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ABSTRACT: This paper describes a data set of IR, MS, H-1
NMR, C-13 NMR, DEPT, and 2D NMR spectra designed for
undergraduate teaching. The data files are provided as
MestReNova documents containing all the available spectra for
each of the 251 different compounds in the data set. The spectral
data in these files can be processed, manipulated, copied, and
pasted as needed by faculty to support teaching organic chemistry
and instrumental analysis and for specialized courses in spectros-
copy and organic synthesis. The compounds in the database were
selected to provide examples for interpreting spectra and
unknowns for teaching interpretation and to support teaching
synthesis mechanisms. Additional MestReNova documents are
provided to demonstrate how the data can be used for a variety of
common undergraduate course topics—introducing IR, MS
interpretation, NMR interpretation, data processing, and spectros-
copy unknowns for students.
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B INTRODUCTION

Faculty use spectroscopic techniques to teach chemical
structure and function throughout the undergraduate chem-
istry curriculum. To do this effectively, faculty need access to
spectra that support lectures, for use in student exercises and
for use as unknowns. Spectra are included in organic chemistry
textbooks,' ™ instrumental analysis textbooks,* ™ spectroscopy
textbooks,””'> and specialized texts on NMR'*™'® and mass
spectrometry.17

These books are designed to introduce spectral interpreta-
tion and often include additional example problems for
students. However, the spectra in print are static images, so
it is difficult for faculty to expand regions, closely examine peak
shapes, change processing parameters, use in presentations,
include in problem sets, and use for exams. Textbook spectra
are also presented as fully processed and often cleaned up to
remove solvent peaks and background. If faculty want students
to acquire, process, and interpret spectra, they need experience
with real data. Faculty need easy access to additional sources
for spectra of unknowns and for examples to use in lectures,
worksheets, and exams. At one time this was done using the
print Stadler libraries of NMR and IR data that are now
available by subscription through Wiley.'® Additional options
include the AIST Spectral Database for Organic Compounds
(SDBS)'? or IR, MS, C-13 NMR, and H-1 NMR spectra of
commercially available compounds from Sigma-Aldrich.” All
of these sources, however, present spectra as static images with
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no ability to zoom or reprocess the data and do not provide
consistent types of spectra.

The NIST Chemistry WebBook”" is another valuable source
of MS and IR spectra. These are presented as static images but
may also be downloaded as JCAMP-DX files”* which can be
viewed in some commercial software packages or using Jmol,**
an open-source program.

There are Web sites that provide practice problems for
teaching spectroscopy.”® These are excellent resources for
students, but again they are limited to providing a single
representation of most spectra or are limited to a single
spectroscopic technique. Socha et al. recently published an
article on NMR—ChaHenge.com,25 another Web site that
provides students with practice problems to help students
develop interpretation skills.

Several sources of NMR data have been made available in
the past but are no longer available. These sources provided
original data files or FID so that the user can change processing
parameters and specify which regions of the spectra to display.
The first database like this was the FTNMR FID Archive at
Pacific Lutheran University26 which contained H-1, C-13,
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APT, and DEPT NMR spectra of organic compounds in the
NUTS data format. Another NMR database project was the
Spectral Database for Instructors’’ which was hosted at the
University of Minnesota. This database allowed users to share
NMR data files in the original instrument file format. It
included many different NMR experiments and was a rich
source of data for more complex compounds.

This project meets the needs of undergraduate faculty and
students by providing a single data set that includes IR, MS, H-
1 NMR, C-13 NMR, DEPT, and 2D NMR data in a format
that allows viewing, processing, and analysis of data that is easy
to copy and paste as needed. The compounds and spectra
included in the data set are selected to provide teaching
examples and unknowns that are appropriate for under-
graduate courses. The data set also includes 33 of the 204
compounds selected by Araneda et al.>® to avoid second-order
effects with benchtop NMR spectrometers. The spectra in this
database were used by the authors for teaching organic
chemistry, instrumental analysis, and advanced synthesis and
spectroscopy courses at the undergraduate level. The complete
data set is included in the Supporting Information so that it
will remain available for future use.

There are several software packages available for processing
NMR data but only a few programs for viewing and processing
IR, MS, and NMR data. Mnova was selected for this project
because it can import all the data formats used to create this
database, including IR, MS, and NMR data from the Bruker,
Hewlett-Packard, Shimadzu, Finnigan, and PerkinElmer instru-
ments used by the authors. In addition, Mnova supports
Windows, MAC, and Linux operating systems, so the database
is not platform dependent. Mnova started as the freeware 1D
NMR data processing program MestRe-C in 1996. It has
developed into Mnova which is a fully featured spectroscopic
data processing program. The data files can include multiple
spectra from different techniques so that a single document can
contain all of the data for a compound or for a lecture topic.
Although the software is no longer free, Mnova is available at a
significant academic discount. Faculty with a software license
can easily view, process, and format data to create lectures,
problem sets, and unknowns for students. With a site license, it
is easy to distribute the software to students so that they can
view, process, and format data.

B EXPERIMENTAL SECTION

Most compounds in the database were purchased from
commercial suppliers, including Sigma-Aldrich and Fisher
Scientific. Many of the esters were synthesized by under-
graduate students using Fischer esterification of the corre-
sponding carboxylic acid and alcohol in the presence of sulfuric
acid as a catalyst.

IR data were acquired using a PerkinElmer Spectrum Two
FTIR spectrometer with a UTAR Two diamond anvil ATR
attachment (450—4000 cm™", 4 scans, 4 cm™" resolution). Files
were saved as PerkinElmer IR files and imported into Mnova.

MS data were acquired using a Hewlett-Packard S989B mass
spectrometer or a Shimadzu QP 2020 NX GC/MS. All spectra
were collected using 70 eV EJ, liquid samples were introduced
directly using neat injection, and solids were introduced using
a heated direct insertion probe. Data files were imported into
Mnova, and the instrument background was subtracted.
Chemical ionization spectra were collected using a Finnigan
4000 mass spectrometer with methane CI. All mass
spectrometry spectra were compared with the 2011 NIST/

3898

EPA/NIH Mass Spectral Library”’ to confirm sample purity
and identity.

NMR data were acquired using a Bruker AVANCE 400
NMR running topspin 2.1 under CentOS 7. A small number of
spectra were acquired using a Nicolet QE 300. Most
compounds in the database include H-1, C-13, DEPT 45,
DEPT 90, DEPT 135, COSY, and one or more proton—carbon
correlation 2D experiments. For most compounds, an inverse
gradient probe was used, and proton detected HMQC spectra
were acquired for the proton—carbon correlation experiment;
however, carbon detected HETCOR data are provided for
some compounds. For spectra acquired with the QE 300 only,
HETCOR spectra are provided for proton—carbon correlation.
HMBC data are included for long-range proton—carbon
correlations of most compounds in the database. For a few
compounds, NOESY spectra are included to demonstrate
through-space proton—proton coupling. Most NMR samples
were prepared in deuterated chloroform, with TMS added as a
chemical shift reference. For samples that were not soluble in
chloroform, deuterated dimethyl sulfoxide or a mixture of
dimethyl sulfoxide and chloroform was used. All NMR spectra
were processed and checked against the structure.

B RESULTS AND DISCUSSION

The spectra in this database have been used by the authors for
teaching organic chemistry, instrumental analysis, and

Table 1. C2—C4 Compounds Available for Synthesis
Problems”

Carboxylic Other Functional
C# Alcohol  Aldehyde/Ketone Acid Groups
C2  ethanol ethanal acetic acid acetic anhydride
C3  1l-propanol  propanal propanoic propionyl
acid chloride
propionic
anhydride
2-propanol  acetone 2-bromopropane
2-propanamine
C4  1-butanol butanal butanoic acid  butanoic chloride
butanoic
anhydride
2-butanol 2-butanone 2-bromobutane
2-butanamine
2-methyl-1-  2-methyl- 2-methyl- 2-methyl-1-
propanol propanal propanoic- propanamine
acid
2-methyl-
propanoic-
anhydride
2-methyl-2- t-butyl-amine
propanol
crotonaldehyde trans-
crotanoic-
acid

“A complete listing that includes C2—C8 and C10 compounds is
provided in the Supporting Information.

advanced synthesis and spectroscopy courses at the under-
graduate level. The examples, lectures, and worksheets
discussed below have been used in teaching these courses,
and many of the spectra in the data set have been used as
student unknowns. Faculty using this data set for teaching
should be aware that spectra include solvent peaks and
impurities that may surprise students who have only seen
textbook spectra.

https://doi.org/10.1021/acs.jchemed.3c00046
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Table 2. Esters and Precursors in the Database

Ethyl Propyl Butyl 2-Ethylbutyl 2-Methylpropyl 2-Methylbutyl Hexyl Decyl
formate ethyl formate
acetate ethyl acetate propyl butyl 2-ethylbutyl acetate  2-methylpropyl =~ 2-methylbutyl acetate hexyl acetate decyl acetate
acetate acetate acetate
propanoate  ethyl 2-ethylbutyl 2-methylbutyl decyl
propanoate propanoate propanoate propanoate
butanoate ethyl butanoate butyl 2-ethylbutyl 2-methylpropyl ~ 2-methylbutyl hexyl butanoate  decyl butanoate
butanoate  butanoate butanoate butanoate
3-methyl ethyl 3-methyl 2-ethylbutyl 3- 2-methylbutyl 3- hexyl 3-methyl  decyl 3-methyl
butanoate butanoate methyl butanoate methyl butanoate butanoate butanoate
heptanoate ethyl 2-ethylbuty 2-methylbutyl
heptanoate heptanoate heptanoate
additional methyl 3-methyl butanoate
esters

methyl 2-chloro propanoate

ethyl cinnamate

methyl salicylate

ethyl trans-crotonate

methyl benzoate

ethyl actetoacetate
Full Data Set These demonstrate experimental techniques, important inter-

The database consists of 2337 spectra for 251 different
compounds as Mnova workbook files. Of the 247 compounds
in the data set with H-1 and C-13 NMR data:

e 241 also include DEPT and 2D NMR for H—H and C—
H correlation

e 204 also include the above plus IR and MS

e 180 of these include the above plus HMBC for long-
range C—H correlation

The Supporting Information includes a spreadsheet file
listing all of the compounds in the database and includes the
chemical formula, CAS number, functional groups, and the
type of spectra available for each compound. This spreadsheet
also includes lists of compounds sorted by carbon count;
matching molecular formulas; alcohols with possible reaction
products; and lists of all aromatic, alcohol, carbonyl, alkene,
nitrogen containing compounds, anhydrides, esters, ethers, and
halogens. The spreadsheet file allows users to search and sort
to identify data to use for creating lectures, exercises, and
unknowns.

The Mnova workbook files for each compound in the
database are provided in a single zip file in the Supporting
Information. Wherever possible identifying information is
removed from the file so that instructors can easily create
unknowns for students. When files are imported Mnova does
preserve header information from the original data file so some
identifying information may be recoverable but every effort was
made to remove links and direct display of this information.
Instructors can distribute the data files to students as Mnova
data files that they can process and analyze, as PDF files, or as
images that can be copied and pasted into other applications.

Examples, Lectures, and Worksheets

To demonstrate how instructors can use the spectra from this
data set for teaching, two example problem sets used for
teaching the second semester of organic chemistry are included
in the Supporting Information. These problems exemplify how
students can use molecular formulas, IR, H-1 NMR, and C-13
NMR to determine the structure of an unknown compound.
Additional compounds from the larger data set were selected
for a variety of common undergraduate learning objectives.
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pretation skills, data acquisition and processing, and unknown
determination strategies. These files are available in a separate
zip file available in the Supporting Information. A list of the
compounds included in each data set is included in the
Supporting Information. The topics covered and a summary of
the information provided are listed below.

NMR: Introduction to Interpretation—C,H,;,0. This
worksheet is used to introduce how NMR is used for
determining the molecular structure. It is appropriate for use
in general chemistry when teaching Lewis dot structures,
showing how chemists use NMR to determine the structures of
different compounds. It could also be used in organic
chemistry when NMR interpretation is first introduced. The
worksheet includes C-13 and H-1 spectra for five different
compounds with the molecular formula C,H,,O. Structures
are easily distinguished using the carbon spectra to determine
symmetry and the integration data from the proton spectra.

NMR: Introduction to Interpretation—C;H,;,0. This
worksheet uses a larger set of compounds with slightly more
complex spectra to introduce how NMR is used for
determining the molecular structure. It is appropriate for use
in general chemistry when teaching Lewis dot structures to
show how chemists use NMR to determine the structures of
different compounds. It could also be used in organic
chemistry to introduce NMR interpretation. The worksheet
includes C-13 and H-1 spectra for eight different compounds
with the molecular formula CH,,O. Distinguishing these
structures requires using the carbon spectra to determine the
symmetry, proton integration, and proton splitting.

NMR: Introduction to NMR Unknown Interpretation.
This worksheet is used to teach students how to determine the
structure of an unknown by using C-13 and H-1 NMR.
Compounds are presented with an increasing level of
complexity and show a variety of important features that are
critical for using NMR to determine the structure of an
unknown compound. Interpretation requires using proton
integration, proton splitting, number of carbon peaks, carbon
and proton chemical shift correlation tables, and carbon and
proton chemical shift predictions.

NMR: Introduction to DEPT: 2-Methyl-1-propanol.
This worksheet is used to introduce the information provided

https://doi.org/10.1021/acs.jchemed.3c00046
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in DEPT 45, DEPT 90, and DEPT 135 spectra. It uses 2-
methyl-1-propanol as an example, showing the familiar
decoupled carbon spectra acquired with the decoupler on,
the coupled carbon spectrum with no decoupling, the gated
decoupling spectrum which looks like the coupled carbon
spectrum but also includes the NOE enhancement, and the
inverse gated decoupling spectrum, which is decoupled but
without NOE enhancement. These spectra show the
information available in the coupling and the importance of
NOE to improve the S/N level in carbon NMR. Finally the
DEPT 45, DEPT 90, and DEPT 135 spectra are provided to
show how these spectra provide the same information but with
a large signal enhancement produced by the polarization
transfer in the DEPT experiment. With these spectra, it is easy
to identify quaternary, methine, methylene, and methyl
carbons. The spectra can be used for a traditional lecture
presentation or as a guided inquiry exercise in which students
discover what information is available in each of the DEPT
spectra.

NMR: Introduction to DEPT: C;H,,0 Unknown. This
second worksheet for teaching DEPT interpretation is
designed as an unknown for students after completing the
Introduction to DEPT: 2-methyl-1-propanol example. The
unknown is 2-methyl-3-buten-2-0l, C;H,;;0O. The NIST
Chemistry WebBook lists 77 matching species for this formula.
Identifying the C, CH, CH,, and CH; carbons using DEPT
and then using integration from the proton NMR to find that
the methyl carbons are symmetric and not coupled allows
students to quickly identify the correct structure. For students
who have struggled to identify unknowns using NMR data, this
example clearly shows the value of the additional information
provided by DEPT spectra. Because correct phasing of the
spectra is critical for interpreting DEPT spectra, the DEPT 135
spectrum is shown with the phase that results from an
autophase routine. This is not the expected phasing for a
DEPT 135 spectrum, and the methine and methyl carbon
peaks are inverted from the expected orientation. Students
should be able to identify this problem to correctly interpret
the spectra. This is an opportunity to reinforce different
phasing techniques that are used for data analysis so that
students do not rely entirely on autophase routines.

NMR: Introduction to 2D Lectures. This series of
worksheets is designed for introducing 2D NMR interpreta-
tion. For each compound, the H-1, C-13, DEPT, COSY, and
HMQC spectra are provided. The spectra of 2-methyl-1-
propanol, allyl butyl ether, and butanoic acid are provided so
that students can decipher the structural information available
from each of the 2D experiments. Pamoic acid is provided as
an example in which students can work through the NMR data
to unambiguously determine the structure of a relatively
complex molecule.

1. Example 1: 2-methyl-1-propanol. The alcohol and
methine protons overlap, and DEPT and HMQC used
together clearly identify the methine proton. A proton
spectrum for a sample at a different concentration shows
the alcohol proton chemical shift moves so it does not
overlap with the methine. An unprocessed COSY
spectrum is included for demonstrating 2D processing
steps that include symmetrizing and setting the F1 and
F2 reference frequencies so the 2D spectrum lines up
with the 1D traces.

2. Example 2: Allyl butyl ether. This example shows how
2D spectra allow the user to connect proton and carbon
data and then use splitting and COSY to connect
methyl, methylene, and methine carbons to easily
determine the structure.

3. Example 3: Butanoic acid. This example adds HMBC
to the previous spectra to demonstrate how long-range
C—H coupling can show the connectivity of a
quaternary carbon.

4. Example 4: Pamoic acid. This example shows how 2D
spectra allow the unambiguous structural determination
of a more complex compound. NOESY data are
provided in addition to H-1, C-13, DEPT, COSY, and
HETCOR. This helps distinguish between two possible
arrangements for the carboxylic acid and alcohol
substituents without relying on chemical shift. Predicted
H-1 and C-13 spectra are provided for final confirmation
of the structure.

NMR: Data Acquisition and Processing. These spectra
are provided for teaching data acquisition parameters and data
processing techniques that are important for improving the S/
N and resolution of NMR spectra. The first set of spectra is for
demonstrating ways to improve the S/N by increasing the
number of scans during data acquisition or using apodization
functions during data processing. The second set of data shows
ways to improve the resolution by increasing the number of
data points during data acquisition, by zero filling during data
processing, or by using apodization functions during data
processing.

1. S/N Enhancement—2-methyl-2-butanol C-13
a. Number of Scans: 4, 64, 512
b. Apodization: LB 1, EM
2. Resolution Enhancement—propanal
a. Data Points and Zero Fill; 4k, 8k, 16k, 32k (ZF)
b. TRAF function
NMR Advanced Experiments. These spectra are included
to show some advanced NMR experiments that use different
pulse sequences to demonstrate important data acquisition
parameters. This includes a variety of decoupler experiments—
decoupled, gated decoupling, inverse gated decoupling, and
coupled spectra. These experiments demonstrate important
concepts for understanding 2D data acquisition by showing
how decoupler pulses can manipulate the spin states and
demonstrate signal enhancement by NOE. There are also
spectra showing selective proton decoupling and the T1
Inversion Recovery experiment for both proton and carbon.
These are useful for explaining 2D data acquisition parameters
and ways that pulse sequences can manipulate the spin state.
1. 2-Methyl-1-propanol
a. Carbon—decoupled
b. Carbon—coupled
c. Carbon—gated decoupling
d. Carbon—inverse gated decoupling

e. Attached proton
2. Pamoic acid

a. Selective proton decoupling
b. T1IIR—Proton
c. TIIR—Carbon

Mass Spectrometry: Introduction. This file includes a
large number of spectra to use for mass spectral interpretation.
The spectra are divided into a series of different examples that

3900 https://doi.org/10.1021/acs.jchemed.3c00046
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demonstrate different features commonly used for interpreta-
tion. In most cases, there are more examples than would
typically be used so instructors are encouraged to select spectra
they want to use for teaching. Major topics include:

e Isotope abundance using one to three chlorine atoms
and two examples of brominated compounds. The
examples are selected to show how useful isotope
distributions are for identifying certain elements but also
to show how mass spectrometry is not always useful for
distinguishing isomers like 1,2-dichlorobenzene and 1,3-
dichlorobenzene. Includes: benzene, chlorobenzene,
bromobenzene, 1,2-dichlorobenzene, 1,3-dichloroben-
zene, trichloroethene, 1-bromopropane, and 2-bromo-
propane.

Linear alkanes from C5—C10 and C16. To demonstrate
fragmentation, identifying molecular ions, and determin-
ing the number of carbon atoms from the C-13 isotope
distribution.

Primary alcohols from methanol to octanol. To identify
molecular ions, loss of water, and f-cleavage formation
of ¢CH,OH'" at m/z 31.

Primary vs secondary alcohols from propanol through
pentanol. To identify molecular ions, loss of water, and
f-cleavage formation of «CH,OH'" at m/z 31 and other
fragmentation pathways.

Branching and fragmentation for four different butanols.
To identify molecular ions, loss of water, and f-cleavage
formation of eCH,OH'"" at m/z 31 and other
fragmentation pathways.

Alkenes. Molecular ions, fragmentation, and rearrange-
ment. Includes: pentane, 1-pentene, 2-pentene, hexane,
and 1-hexene.

Aldehydes from propanal to heptanal. Molecular ions,
fragmentation, and McLafferty rearrangement.

Ketones from propanone through heptanone. Molecular
ions, fragmentation, and McLafferty rearrangement.
Carboxylic acids from acetic acid to octanoic acid.
Molecular ions, fragmentation, and rearrangement.
Amines. Molecular ions using the nitrogen rule and
fragmentation. Includes propyl amine and diethyl amine.
Aromatic. Benzene shows a very high molecular ion
abundance characteristic of aromatic systems at m/z 78.
Toluene shows a high abundance of the aromatic
tropylium ion at m/z 91 characteristic of benzyl
compounds. Phenol shows a very high molecular ion
abundance at m/z 94 and a rearrangement at m/z 66
caused by loss of eCO through a keto—enol
tautomerization."

Heptane, heptanal, heptanone, and heptanoic acid.
Molecular ions, fragmentation, and the McLafferty
rearrangement.

Mass Spectrometry: C5 Compounds. This set contains
22 different compounds with five carbon atoms. They include
alkanes, alkenes, alcohols, aldehydes, ketones, carboxylic acids,
anhydrides, and a chloride. This collection can be used for
lectures or worksheets on MS interpretation and unknowns.

Mass Spectrometry: C6 Compounds. This set contains
seven different compounds with six linear six-carbon chains.
They include alkane, alkene, alcohol, aldehyde, ketone, and
carboxylic acid derivatives. This collection can be used for
lectures or worksheets on MS interpretation and unknowns.
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Mass Spectrometry: Chemical lonization. This set
includes 70 eV EI and methane CI data for two compounds
that demonstrate a large increase in the quasimolecular ion and
a reduction in fragmentation. The EI spectrum for n-
hexadecane shows a molecular ion abundance less than 3%
and extensive fragmentation, while the methane chemical
ionization spectrum shows reduced fragmentation and a [M —
H]" ion with almost 30% abundance. The EI spectrum for
tributylamine shows a molecular ion at m/z 185 with less than
5% abundance, with almost all ions undergoing loss of eC,H,
to give m/z 142. The CI spectrum for tributylamine gives a [M
+ H]" ion at m/z 186 with an abundance of almost 50%.

Mass Spectrometry: Interpretation Lecture. This set
includes five examples to use for teaching the interpretation of
mass spectra as unknowns. It includes a table of isotope
distributions and a list of common elemental compositions for
several molecular ions extracted from tables available in
McLafferty’s Interpretation of Mass Spectra.'’ Five unknowns
are given to provide an opportunity to introduce strategies for
identifying molecular ions, identifying isotope distributions,
identifying characteristic fragmentation patterns, and distin-
guishing between isomers.

Infrared Spectroscopy: Lecture. This set includes IR
spectra that demonstrate some of the most useful bands
commonly used for structural interpretation using infrared
spectroscopy. It includes butane with alcohol, aldehyde,
ketone, carboxylic acid, and amine functional groups.

Synthesis Problems. Another significant feature of this
data set is that it is also designed to support teaching organic
synthesis. The data set includes compounds with a common
carbon skeleton but different functional groups including
alcohols, aldehydes or ketones, carboxylic acids, acid chlorides,
halogens, amines, anhydrides, esters, and ethers. These spectra
are ideal for showing changes in spectra that are characteristic
of different functional groups and to accompany lectures or
problem sets demonstrating chemical reactions and modifica-
tion of functional groups. The topics covered and a summary
of the information provided are listed below.

Table 1 shows the C2—C4 compounds available in the data
set organized by a structural framework. These compounds
allow faculty teaching organic chemistry to select spectra that
show products and reactants for reactions to transform
alcohols, aldehydes or ketones, carboxylic acids, and several
other functional groups. They are organized by common
carbon skeletons. A more complete listing that includes C2—
C8 and some C10 compounds is included in the Supporting
Information.

The database also contains a set of esters with their
precursors, as shown in Table 2.

Aromatic Compounds. Aromatic compounds in the data
set include 8 halogenated aromatics, 8 benzaldehyde
derivatives, 8 aniline derivatives, S toluene derivatives, S
acetophenone derivatives, 4 phenol derivatives, 4 benzoic acid
derivatives, 2 pyridine derivatives, 4 vanillin derivatives, and 11
other assorted aromatic compounds.

B CONCLUSION

Interpretation of IR, MS, and NMR spectra is an important
part of the undergraduate chemistry curriculum. The spectra
provided as Supporting Information for this paper provide a
wide range of spectra for use in lectures, worksheets, and
unknowns for students.
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