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ABSTRACT: Caffeine (1,3,7-trimethylxanthine) is an alkaloid stimulant that is
popular in beverages. Fluorescence-coupled methods have been used to measure the
caffeine content in coffee, tea, soft drinks, energy drinks, and cosmetics. In this
experiment, we have developed a method for detecting caffeine in beverages utilizing
the effect of the caffeine concentration on the fluorescence of acetylsalicylic acid
(aspirin). Caffeine quenches the fluorescence of aspirin and the resulting Stern—Volmer
plot from caffeine standard solutions can be used as a calibration curve. This method
meets the criteria for fast, sensitive, and convenient caffeine detection. The caffeine
concentration values in avitae caffeine water samples and Ale-8-One ginger ale beverage
were in quantitative agreement with the reported values, within experimental error.
This method can be extended to other caffeinated beverages that are clear or have an
overall light color. This experiment is appropriate for the physical chemistry laboratory,
the analytical chemistry laboratory, and the medicinal chemistry laboratory. Instructors
may find the framework useful for teaching concepts in fluorescence spectroscopy and
quenching, as well as the analysis of active ingredients in food products and cosmetics.
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C affeine (1,3,7-trimethylxanthine) is an alkaloid stimulant
that is popular in beverages. The worldwide daily use has
been cited as 70—76 mg per person per day.' Caffeine is con-
sidered harmless for adults (at doses of less than 100 mg/day)
but is of concern for young children and pregnant women.

Several experiments have been published in this Journal for
the analysis of caffeine in coffee, tea, and carbonated beverages
using high pressure liquid chromatography,” > thin-layer
chromatography,®” capillary electrophoresis,” solid-phase
microextraction,” electrospray ionization-mass spectrometry,10
and gas chromatography/mass spectrometry.”” The amount of
caffeine and various phenols in tea leaves and green tea dietary
supplements has also been reported.'""”

The caffeine molecule, itself, does not exhibit fluorescence
but experiments have been devised which measure the effect of
caffeine concentration on Acridine Orange (AO) (a fluorescent
chemosensor),” fluorescence polarization immunoassays (FPIA) )
and competitive indicator displacement assays."> A microfluidics
device dubbed the “traffic light” detector has been developed using
Caffeine Orange (CO), an aqueous phase fluorescence turn-on
caffeine sensor with a 250-fold fluorescence enhancement with
caffeine."* In these fluorescence-coupled methods, the caffeine
content in coffee, tea, soft drinks, energy drinks, beer, and shampoo
have been measured and reported.

In this experiment, we have developed a method for detecting
caffeine in beverages utilizing the effect of the caffeine concentra-
tion on the fluorescence of acetylsalicylic acid (aspirin)."
Caffeine quenches the fluorescence of aspirin and the resulting
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Stern—Volmer plot from caffeine standard solutions can be
used as a calibration curve. The photophysics of Stern—Volmer
quenching has been reviewed previously in this Journal.'®
Stern—Volmer kinetics have been used to measure quenching in
the highly fluorescent compounds Rhodamine-6G,"” fluores-
cein,"® and quinine.19 The quenching of tryptophan fluorescence
by urea in unfolded Cytochrome c¢ has been employed to
study protein folding in the physical chemistry laboratory.”’
Experiments have been developed to measure quenching in
inorganic salts and complexes (including uranium,”’ terbium,”
and ruthenium®) and in benzene,”* 2-naphthol,>® pyrene,” and
PAH-related compounds.”” The quenching of iodine vapor
with various gases and iodine self-quenching and polarization
quenching have been reported.”® The Stern—Volmer treatment
has indeed proven to be extremely versatile in many different
experimental designs.

This is the first time that an experiment utilizing the aspirin/
caffeine bimolecular system for caffeine analysis has been
proposed. This experiment is appropriate for the physical
chemistry laboratory, the analytical chemistry laboratory, and
the medicinal chemistry laboratory. Instructors may find the
framework useful for teaching concepts in fluorescence spec-
troscopy and quenching, as well as the analysis of active
ingredients in food products and cosmetics. One major benefit
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Figure 1. Fluorescence spectra for aspirin with no quencher (zero caffeine concentration—black line), and caffeine standards with increasing
concentration (moving from top to bottom). The bottom line was measured with a caffeine concentration of 63 ppm.

of the method is the absence of lengthy or sophisticated sample
preparation. Extraction or filtering of the beverage sample is not
necessary. The demand for easier methods and shorter analysis
time for caffeine detection has been the subject of recent research
into alternative spectroscopic methods.”'* This method meets
the criteria for fast, sensitive, and convenient caffeine detection.

B MATERIALS

Caffeine was obtained from Alfa Aesar and acetylsalicylic acid
(aspirin) was obtained from Aldrich Chemical Co. Caffeine
water was purchased at a grocery store (avitae U.S.A.) and
the Ale-8-One ginger ale beverage was purchased in a vending
machine. The analysis was performed using a Photon Technology
International QuantaMaster QM-2000-4 spectrofluorometer,
interfaced to a computer running Felix GX software. The excita-
tion wavelength was 280 nm and the emission was measured
from 350 to 450 nm. The bandwidth was set to 5 nm. The step
size was 1 nm and each scan takes approximately 30 s; the
sample is irradiated throughout the time of each scan. At zero
aspirin concentration, the spectrometer registers approximately
20,000 counts.

B EXPERIMENT

A caffeine stock solution was prepared by dissolving 25.0 mg of
caffeine in a total volume of 250 mL of distilled water (100 ppm).
A 40 ppm aspirin solution was prepared by dissolving 4.00 mg of
aspirin in 100 mL total volume. A standard curve was prepared by
measuring the fluorescence of the aspirin solution with varying
caffeine concentrations. The caffeine concentration varied from
0 to 80 ppm; the aspirin concentration was held constant at
0.23 ppm. The Stern—Volmer plot constructed from the data
served as the standard curve. Fluorescence spectra from the
experiment, showing the fluorescence of aspirin with varying

caffeine concentrations are shown in Figure 1. A sample standard
curve is shown in Figure 2.

A series of solutions with constant aspirin concentration and
varying amounts of beverage (avitae caffeine water, Ale-8-One,
etc.) were measured and a Stern—Volmer plot was constructed.
Comparison of this plot with the standard curve was used to
determine caffeine concentration of the beverages. Sample com-
parisons are shown in Figures 2 and 3. Sample results are shown
in Table 1. The measurements were performed in triplicate and
the errors represent the range of values obtained.

B HAZARDS

Aspirin may cause skin irritation, eye irritation, respiratory
tract irritation, and digestive tract irritation. Aspirin is toxic and
harmful if swallowed. Caffeine may cause skin irritation, eye
irritation, respiratory tract irritation, and digestive tract irritation.
Students should wear goggles when preparing and handling
the aspirin and caffeine standard solutions. Never eat while in the
laboratory!

B RESULTS AND DISCUSSION

The Stern—Volmer equation relating the ratio I,/I to the con-
centration of the quenching agent [Q] is as follows:

I
70 =1+ Ks[Q]

where I, is the fluorescence intensity in the absence of the
quencher, I is the measured fluorescence intensity, and Kgy
is the Stern—Volmer constant. The Stern—Volmer constant
is the product of the quencher rate coefficient k; and the life-
time of the emissive excited state in the absence of the
quencher, 75>

The Stern—Volmer plots for aspirin with the caffeine

standards and with the caffeinated beverages are curved upward
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Figure 2. Stern—Volmer plot of aspirin with caffeine standards and avitae caffeine water.
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Figure 3. Stern—Volmer plot of aspirin with caffeine standards and Ale-8-One ginger ale beverage.

(Figures 2 and 3). A curved Stern—Volmer plot is indicative I
of static (complex formation through various intermolecular
forces) and dynamic quenching (bimolecular collisions).*™**
The positive deviation from linearity in the Stern—Volmer plot

has been modeled using a modified form Kapp = (Kp + Kg) + KpK[Q]
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Table 1. Reported and Measured Caffeine Content in Selected
Caffeinated Beverages

Caffeine Content/ Caffeine Content/

Serving Size/ mg/serving mg/serving

Product (0z/mL) (reported) (measured)
avitae caffeine water 16.9/500 45 45+3
avitae caffeine water 16.9/500 90 91 +4
Ale-8-One ginger 12/355 37 37+4

ale beverage

and Kp and Ky are the Stern—Volmer constants for dynamic
and static quenching, respectively.”' In our analysis, we were
not concerned with finding the Stern—Volmer constants. An
empirical equation of quadratic form was used to fit the data,

usinﬁ an Excel spreadsheet.
The caffeine content of the beverages was determined by

comparing the Stern—Volmer curves for the caffeine standards
and the caffeinated beverages. This can be accomplished using an
overlay method or using the fit equation for the standards and
inputting the measured fluorescence value for a given beverage
concentration. The caffeine concentration in the avitae caffeine
water samples and the Ale-8-One ginger ale beverage were in
quantitative agreement with the reported values,” within
experimental error. This method can be extended to other
caffeinated beverages that are clear or have an overall light color.
With darker caffeinated beverages, the color of the resulting
solution interferes with the fluorescence measurement.

This experiment is intended for upper-level chemistry students
who have learned about fluorescence spectroscopy in physical
chemistry, analytical chemistry, or a spectroscopy-based chemistry
course. The goal of this experiment is for students to experience
first-hand the technique of fluorescence spectroscopy, as they
use the method to analyze several caffeinated beverages and report
the measured amount of caffeine in each beverage. After the experi-
ment is completed, the students are expected to submit a laboratory
report where they report their measurements and the associated
error. Additional details are provided in the Supporting Information.

The laboratory experiment was developed over a period of
several months by an undergraduate researcher (the lead author
on the paper, J.S.). This experiment was tested in our Physical
Chemistry Laboratory course in two different terms by two teams
of students. The experiment can be completed in a standard 3 h
laboratory period; it works best with a smaller lab of 6—10 students,
working in pairs. If only one spectrofluorometer is available, one
team can measure the standard curve, a second team can measure
one beverage, a third team another beverage sample, and so on.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available on the ACS Publications
website at DOI: 10.1021/acs.jchemed.6b00303.

Student handouts and instructor materials detailing the
preparation of each solution, the creation of the Stern—
Volmer plots, and the resulting data analysis are included.
(DOCX)

Student handouts and instructor materials detailing the
preparation of each solution, the creation of the Stern—
Volmer plots, and the resulting data analysis are included.
(PDF)
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