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ABSTRACT: Our Introduction to Research Methods course is a first-year majors
course built around the idea of helping students learn to work like chemists, write like
chemists, and think like chemists. We have developed this course as a hybrid hands-on/
lecture experience built around instrumentation use and report preparation. We take the
product from one of our general chemistry laboratories, the synthesis of aspirin, which is
characterized qualitatively (FeCl3, FT-IR) in the laboratory sequence and we
characterize it quantitatively (1H and 13C NMR, GC−MS) as part of the majors
course. We want to give the students the opportunity to generate as much data from their aspirin sample as we possibly can, since
the data and the spectra allow students to begin to think like chemists and use the methods by which we “see” (visualize and
study) molecules. Students prepare an ACS-style laboratory report detailing the synthesis and spectroscopic analysis of aspirin.
The laboratory report is prepared in stages, where each procedure is discussed as a class as to why we performed it, what it
indicates, what it does not indicate, and what it means overall. The course ends with the presentation of a research proposal
where they design the synthesis of a target ester and anticipate the results of qualitative tests for the proposed synthetic product
as well as predict what the spectra will look like. This process of report writing and proposal presentation has resulted in students
being more confident and ready to enter the organic chemistry sequence and participate in research in our laboratories.

KEYWORDS: First-Year Undergraduate/General, Curriculum, Communication/Writing, Hands-On Learning/Manipulatives,
Spectroscopy, Gas Chromatography, Mass Spectroscopy

Majoring in chemistry or biochemistry is not only studying
a discipline to achieve a degree, it is learning a

profession to become a scientist who is fully ready to
contribute to the world of chemical sciences upon graduation.
It has been established that students increasingly need technical
writing and communication skills, exposure to multiple
spectroscopy instruments, search engine experience, the ability
to use chemical drawing software, and the confidence to
propose and predict chemical outcomes to be competitive in
postgraduate positions or entry into the workforce.1 Students
need to be able to work like chemists, write like chemists, and
think like chemists upon graduation. Many schools use the
framework of an ACS paper-style laboratory report to help
students refine the writing, presentation, and analysis skills they
need as developing chemists or biochemists.2−4 Some choose
to enhance their report writing process through the use of peer
evaluations, having students help each other during a multiple
revisions process.3 Programs also analyze either aspirin or
salicylic acid through a variety of analytical methods to apply
instrumental methods to a well-known and familiar product,
making chemical analysis more accessible and introducing it at
an early level.5−9

Our general chemistry sequence is instrumentation driven
and follows what is now known as an atoms first approach,8,10

and we have had significant success in using instrumentation in
the laboratory curriculum to aid students of all majors with
understanding behavior and change at the molecular level.11−13

Six years ago we designed and introduced a first-year majors-

only Introduction to Research Methods course to be taken
concurrently with the second semester of general chemistry.
While this new majors course was meant to focus on the
chemical literature, chemical drawing, and chemical writing, we
also wanted it to have a strong instrumental component since
we have seen the way instrument use helps broaden and deepen
student understanding. In this course, our intention was to
enhance the general laboratory experience while introducing
more discipline-specific methods to our majors so that we could
get them thinking like chemists from the beginning of their
careers. The lecture course rapidly evolved into a hybrid hands-
on/lecture experience with instrumentation at its heart.
This course is a three-credit course that meets twice a week

for 75 min periods. While it is officially a lecture course with a
good deal of formal instruction and not a laboratory course,
there is also a great deal of hands-on work as our students do
their own chemical analysis of aspirin and prepare both their
report and their research proposal. Our approach is to take
aspirin, the product from the first experiment in the second
semester general chemistry laboratory sequence, and fully
characterize it both qualitatively (FeCl3, FT-IR) and
quantitatively (1H and 13C NMR, GC−MS). While some
data from the general chemistry sequence is used, much of the
analysis and all the quantitative studies of aspirin are performed
in this lecture course. The instrumental methods used are
introduced through lecture, and then immediately put into
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practice through analysis of the students’ own data. Students
write up ACS-style laboratory reports detailing their com-
pound’s structure and purity, and write multiple drafts outside
of class using feedback and editorial suggestions not only from
the instructor but also from peer group evaluations which
occurred as part of class.
Students use all that they have learned in the course to

develop a research proposal detailing the synthesis of an ester
of their choosing using a Fisher esterification procedure. Each
student prepares PowerPoint slides and makes a proposal
presentation to the class since it has been shown that specific
training in preparing and presenting scientific findings has had
positive outcomes for both student communication skills and
student understanding.14 Having the proposals as a classroom
experience also helps the class as a whole learn to thoughtfully
consider proposed spectra and chemical reactions.
The data and the spectra from the analysis of aspirin allow

students to think like chemists and use the methods by which we
“see” (visualize and study) molecules (work like chemists). In
class, the laboratory report is prepared in stages from the data
and spectra, where each analytical procedure is discussed as to
why we performed it, what it indicates, and what it does not
indicate. With the use of the spectroscopy as a framework,
building up from qualitative to quantitative, students learn
about structure and function in a way often only first
introduced in organic chemistry. Within the context of the
report preparation, as they learn to write like chemists students
learn software skills necessary for chemists and biochemists,
including word processing, presentation preparation, database
searching, and chemical drawing.
The culmination of the course is the presentation of a

research proposal since we wanted an opportunity for students
to show how they can think like chemists. The research
proposal allows the students to select a target molecule of their
own liking or interest. In preparing the proposal, the students
need to consider not only how functional groups combine,
using both the Fisher esterification and the aspirin synthesis as
frameworks, but also how the substrate in each case helps
define the synthetic outcome. Students are expected to
anticipate the results of qualitative tests for the proposed
synthetic product as well as predict what the different spectra
will look like. This process of instrumental analysis, report
writing, and research proposal preparation and presentation has
resulted in students being more confident and ready to enter
the organic chemistry sequence and participate in research in
our laboratories.

■ SYNTHESIS AND CHARACTERIZATION OF ASPIRIN
IN THE GENERAL CHEMISTRY SEQUENCE

The synthesis of aspirin is a well-established and standard
undergraduate laboratory15 and we use one readily available
from Chemical Education Resources.16 Spectroscopic analysis
of aspirin, using a variety of instrumentation, is also well
established by this and other schools.5−8 In the laboratory
experience in the general chemistry sequence, students work in
pairs in sections up to 24 to synthesize aspirin and then test for
the presence of phenolic OH groups, and thus unreacted
starting material, using the FeCl3 test for phenols. Students
later use FT-IR with the ATR attachment to determine the
presence of starting material and final product. This is not their
first experience using FT-IR as a tool for analysis of functional
groups in the general chemistry sequence,10,11 so they are
familiar with the technique and have a good idea of what to

look for in the spectrum.7,8 Students prepare a laboratory
report that follows a worksheet format and is provided by the
laboratory publisher.16 Since every chemistry or biochemistry
major needs an individual sample of aspirin for the research
methods course, majors cannot work together in pairs for this
general chemistry laboratory.

■ FURTHER CHARACTERIZATION OF ASPIRIN IN THE
RESEARCH METHODS COURSE

In this research methods course, approximately a third of the 75
min class sessions are spent on further characterization of the
aspirin product from the general chemistry sequence, including
time spent on guided instruction for analysis. Students take
their individual samples of aspirin and analyze them using
melting point, diffuse reflectance FT-IR, 1H and 13C NMR, and
finally the GC−MS. This amount of time was sufficient for a
class of 12 with one instructor and one junior or senior level
laboratory assistant, where multiple instruments can be run at
one time, and approximately a third of the “further character-
ization” time was spent on working through the instrumental
data. Course structure can be found in the course syllabus and
in the detailed weekly course schedule in the Supporting
Information.
Students come to this research methods course with some

knowledge of ATR FT-IR and of NMR spectroscopy. By using
ATR in the general chemistry sequence and diffuse reflectance
in the Introduction to Research Methods course and comparing
their spectra in groups, the students learn to appreciate what
can change and what does not change when using different
sampling techniques. The ATR and diffuse reflectance spectra
of the same sample initially look very different because of the
higher transmission in the C−H and carboxylic OH region in
the ATR spectrum. In addition, diffuse reflectance often reveals
a small phenolic OH peak from trace salicylic acid impurities
that do not appear using the ATR technique. Students who had
positive FeCl3 tests but no evidence of a phenolic OH peak in
the ATR spectrum may find the more sensitive diffuse
reflectance spectrum particularly useful. The two techniques
are complementary because the ATR provides simple
identification of changes in the CO region, while diffuse
reflectance provides increased sensitivity in the phenolic OH
region. By comparing these two techniques, students become
better equipped to understand the relative usefulness and
limitations of different sampling methods. Representative
student spectra are available in the Supporting Information.
The use of 1H NMR to analyze aspirin in the general

chemistry sequence has been discussed by other authors in this
journal.6 We introduce 13C NMR in the first semester of our
general chemistry sequence12,17 in conjunction with model
building as a way to elucidate chemical structure and emphasize
shape and functionality. In this research methods course the
combination of 13C and 1H NMR in their aspirin analysis leads
to discussions not only of structure and shape but also of
electronegativity and chemical environments. Students are
asked to compare the usefulness of the information that they
learned from the FT-IR with the NMR. Students are also
expected to provide completely annotated 13C and 1H NMR
spectra, accounting for each peak including the presence or
absence of impurities. Representative student spectra are
available in the Supporting Information.
We have the students prepare the GC−MS samples

themselves and set up the run using the developed protocol
(see associated Supporting Information content for details).
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Students identify the major fragments from the mass spectrum
obtained. A representative student spectrum is available in the
Supporting Information. Other authors in this journal have
reported taking GC−MS spectra for identification of aspirin as
a component of a separation laboratory, and do not use the
entire mass spectrum when constructing the chromatogram and
have not reported the spectrum.18 The students use the
chromatogram to determine if their sample is predominantly
aspirin or aspirin with some salicylic acid contamination.
Students extract the mass spectra from the chromatogram
peaks in order to analyze the mass spectrum of each eluted
material. Using the model kits again, students are helped
through the process of assigning molecular fragments to the
major peaks observed in the mass spectrum.

■ REPORT BUIDLING AS CLASSROOM FRAMEWORK

Each computer skill we hope to teach in this course is learned
through preparation of the laboratory report. For example, we
introduce chemical drawing programs in class and they
immediately apply their newly acquired knowledge by drawing
structures for their laboratory report. We introduce basic word
processing skills, formation of tables, insertion of graphs and
pictures, PowerPoint slide preparation, importing and exporting
spectra, and chemical drawing in this manner.
We introduce report writing by reading Whitesides’ essay on

writing a paper, giving context to how some scientists approach
not only writing a paper but the thought process of how to start
asking and answering research questions.19 Students are
provided the rubric that will be used to grade their reports to
give them a sense of our expectations for the document (see
Supporting Information for the rubric). We begin the report
writing with the experimental section in order to give our
students the framework for organizing their data in a
meaningful and professional manner and to put the emphasis
again on spectroscopy and data analysis.
For each instrument used, students take the data, tabulate it,

and determine what it means within the context of the success
(or failure) of the synthesis. We emphasize that, at least for this
laboratory report, the most important aspect is the defense of
their assignments. Having impure product or even completely
unreacted starting material is perfectly acceptable so long as it is
accurately assigned and sufficiently explained.
The paper is assembled piecemeal with results and discussion

prepared after the experimental section, followed by the
introduction, works cited, and abstract. Individual sections are
introduced within the context of their roles in the paper,
written up by each student, peer-corrected in small groups,
corrected by the instructor, and revised multiple times.

■ RESEARCH PROPOSAL

As a capstone to this course, students are asked to design a
synthesis of an ester using their choice of alcohol (or phenol)
and carboxylic acid. They present their proposed reaction
sequence as a formal PowerPoint talk to the entire class during
our final exam period. Proposal requirements include methods
for dealing with any challenges the reagents pose, such as two
solid starting materials or a liquid product, and a discussion of
anticipated spectra. Students are made aware of the grading
rubric ahead of time, so that they understand the level of rigor
the presentation requires (see Supporting Information for the
rubric). Students also are informed that they will be evaluating
their peer presentations for content and clarity. These peer

evaluations are used not only to provide feedback to the
speaker, but also as a way of assessing the student evaluating the
presentation, since this process clearly shows how much the
evaluating student has learned about effective chemical
presentations.
Knowledge of chemical hazards is an important part of their

presentations, and students become familiar with safety
databases at this time. The discussion of the FT-IR spectra is
expected to include not only the peaks that are anticipated in
the product, but also what peaks should no longer be present
from the starting material and why. The discussion of the NMR
spectra is expected to account for the number and shift of
unique C and H environments, as well as splitting and
integration. This again emphasizes the transformation of
functional groups as well as how chemists actually use
spectroscopy information. Occasionally an enterprising student
will find FT-IR or 1H and 13C NMR spectral data for the
starting material or product online, typically using SciFinder.
The requirement of a full explanation of the spectra within the
context of determination of experimental success means that
even the students who find spectra of their proposed products
are required to show an understanding of what the spectra
mean.

■ HAZARDS

The synthesis of aspirin is well established as a first-year
undergraduate lab, and the methods of how to minimize risk
are well established in all protocols.14 Specific to the techniques
described in this paper for this Introduction to Research
Methods course are the chemicals methylene chloride (75-09-
2) and deuterochloroform (865-49-6) which are both toxic,
potentially carcinogenic, and flammable; these solvents are used
in small quantities (less than 1 mL) during analysis and the
risks are minimized due to scale. Care must be taken with the
use and storage of the flammable solvents. Appropriate gloves
and safety goggles must be worn at all times, and chemicals
should be dispensed and used in a fume hood.

■ CONCLUSIONS

Our goal for this course was to have students begin to work,
write, and think like chemists. While we understand that
attaining these goals is an ongoing process throughout their
four years as majors, we hope to start our students on the path
of becoming chemists in this course. This course is structured
around using the tools that chemists use, to lead to writing the
way chemists write, to lead to an understanding of a molecular
worldview.
The capstone of this course is their research proposal, and

one method of assessment is their performance on their
research proposal in the course and the level of their final
report (see Supporting Information for our rubrics). For the
last four years that this course was run, the students were able
to discuss their proposed NMR spectra and address “what-if”
style hypothetical situations. Students do very well on the peer
evaluation of the oral presentations, and their questions indicate
an understanding of spectroscopy. They are beginning, as
second semester freshman, to use spectroscopy as a tool to
understand molecular behavior and transformation.
For assessment of student success as a result of this course,

the cohort being examined is made up of the biochemistry and
chemistry majors excluding transfers who took the course.
When compared with major cohorts from before this course
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existed but with the same lead faculty member for the organic
sequence, students who have taken this course have come to
the organic sequence more prepared in both the lecture and
laboratory and have greater success in the organic sequence
overall. Chemistry and biochemistry majors, excluding transfers,
averaged an A− in the laboratory section of the organic
sequence for the past six years. For the three years directly
before this course was offered (with the same lead faculty
member in organic), chemistry and biochemistry majors
averaged a low B in the laboratory section of the organic
sequence. Almost all course alumni get the spectroscopy
questions correct on the ACS standardized organic final, with
the rest of the class averaging slightly less than 50% correct on
each spectroscopy question. Students who have taken this
course perform better on other structural questions, like ones
dealing with chirality, on the ACS standardized final when
compared with the rest of the class.
While a number of factors determine a student’s interest and

success in research, we believe that this course has helped instill
a culture of excitement about research in our department. Since
this course started six years ago, we have averaged at least 60%
of our majors having research experience with us, beginning as
early as during the second semester of their freshman year and
concurrent with the second half of this course. Many of these
students come to us asking to work on research projects, and
faculty in our department have commented on student
eagerness and engagement in a research culture. In the six
years before this course, less than a quarter of our majors were
on research projects with us, and it was often difficult to entice
them to our laboratories. In the past five years, there have been
two publications from the department with student coau-
thors,20,21 and 10 poster presentations by students at Regional
or National American Chemical Society meetings. In the five
years previous to that, there were no papers published with
student coauthors and only three poster presentations by
students at Regional American Chemical Society meetings.
In large part students credit this course with helping them

realize that they can do research, they can run instrumentation,
and that they have the potential to work as chemists. Six point
student surveys, with choices ranging from strongly agree to
strongly disagree, given at the end of the semester show
overwhelmingly positive feedback. For the past four years,
100% of students either strongly agreed or agreed with the
statement in their college-wide course surveys that this course
“challenges students” and followed it up in the narrative section
with statements like “I loved this class” and “this class helped
me in my general chemistry course” and “I want to do research
now because of this course.” Surveys using the same scale with
different questions administered departmentally to course
alumni in their junior year put 100% of juniors either agreeing
or strongly agreeing with the statement “This course helped me
improve my writing”, 87% agreeing or strongly agreeing with
the statement “This course increased my ability to present
chemical concepts to an audience of other chemists”, and 80%
agreeing or strongly agreeing with the statement “This course
helped me feel more confident as a future chemist.” A narrative
comment from this survey summed up what we hoped to
achieve: “I like the final project the most, when we had a chance
to analyze the molecule we like. We could even create a totally
new molecule and then predict and analyze it. This makes us
feel like we are real chemists.”
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