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ABSTRACT: Reported herein is a multidisciplinary experi-
ment for senior-level undergraduate teaching laboratories in
the synthesis of the analytes acetaminophen and phenacetin;
the fabrication of paper-based devices, using eyeliner, acrylic
spray paint, or wax-printing, for sensing of those analytes; and
the use of the newly fabricated devices for successful
qualitative and quantitative analyte detection. This experiment
includes elements of organic, analytical, and materials
chemistry, as well as device engineering, and provides a
strong pedagogical experience for the undergraduate student

Phenacetin ~ Acetaminophen

I‘g bl

i & ‘
% Nt |midenf
EE Introduction of

analytes

increasing
sample
concentration

Paper-based devices

Qualitative and quantitative detection

participants. The experiment was tested over two years in the Advanced Organic Laboratory, and 90% of students over the two
years successfully completed all experimental objectives. The modular nature of the reported experiments and inexpensive costs
of materials and instrumentation significantly enhance the practical applicability of this experiment and the likelihood of

widespread adaptation.
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B INTRODUCTION

The development and implementation of solid-state detection
systems for broad varieties of analytes is useful in a number of
real-world scenarios, including in public health,' national
security,” and environmental remediation applications.” More-
over, it requires significant training in a number of
subdisciplines, including analytical chemistry, materials chem-
istry, and organic and/or inorganic synthesis. The topic of
solid-state detection is not often taught at the undergraduate
level, likely because of the complexity of the topic and because
this topic does not fall into one of the traditional chemistry
subdisciplines (organic, inorganic, physical, or analytical
chemistry). While interdisciplinary chemistry research, includ-
ing in the area of chemical detection® (and especially solid-
state detection),” has experienced a resurgence in recent
decades, interdisciplinary chemistry education has been slower
to follow suit.”~” The lack of interdisciplinary education means
that graduates of traditional chemistry programs may not have
the skills necessary to engage in interdisciplinary chemistry
research and will be ill-prepared for professional employment
and/or for a graduate career in such areas.

To address this gap between significant interdisciplinary
work in the chemical enterprise and less interdisciplinary
undergraduate chemistry education, our laboratory has
developed a number of new experiments for the undergraduate
teaching laboratory that have a strong interdisciplinary focus
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and substantial pedagogical advantages. In particular, we have
previously reported the synthesis and analysis of a near-
infrared emitting squaraine fluorophore;'’ the synthesis and
characterization of a fluorescent conjugated polymer and the
subsequent fabrication of nanoparticles and thin films;'' and
the synthesis, analysis, and practical applications of a
cyclodextrin-containing metal—organic framework for environ-
mental pollutant removal.'?

In continuation of our goals to create relevant and
interdisciplinary experiments for undergraduate teaching
laboratories, we focused next on the area of colorimetric
chemical detection, an active research topic in our own
group.”™ " Chemical detection, while a highly active research
area in general,"®"® has only been reported for undergraduate
teaching laboratories in isolated cases,"”~** and the scope of
analytes and detection methods have been fairly limited.
Colorimetric detection, or detection based on the changes in
color of a transducing signaling element, has a number of
advantages in practical detection applications due to the ability
to observe color changes using naked eye detection.”” This also
has been introduced, in limited examples, in the under-
graduate® (and even high school)”” laboratories, usually in
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Scheme 1. (a) Synthesis of Acetaminophen and Phenacetin and (b) Detection of Acetaminophen and Phenacetin Using the

Chromophore 1,2-Naphthoquinone-4-sulfonate
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analytical chemistry settings, for the detection of a variety of
high impact analytes. Moreover, paper-based devices have
become widely used materials for qualitative and quantitative
colorimetric chemical detection in the industry.”*™> There-
fore, this area was deemed important for inclusion in an
undergraduate curriculum, with the goal of introducing
students to state-of-the-art technologies that could be
applicable to their future careers.

Reported herein is the design, implementation, and
evaluation of an interdisciplinary experiment for the under-
graduate chemistry laboratory focused on paper-based devices.
This integrated experiment includes two topics that are of
substantial interest in both the chemistry education and
chemistry research communities: solid-state (in particular
paper-based) device fabrication’* and colorimetric detection.*
As part of the experiment, students synthesize and purify
acetaminophen and phenacetin (Scheme 1a), two compounds
that are of interest in forensic analyses because they can be
used to adulterate illicit materials, that are subsequently
detected using the chromophore 1,2-naphthoquinone 4-
sulfonate (Scheme 1b).*° To achieve detection, students
fabricate paper-based devices using an inexpensive filter paper
medium with hydrophilic barriers formed from wax-based
eyeliner,”>*” acrylic spray paint,”**” or wax-printing** (three
technically easy and robust methods for doing so); then
introduce a color-changing chromophore to the paper-based
device; and use the colorimetric response of the chromophore
as a way to monitor and detect the presence of the newly
synthesized analytes. This experiment has elements of organic
chemistry (in the synthesis and purification of analytes),
analytical chemistry (in the color-based analyte detection
system), materials chemistry (in the device fabrication), and
colorimetric analysis in the design and use of the color-
changing chromophore, which together provide a truly unique,
interdisciplinary educational experience for undergraduate
students. This combination of paper-based devices, colori-
metric detection, and analyte synthesis is relatively unique in
the chemical literature and has robust pedagogical advantages
associated with this interdisciplinary approach.
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B EXPERIMENTAL PROCEDURES

Materials and Methods

All chemicals were received from Sigma-Aldrich or from Fisher
Scientific and were used as received. IR spectra were acquired
using a Shimadzu IRAffinity-1S FTIR spectrometer with
Miracle 10 single reflection ATR accessory. NMR spectra
were acquired using a Bruker Ascend 400 MHz spectrometer.
Eyeliner (Wet n Wild H20 Proof Liquid Eyeliner), 6 mm
diameter stickers (hole punched from a larger sticker using a 6
mm hole puncher), clear packing tape, and black Valspar High-
Gloss Lacquer were obtained from a local CVS Pharmacy or
hardware store. Whatman #4 filter paper was obtained from
Fisher Scientific both as 55 mm circles, for the spray-painting
procedure, and as 460 mm X 570 mm sheets that were cut into
8.5 in. X 11 in. sheets for use in the wax printer or 2 in. X 2 in.
sheets for use in the eyeliner procedure. A Xerox Color Qube
8580 was used for wax-printing. A free trial of Adobe Illustrator
was downloaded for use in the wax-printing part of this
experiment, and the free program Image] was downloaded for
the color analysis part of this experiment. Micropipettes were
purchased from Fisher Scientific and used as received.

Analyte Synthesis

A 1.00 g portion of the assigned aminophenol (ortho, meta, or
para) and an equimolar amount of acetic anhydride were
combined in absolute (200 proof) ethanol and allowed to mix
at room temperature for 30 min to form acetaminophen or an
acetaminophen structural isomer. Details of the reaction
workup varied depending on the aminophenol starting material
but included rotary evaporation of the ethanol solvent and
recrystallization of the crude reaction product to obtain pure
material. A small amount of this material (25—50 mg) was set
aside for later detection. The phenacetin analyte was formed by
combining the remaining acetaminophen, or acetaminophen
analogue, with an equimolar amount of bromoethane and 3
equiv of potassium carbonate in dimethylformamide. The
solution was left to stir at room temperature for S days (until
the next lab period), when it was extracted into ethyl acetate
and isolated via rotary evaporation. All intermediates and final
products were characterized by '"H NMR and *C NMR (both
in DMSO-dg) and IR spectroscopy, and copies of student-
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acquired spectra are included in the Supporting Information.
The samples were then treated with 1.0 M HCl at 40 °C (at a
concentration of 1 mg analyte/mL 1.0 M HCI) for 2 days in
order to deprotect the amine moiety in preparation for the
reaction with sodium 1,2-naphthoquinone-4-sulfonate.

Fabrication of Paper-Based Devices

The fabrication of paper-based devices was testing using three
distinct procedures in the first year of implementation, with the
wax-printing method (#3) used exclusively in the second year.

(1) Using eyeliner: Nine 6 mM diameter stickers were
placed on a 2 in. X 2 in. piece of Whatman #4 filter
paper in a 3 X 3 array, and liquid eyeliner was used to
draw borders (approximately 2 mm thick) around the
edge of each sticker. After removal of the stickers via
tweezers, the colored filter paper was heated in an oven
at 125 °C for 10 s to partially melt the wax in the
eyeliner and fix the position of the circles. Clear packing
tape was used to coat the back of the device so that the
solution would not bleed through.

(2) Using acrylic lacquer: Nine 6 mm diameter stickers were
placed in a 3 X 3 array on a 55 mm circle of Whatman
#4 filter paper, with space between each sticker. The
filter paper was flipped over, and nine additional stickers
were placed on the opposite side of the paper in exactly
the same positions as the first 9 stickers. The filter paper
was then placed on a Buchner filter funnel that was large
enough to fit the full paper without bending the edges.
The vacuum was turned on fully, and acrylic lacquer was
used to spray each side of the paper. After full drying of
the lacquer, all stickers were removed. Clear tape was
again placed on the back of the device to ensure that the
solution would not bleed through.
(3) Using a wax printer (2017 semester): Adobe Ilustrator
was used to pattern a wax-printed device with a 3 X 3
pattern of 6 mm diameter circles, and a wax printer that
was connected to Illustrator was used to print the wax
device as designed on the program. Once printed, the
wax device was heated at 125 °C for 2 min in the oven
to ensure that all barriers were fully melted and that the
pattern was set on the filter paper. Clear packing tape
was placed on the back of the device to ensure that
solution would not bleed through.
(4) Using a wax printer (2018 semester): Adobe Ilustrator
was used to pattern two wax-printed devices witha 3 X 6
pattern of 6 mm diameter circles (for the calibration
curves), and one device with a 3 X 3 pattern of 6 mm
diameter circles (for the unknown analysis), and a wax
printer that was connected to Illustrator was used to
print the wax device as designed on the program. Once
printed, the wax device was heated at 125 °C for 2 min
in the oven to ensure that all barriers were fully melted
and that the pattern was set on the filter paper. Clear
packing tape was placed on the back of the device to
ensure that solution would not bleed through.

Use of Paper-Based Devices

Each patterned device was treated with 6 uL of the
chromophore solution (2.0 mg/mL of sodium 1,2-naphtho-
quinone 4-sulfonate in deionized (DI) water) and 6 uL of
sodium hydroxide solution (27.2 mg/mL in DI water).
Without allowing the device to dry, 4 uL portions of the
phenol analytes (1 mg/mL solution in 1.0 M HCI) were added
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to each of the chromophore spots, following the general
schematic shown in Figure 1, with the three circles per row

— OO0
add 4 ulL of acetaminophen solution —— O Q O
— OO0

Figure 1. Placement of blank and analyte solutions on the paper-
based devices for analysis.

add 4 uL of 1.0 M HCI solution

add 4 ulL of phenacetin solution

used for triplicate measurements of the same sample. Finally, 2
UL of cetyltrimethylammonium bromide (2.0 mg/mL in DI
water) was added as a color stabilizer. After drying of those
analytes and comparison to a control sample of 4 yuL of 1.0 M
HCI (lacking any phenol analyte but using otherwise identical
conditions), a scan of the filter paper-based device was taken,
using an EPSON V19 Perfection flatbed scanner, and the
colors in the photo were used to indicate the presence of the
target analyte. This procedure was also used for unknown
analysis (vide supra).

Generation of Calibration Curves

Analyte solutions of the concentrations 0.5, 0.25, 0.125, and
0.0625 mg/mL in 1.0 M HCI were created by serial dilution
from the previously prepared 1 mg/mL solution for both
acetaminophen and phenacetin. The first 3 X 6 patterned
device was treated with 6 uL of the chromophore solution (2.0
mg/mL of sodium 1,2-naphthoquinone-4-sulfonate in DI
water) and 6 uL of sodium hydroxide solution (27.2 mg/mL
in DI water). Without allowing the device to dry, 4 uL of the
acetaminophen solutions, or 4 uL of 1.0 M HCI (for the
control), was added to each of the hydrophilic zones, following
the general schematic shown in Figure 2, with the three circles

OO0

add 4 uL 1.0 M HCI solution —

add 4 pL 0.0625 mg/mL analyte solution —— Q Q Q
add 4 pL 0.125 mg/mL analyte solution —— Q Q Q
add 4 pL 0.25 mg/mL analyte solution ~ —— Q Q Q
add 4 pL 0.5 mg/mL analyte solution R Q O O
add 4 pL 1.0 mg/mL analyte solution R —— Q Q Q

Figure 2. Placement of blank and analyte solutions on the paper-
based devices for calibration curve.

per row used for triplicate measurements of each sample.
Finally, 2 uL of cetyltrimethylammonium bromide (2.0 mg/
mL in DI water) was added as a color stabilizer to each
hydrophilic zone. This procedure was repeated on the second
3 X 6 patterned device for the phenacetin solutions. After the
devices had dried completely, scans were taken using an
EPSON V19 Perfection flatbed scanner, and ImageJ was used
to collect the mean gray value (MGV) for each individual zone.
The average values for each trial were used to create a
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Scheme 2. Mechanism for the Formation of the Colored Product from the Reaction of Phenacetin with 1,2-Naphthoquinone-
4-sulfonate
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calibration curve, and the trendline of the curve, found using they will likely use many of these interdisciplinary techniques.
Excel, was used for unknown quantification. The introduction of the chromophoric (i.e., color-changing)
element required discussion around the mechanism of the
B HAZARDS reaction between the analyte and the chromophore, and how

the electronic and chemical structure of the reaction product
relates to its coloration. The students were also introduced to
paper-based devices and microscale reactions for the first time,
prompting discussions regarding the immobilization of the
microscale reaction on a paper substrate using simple
hydrophobic barriers, the ease and cost-effectiveness of such
devices, and their usefulness in situations where more
expensive, instrumentation-based analyses cannot be imple-
mented. Finally, the students were asked to create serial
dilutions of their synthesized analytes in order to create

Personal protective equipment, including laboratory goggles,
gloves, and a laboratory coat, was worn at all times during this
experiment. Chemical hazards include the following: acetic
anhydride is flammable, can cause severe burns to skin and
eyes, and is harmful if ingested; p-aminophenol is harmful if
ingested and is very toxic to aquatic life; m-aminophenol is
harmful if ingested and is very toxic to aquatic life; o-
aminophenol is harmful if ingested; ethanol is very flammable
and can damage organs if swallowed; acetaminophen is a skin,
eye, and respiratory irritant and is toxic in large doses; N,N-

dimethylformamide is flammable and is a skin, eye, and calibration curves for their detection with 1,2-naphthoquinone-
respiratory irritant; bromoethane is highly flammable, harmful 4-sulfonate. Through this, the students realized how analytical
if ingested, and a suspected carcinogen; potassium carbonate techniques are typically used for unknown identification
can cause skin and eye irritation; phenacetin is a suspected The detection of phenacetin and acetaminophen in basic
carcinogen and toxic in large doses; cetyltrimethylammonium conditions using sodium 1,2-naphthoquinone-4-sulfona‘g§
bromide is a skin, eye, and respiratory irritant, is harmful if chromophore on a paper-based device has been reported
ingested, and is toxic to aquatic life; 1,2-naphthoquinone-4- and was modified by the authors for use in this undergraduate
sulfonic acid sodium salt is an inhalation hazard; and sodium laboratory experiment. In particular, the first part of the
hydroxide is corrosive. Hazards from heat and hot ovens experiment requires chemical synthesis of the analytes
include the possibility of burns. Hazards from spray-painting (Scheme 1a). Acetaminophen and acetaminophen isomers
include danger from inhalation. NMR instruments produce a were formed from reacting the appropriate isomer of
strong magnetic field, and people with pacemakers (or other aminophenol (o-, m-, or p-) with acetic anhydride in 200
similar devices) are advised to consult with their physician proof ethanol.*' After stirring at room temperature, the crude
before entering a place that houses an NMR spectrometer. products were isolated and recrystallized. In the same lab
period, the students synthesized phenacetin and phenacetin
B RESULTS AND DISCUSSION isomers by placing their acetaminophen product into a round-

bottom flask with N,N-dimethylformamide, bromoethane, and

Pedagogical Goals potassium carbonate. While this reaction is reportedly

This experiment teaches a number of important laboratory conducted at elevated temperatures for several hours,* it
techniques and requires student knowledge in a number of key was found to be efficient at room temperature over 5—7 days.
chemistry subject areas, including organic, materials, and Typically, the majority of acetylation and alkylation reactions
analytical chemistry, leading to a high pedagogical impact of gave 80—90% yields, with the acetylation reaction to produce
this experiment for upper-level chemistry majors who are o-acetaminophen and the alkylation reaction to produce m-
preparing for future employment or graduate school, where phenacetin producing slightly lower yields between 40% and

1722 DOI: 10.1021/acs.jchemed.9b00028

J. Chem. Educ. 2019, 96, 1719-1726


http://dx.doi.org/10.1021/acs.jchemed.9b00028

Journal of Chemical Education

Laboratory Experiment

60%. The students collected "H and '*C NMR spectra and IR
spectra of their products, examples of which can be found in
the Supporting Information. All students were able to
determine the purity of the products using their NMR spectra
by identifying all relevant peaks in both the 'H and "*C spectra.
Isomers could clearly be differentiated by differences in the
aromatic regions of the 'H and *C NMR spectra, and the full
conversion of acetaminophen to phenacetin was evident due to
the disappearance of the alcohol peaks in the IR spectrum and
the appearance of ethyl proton peaks in the 'H spectrum.

This synthesis provides an opportunity for the instructor to
review important concepts in organic synthesis, including the
reactivity of all starting materials compared to products; the
stoichiometry, solvent choice, and reaction conditions used
under the optimized conditions; and the purification
techniques used, including rotary evaporation and recrystalliza-
tion. Many of the students collected *C NMR spectra for the
first time in this portion of the experiment and were asked to
analyze their products for purity before continuing on to the
detection portion of this experiment, an important practice to
instill in teaching laboratories. All students in the laboratory
were able to accomplish the synthesis successfully, although
some struggled with the purification of phenacetin when
residual N,N-dimethylformamide solvent resulted in an oily
crude product, an issue which can be solved by taking the
phenacetin up in ethyl acetate and washing several times with a
large amount of water. This yielded product that was
sufficiently pure for the next step of the project.

The formation of acetaminophen and acetaminophen
derivatives by an amine acylation and the formation of
phenacetin and phenacetin derivatives by a nucleophilic
addition of the phenol alcohol with bromoethane are
mechanisms that the students will have learned in sophomore
organic chemistry. The mechanism for the formation of the
colored product, however, is more complex (Scheme 2) and
first involves the acid-promoted deprotection of the acyl amine
of either of the analytes to form the primary amine. Following
this, in basic conditions, the primary amine acts as a
nucleophile in a Michael-type addition to 1,2-naphthoqui-
none-4-sulfonate. The sulfonate group is then removed in the
re-forming of the @,f-unsaturated ketone. The basicity of the
solution then promotes the formation of an imine in
conjugation with an enolate and thus the final product. It is
important for students to realize the highly conjugated nature
of the product and the connection between conjugation and
visible color. The reported reaction products of acetaminophen
and phenacetin with sodium naphthoquinone-4-sulfonate are
dark blue/purple and red, respectively.”® Using modified
versions of these analytes (i.e., with ortho and meta substitution
rather than para) resulted in differently colored products
(Figure 3) which introduced students to the relationship
between electronic structure in conjugated small molecules and
observable colors. Students realized that differences in the
electronic structure of an analyte change the electronic
structure, and therefore the color, of the product.

The fabrication of devices introduced students to important
concepts in hydrophobic and hydrophilic surfaces, including
the fact that the Whatman filter paper is hydrophilic, that the
eyeliner, spray paint, and wax are all hydrophobic, and that
simple heating of the hydrophobic barriers is generally
sufficient to fix the barriers in place, immobilize the reagents,
and prevent mixing between sampling sites. Students were
intrigued by the fact that materials they had seen previously
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Figure 3. Differences in product color upon reaction of analytes with
1,2-naphthoquinone-4-sulfonate.

(especially the eyeliner) could be used to accomplish an
important scientific objective. Pictures of devices created by
students are shown in Figure 4. Although many of these
techniques for device fabrication and hydrophobically driven
immobilization are standard in materials science and solid-state
chemistry, it was the first time the students had fabricated such
devices, and the pedagogical opportunities around solid-state
chemistry were abundant. The use of the wax printer and
Adobe Illustrator to make devices and Image] to analyze
devices provided additional pedagogical opportunities for the
instructor to introduce students, often for the first time, to
technologies that are common in solid-state detection.

The final component of this laboratory, the colorimetric
detection of analytes, included significant amounts of
information pertaining to analytical chemistry and colorimetric
detection methods, including the use of mean gray values
(MGVs), obtained from RGB analysis, and the application of
calibration curves for quantitative colorimetric detection. The
students were introduced to the rigorous analytical techniques
required to create serial dilutions, the methods for application
of those serial dilutions to the creation of a calibration curve,
and finally, the use of that calibration curve for the quantitative
analysis of an unknown sample provided by the teaching
assistant. Using Image], the MGV of each of the hydrophilic
zones was obtained. Graphing the average MGV against the
known analyte concentrations provided linear curves for which
trendlines were found using Excel (examples of which can be
found in the SI). The trendlines were then used to find the
concentration of unknown samples based on the MGV. This
quantitative analysis was compared against the student’s initial,
qualitative assessment of the unknown concentration, reaffirm-
ing the concept that pairing a color-changing detection scheme
with computer-based analysis leads to more accurate
quantitation. An example of student calibration curves and
unknown comparison is shown in Figure S.
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Figure S. Student-created p-acetaminophen and p-phenacetin calibration curves, and an unknown comparison scanned using a flatbed scanner.

Student Responses chromophore were provided by the teaching assistant
(T.L.M.).

In the Fall 2018 Advanced Organic Chemistry Laboratory,
the experiment was incorporated as a regular experiment
module. On the basis of Fall 2017 student feedback and input
from the teaching assistant (T.L.M.), wax-printing was
identified as the optimal method of device fabrication, and p-
aminophenol as the optimal starting material for organic
syntheses, as the para isomers generally led to higher product
yields and darker colors upon reacting with NQS; these were
used for the entire student population in the Fall 2018
laboratory. For the students in the Fall 2018 laboratory, the
following results were observed: 100% students successfully
fabricated the devices; 100% made and purified acetamino-
phen; 50% made and purified phenacetin (with the relatively
low percentage attributed to technical difficulties in the
laboratory not associated with the experimental procedure);

This experiment was first tested as a final, collaborative
experiment in the Advanced Organic Chemistry Laboratory at
the University of Rhode Island in the Fall of 2017, where
various methods for the fabrication of the wax barriers on
paper-based devices were tested, including the use of wax-
based eyeliner, acrylic spray paint, and a wax printer. The nine
students in the class were split into three groups, with each
student in the group beginning with a different starting
material (0-, m-, or p-aminophenol), and using a different
method for wax barrier formation (wax-based eyeliner, spray
paint, or wax-printing). The experiment was summarized in a
formal lab report in which the grouped students share results
to answer a series of in-depth discussion questions, provided in
the Supporting Information, on the outcome of using different
analytes and different methods for paper-based device

fabrication. For the students in the Fall 2017 laboratory, the and 92% were able to detect the analytes using the devices they
following results were observed: 100% students successfully had made, with errors here stemming from students using
fabricated the devices; 100% made and purified the analytes; micropipettes incorrectly. In this second iteration, a calibration
and 77% were able to detect the analytes using the devices they curve and unknown concentration analysis were implemented
had made. Issues with the analyte detection component with the goal of achieving quantitative detection, and 50% of
stemmed from student error in formulating correct concen- students accurately determined the concentration of their
trations of the chromophore, which we plan to address with unknown solution. Overall, student feedback from both years
the use of more accurate balances in the laboratory. More was highly positive and included positive statements such as, “I
accurate balances could not be incorporated into the Fall 2018 enjoyed seeing the color change.” 100% of the respondents
semester, however, and thus correctly prepared solutions of the across both years of implementation agreed or strongly agreed
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with the statement, “I think the instructor should use the solid-
state sensing experiment in future classes.”

B CONCLUSION

This experiment is highly modular, in that it can be adapted for
laboratories that wish to focus more specifically on one area.
For example, an analytical laboratory could purchase the
required analytes, thereby skipping the synthetic component,
and focus entirely on colorimetric analysis and detection. A
materials science laboratory can focus more on the
optimization of device fabrication methods, and less on both
synthesis and colorimetric analysis. Significant cost savings are
also accessible through the use of inexpensive eyeliner-based
devices and would accomplish largely the same pedagogical
objectives.

In conclusion, the highly interdisciplinary experiment
reported herein contains important aspects of a variety of
areas of chemistry, including synthetic organic chemistry,
materials science, and analytical chemistry, and fills a
pedagogical need for teaching truly interdisciplinary science
to undergraduate chemistry students. On the basis of our
implementation of this experiment over two years in the
advanced undergraduate organic laboratory in our department,
we have demonstrated high modularity of the experiment; a
variety of experimental options for fitting time, budgetary, and
pedagogical constraints; and strong positive feedback from
students who participated in the experiment. Current efforts in
our laboratory are focused on ways to continue to develop
interdisciplinary undergraduate experiments, and the results of
these and other investigations will be reported in due course.
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