Data Preprocessing and Chemometric Analyses
Prior to the lab, data analysis was originally done by the
instructor using the full wavenumber range (4700 to 339 cm−1)
to test the performance of the generated results using PLS.
However, the results did not generate good results. As such, the
instructor had also performed a prior analysis to test different
wavenumber ranges, including 4700−339 cm−1, 3225−428
cm−1, 2261−428 cm−1, 1875−525 cm−1, 1585−525 cm−1,
1489−718 cm−1, 1489−525 cm−1, and 1296−718 cm−1, with
the overall goal of optimizing the results while harboring the
unique spectral peaks of each of the individual terpenes in the
binary mixtures. In this activity, students tested various
aforementioned wavenumber ranges to see how results changed.
The results presented herein show the optimized results using
the 1489−718 cm−1 range harboring many unique spectral
peaks present in p-cymene and limonene, as mentioned earlier
and was performed by the students. The developed calibration
model in this specific spectral range (i.e., 1489−718 cm−1)
(Figure 4) generated three components for both p-cymene and
limonene (Figure 5), which was sufficient to develop a robust
PLS calibration model.
Further, these models yielded cross-validated root-mean-

square error (RMSECV) values of 0.0944 for the given number
of components mentioned previously for both the p-cymene and
limonene terpene components. The developed model also
yielded R2 = 0.683 for both components, indicating moderate

Figure 1. Overview of attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy and partial least-squares (PLS)
quantitative analysis workflow for the simultaneous determination of p-
cymene and limonene in binary mixtures of terpenes.
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linearity between the measured and predicted terpene values in
the calibration model (Figure 6).
One of the major goals of this study is to identify potential

failures and pitfalls of incorrectly following the PLS procedure.
As such, we implemented the PLS analysis without any kind of
signal processing technique. Results of our analysis showed that
using PLS analysis without any kind of signal processing
technique using the same wavenumber range (i.e., 1489−718
cm−1) generated higher RMSE and lower R2 values (Table 1)
indicating not favorably good results. The results showcase the

importance of applying the signal preprocessing technique prior
to any PLS development to provide more accurate multivariate
calibration models.
It would be worthwhile to also consider a variety of other

signal preprocessing techniques such as a second derivative,
standard normal variate, and Savitzky-Golay among others and
compare the results presented herein. This extension of the work
will provide an in-depth exposure and understanding of how
results change due to the use of different signal preprocessing
techniques. It should also be noted that, since different mixtures

Figure 2. Fourier transform infrared spectra of pure terpenes, p-cymene, and limonene.

Figure 3. Fourier transform infrared spectra of binary terpenemixtures of p-cymene and limonene using a full factorial design (n = 16) at the 4700−339
cm−1 range.
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were prepared by multiple groups of students, one should also
take into consideration the variations in the sample preparation,
which could lead to a possible source of error in the generated
spectra. As such, sample mixtures prepared by a single and
expedient student may yield better results (i.e., higher R2, lower
RMSE) than those prepared by multiple students coming from
different groups. Further, PLS typically requires a large number
of training samples to build accurate and reliable calibrations.49

The ATR-FTIR and chemometric analyses presented here-
with are only limited to a training set established using a full
factorial design (n = 16). This was performed due to the limited

availability of time and the number of students needed to
perform the analyses. In the future, the activities may also
consider an independent test set to assess the performance of the
training set.
Implementation

The outlined activity was implemented in the Spring 2023
semester in the instrumental analysis lab course at the University
of Scranton, with a total of 20 junior and senior students. The
core exercise was designated so that parts I (Preparation of
sample mixtures and ATR-FTIR analysis) and II (chemometric

Figure 4. Fourier transform infrared spectra of binary terpene mixtures of p-cymene and limonene using a full factorial design (n = 16) at 1489−718
cm−1. This spectral range was determined to optimize the results for the cross-validated generated full factorial calibration model.

Figure 5. Root mean square error (RMSE) as a function of the number of components for p-cymene (a) and limonene (b). As seen in the plot, three
components are sufficient to optimize the errors of prediction in the partial least-squares calibration model at 1489−718 cm−1.
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analysis of terpene mixtures) could be done and accommodated
comfortably each week for each part. That is, each part was
carried out in a 6 h laboratory session per week for a total of 12 h
in 2 weeks. Student estimates of time required to complete the
first part of the activity were consistent with the allocated
timeline with most students requiring only 1−2 h to complete
the activity (Figure 7). It should be noted that only one FTIR
instrument was used, which led to a long waiting time to finish
analyses of all mixtures. The second part of the activity, on the
other hand, maximized the entire lab period because the

instructor performed repeated chemometric analyses for the
students to develop full understanding of concepts in PLS
(Figure 8). There is a flexibility that the second part of the
activity can be finished in only 3 h depending on the depth of the
instructor’s exercise. The R Markdown code was designed so
that students could easily execute the data analysis and observe
the output. As students developed a full understanding of each
line of the code, they were then asked to make small changes to
the code and observe the results.
We have collated the current version of our PLS analyses as an

RStudio Markdown code (see Supporting Information).
Although our trials integrated this as part of the instrumental
analysis laboratory course, instructors could also use this as a
standalone laboratory activity and can even be included in
analytical chemistry laboratory courses as one of the experi-
ments. The mixture designs can even be modified to include
ternary or quaternary mixture components, consequently
altering the code to accommodate these changes.
Results of Student Surveys
The prelab survey for part 1 section of the 2-week activity
showed that 70% of the students have not used an FTIR
instrument before nor do they have prior familiarity with its
different parts. There was also a substantial number of students

Figure 6. Predicted vs measured (volume/volume) values for p-cymene (a) and limonene (b). The plots show moderate linearity at 1489−718 cm−1

for p-cymene (R2 = 0.683) and limonene (R2 = 0.683).

Table 1. Comparison of the root mean square error of
prediction (RMSE) and R2 values for the p-cymene and
limonene terpene components in binary mixtures using the
1489−718 cm−1 spectral range with and without first-
derivative signal preprocessing techniquesa

With first derivative
signal preprocessing

Without first derivative
signal preprocessing

Chemical components RMSE R2 RMSE R2

p-cymene 0.0944 0.683 0.123 0.465
Limonene 0.0944 0.683 0.123 0.465

aThree components were utilized for all analyses.

Figure 7. Estimated time frame for students to complete the first activity related to the creation of mixture designs and Fourier transform infrared
(FTIR) spectrometric analysis.

Journal of Chemical Education pubs.acs.org/jchemeduc Laboratory Experiment

https://doi.org/10.1021/acs.jchemed.3c00358
J. Chem. Educ. 2023, 100, 3050−3060

3055

https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig7&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.3c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(80%) who had no knowledge of the real-world applications of
the instrument as well as its applications in chemometrics
(Figure 9).
After performing part 1 section of the 2-week activity, 100% of

the students agreed or strongly agreed that they have gained
some basic understanding in the FTIR operations. About 100%
of the students also agreed or strongly agreed that they had
gained a better understanding of the basic steps in the operation
of the instrument (Figure 10). Further, 85% of the students
agreed or strongly agreed that they had a clearer understanding
of the role and functions of the different parts of the FTIR
(Figure 10).
The prelab survey from part 2 of the 2-week activity showed

that, although many students (40%) had heard the term
chemometrics, only a few were familiar with its chemistry
applications (20%). No student was actually aware of the use of
chemometrics in any nonchemistry applications outside of their

class. Critical to understanding chemometrics is the use of
RStudio, and 50% of the class has heard of this programming
language. Only 20% of the students had taken any prior
computer programming language. Further, 25% had studied,
read, or written a piece of R code prior to this class (Figure 11).
The postlab survey for part 2 of the two-week activity

indicated that students found the experiment to be an effective
introduction to chemometrics using R, with all students agreeing
or strongly agreeing that they have gained an understanding on
the basic steps in chemometrics using PLS. Many students
agreed or strongly agreed (94%) that they identified some of the
factors that can affect their chemometric analysis using PLS as
well as the possible pitfalls that can occur during data analysis.
Many students (83%), on the other hand, agreed or strongly
agreed with the idea that they could foresee some applications of
PLS in chemistry. The introduction and use of RStudio for PLS
analysis was also highly favored by students with 94% of the

Figure 8. Estimated time for students to finish the second activity related to the chemometric analysis of the data generated in the first activity.

Figure 9. Part 1 (Preparation of sample mixtures and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analysis) prelab survey.
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students agreeing or strongly agreeing that they were able to read

and write simple code using RStudio. Realizing that chemo-

metrics is such a challenging area, it is no surprise that only 44%

of the students agreed or strongly agreed that they were

interested in learning more about the subject. Finally, the

majority of the students agreed or strongly agreed that they

enjoyed the exercise (78%) (Figure 12).

■ CONCLUSION
We developed an activity in which students generated mixture
designs, performed FTIR analyses, and used the data generated
from this analysis for PLS. The main goal of this activity was to
develop a PLS calibration model to simultaneously determine
the concentrations of p-cymene and limonene. The activity,
though designed for an instrumental analysis laboratory, can also
be part of an analytical chemistry laboratory course. It can also
be customized as an independent laboratory activity or modified
to allow the analysis of ternary or quaternary mixtures. Further,

Figure 10. Part 1 (Preparation of sample mixtures and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) analysis) postlab survey.

Figure 11. Part 2 (chemometric analysis of terpene mixtures) prelab survey.

Journal of Chemical Education pubs.acs.org/jchemeduc Laboratory Experiment

https://doi.org/10.1021/acs.jchemed.3c00358
J. Chem. Educ. 2023, 100, 3050−3060

3057

https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.3c00358?fig=fig11&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.3c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the exercise can even serve as a foundation for other
independent chemistry-related independent projects. The
results of the survey show that the activity was effective in
introducing students to the use of FTIR and how to manipulate
the data generated for chemometric PLS analysis. This activity
will provide an avenue for students to learn the area of
chemometrics in light of the growing data generated by various
instruments.
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