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ABSTRACT: A low-cost, time-resolved spectroscopy experiment appropriate for third year
physical chemistry students is presented. Students excite o-methyl red in basic solutions with a
laser pointer and use a modular spectrometer with a CCD array detector to monitor the transient
spectra as the higher-energy cis conformer of the molecule converts back to the
thermodynamically more stable trans form. The transient absorption dynamics are monitored
as a function of time averaged between 340 and 360 nm, and the transient bleach dynamics are
monitored as a function of time averaged between 440 and 460 nm. The bleach dynamics are
monitored in basic solutions at several values of pH, and the observed rate constants are used to
extract the rate constant for the isomerization of the protonated form and the deprotonated form
of the molecule.
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■ INTRODUCTION

In this paper, an experiment is presented in which students
excite the azobenzene derivative o-methyl red with a laser
pointer and monitor the spectral dynamics using a UV−vis
spectrometer with a CCD array detector. Flash photolysis
experiments have been proposed for use in teaching
laboratories before,1−7 but this experiment takes advantage of
the slow isomerization reaction rate of o-methyl red in basic
solutions and the ability of a spectrometer with a silicon CCD
array detector to quickly collect spectra to examine the
spectrum as a function of time.8,9 Azobenzene derivatives are
ideal for introducing kinetics concepts to undergraduate
physical chemistry students because the rate to re-form the
trans conformer from the photoexcited cis conformer is very
molecule, solvent, and temperature dependent.6,10−14 In this
experiment, students observe how transient spectra change
when the solvent is used as a reference and when the solution is
used as a reference. Transient absorption dynamics, transient
bleach dynamics, and an isosbestic point are observed. The
spectrometer’s software is then used to collect the average
absorbance (over a specified wavelength range) as a function of
time, and the first-order rate constant for the isomerization
process is extracted. The reaction is also done as a function of
hydroxide concentration, which allows the isomerization rate
constant of the protonated and deprotonated form of o-methyl
red to be extracted.
The more thermodynamically stable isomer of o-methyl red

is the trans conformer. Upon photoexcitation, cis-o-methyl red
is preferentially formed. The mechanism of photoisomerization
in azobenzene dyes has been the subject of significant

study.10,15−18 The observed reaction rate for the isomerization
to re-form the trans isomer has been shown to have the
following form:8,9
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where kobs is the observed first-order rate constant, k1 is the
isomerization reaction rate of the protonated form of cis-o-
methyl red, and k2 is the isomerization reaction rate of the
deprotonated form of cis-o-methyl red. Kw is 10−14.1669 at 20
°C,19 and students calculate k1 using two different values of KA

because KA for the cis conformer is not known.
8,9 Students use

KA = 10−3.9, assuming the cis conformer has the same KA as the
cis conformer of methyl yellow,8 and KA = 10−5, assuming the
cis conformer has the same KA as the trans isomer.9 A
derivation of eq 1 is shown in the student handout. Students
plot the observed rate constant as a function of the inverse
hydroxide concentration to obtain k1 and k2. Students find that
k1 ≫ k2, and many students find that k2 is smaller than they are
able to quantitatively measure in this experimental setup. This
has led to fruitful discussions with students about the limits of
the experimental setup and the meaning of the extracted
confidence intervals. It has also led to discussions about the
difference between random and systematic errors in the
experiment.
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■ EXPERIMENTAL OVERVIEW
A schematic of the experimental setup is shown in Figure 1. A
405 nm laser pointer is used to excite the sample 90° from the

monitoring beam. The sample is excited with the laser pointer
until the signal is maximized. Solutions are monitored after
excitation using an Ocean Optics modular spectrometer with a
USB 4000 detector and an ISS-UV−vis lamp. The lamp and the
detector are coupled to the cell holder with fiber optics. A
cuvette covered in electrical tape is used to block the light when
the dark scan is taken. The software used to control the Ocean
Optics spectrometer was SpectraSuite,20 and the integration
time is set in the program to 500 ms. The cell holder is a qpod
temperature-controlled sample compartment which allows for
cooling and stirring of the sample. The qpod has an extra
adapter inserted into one of the blank ports, 90° from the probe
beam, to hold the excitation laser pointer in place with a set
screw. The laser pointer is also supported by an optical mount
for stability. The temperature of the solutions was held constant
at 20 °C, and the samples were being continuously stirred
during the measurements. Samples were tested with and
without stirring, and no effect was found. Glass cuvettes with
two optically clear windows and two frosted windows were
used. A collimating lens was used to disperse the excitation
beam, and the samples were excited through the frosted
windows to better disperse the laser light in the sample. For
experiments done by the students, solutions were made using
the mass of a 50% sodium hydroxide solution instead of starting
with a stock solution of sodium hydroxide and adding the stock
volumetrically. A better way to make the solutions is presented
in the Supporting Information. More experimental details are
provided in the Supporting Information. All error bars and
errors reported in the Results section and in the Supporting
Information are 95% confidence intervals.

■ HAZARDS
Students are given filled, sealed cuvettes to work with so
student risk of chemical exposure is minimal. The solutions are
very basic; proper protective gear should be used when
preparing the solutions. The sale of laser pointers is not well
regulated, and because laser pointers can be more intense than
advertised, light from the laser pointer should be completely
contained, and care should be taken so that students have no
ability to expose their eyes to the light.

■ RESULTS

This experiment was done with CU chemistry majors at the
beginning of their second semester of physical chemistry lab.
The class was divided into groups of two or three students. The
lab class is 3 h long with 2 lab sections being allotted to each
experiment. Students did the experiment as a rotation with each
group having access to the equipment for two lab periods. Lab
reports were due for the experiment one week after the second
lab period. A single student did the experiment in the fall 2015
semester as an elective and the entire class, 8 groups, did the
experiment in the spring 2016 semester. Most students finished
the experiment in the first lab period, but a couple of groups
had to come back the following week to finish the experiment
or to reanalyze their data. Six of the eight groups in the fall
semester used the same solutions, and those are the results
presented in this section. Much of the data analysis was done in
class, which allowed students to repeat experiments if necessary.
This allowed the instructor and TAs the chance to address any
misconceptions the students had about the experiment.
Students found the lab report to be manageable in difficulty;
however, several groups did the calculations incorrectly. Several
groups did do the experiment and calculations correctly,
however, with some groups initiating some interesting
discussions with the instructor about the limitations of the
experiment and how to understand the calculated error on their
rate constants. All the students seemed to get something
meaningful out of the spectral traces and the difference between
using water and the solution as a reference when measuring
spectra.
The highest hydroxide concentration used in this experiment

was ∼0.14 M NaOH, which gave a cis/trans isomerization rate
constant of ∼0.01 s−1. This rate is slow enough that students
are able to observe the formation of the cis isomer and the
depletion of the trans isomer in the spectrum. Students
manually measure, save, and overlay the complete visible
spectra after excitation and print them out during the class time.
Students did this both using water as a reference and using the
sample solution as a reference. Spectra taken by students during
the isomerization of a 0.14 M NaOH sample are shown in the
upper panel of Figure 2 (with water used as a reference) and in
the lower panel of Figure 2 (with the solution used as a
reference). The transient bleach with a maximum at ∼410 nm,
the transient absorption with a maximum at ∼340 nm, and the
isosbestic point at ∼360 nm are all clearly observed in this data.
This part of the lab is qualitative, and students do not know or
record what the time is after excitation. If the sample decays
before students are able to save enough data, they can re-excite
the sample and overlay data from multiple excitations. Because
the idea of a bleach signal, or negative absorbance, tends to be
difficult for students, this part of the experiment provides an
excellent opportunity for discussions with the students. For
some groups, seeing both the absorbance change with the water
used as a reference and the absorbance change with the
solution used as a reference seemed to help them clarify this
concept.
Students then monitor the transient absorption and transient

bleach dynamics as a function of time for the highest-
concentration sodium hydroxide solution. Students do this at
two wavelength regions: the first, averaging between 340 and
360 nm, where a transient absorption is observed, and then
averaging between 440 and 460 nm, where a transient bleach is
observed. Students also monitor the bleach dynamics between

Figure 1. Schematic of the experimental setup as viewed from the top.
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440 and 460 nm for solutions where the hydroxide
concentration has been varied. A plot of the bleach dynamics
for a 0.10 M sodium hydroxide solution, obtained by students,
is shown in Figure 3 (left side) along with a plot of
−ln(−ΔAbs) used to obtain the kobs for this sample (right
side). For all the solutions examined, the plot of −ln(−ΔAbs)
vs time were very linear, as expected from the literature,8 with
typical R2 reported by the students of 0.98−0.99 for the fit. A
plot of average kobs as a function of 1/[OH−] obtained from six
student groups who did this experiment on the same sets of
solutions is shown in Figure 4. As can be seen from this graph,
the data fits very well to a line. Individual plots of student data
were also very linear with plots of kobs vs 1/[OH

−] producing
fits with R2 values ranging between 0.96 and 0.99.
To account for calculation errors made by students in

determining k1 and k2, the student data was analyzed using the
values of kobs that were reported in students’ lab reports. The
average value for k1 calculated from the reported values of kobs
for the 8 groups who did the experiment in the spring 2016
semester was k1 = 3.1 ± 0.3 × 107 s−1 (using pKA 3.9) and k1 =

2.5 ± 0.3 × 106 s−1 (using pKA 5.0). Error bars on k1 extracted
from the error in the slope of the linear fit are smaller than the
variations in the value of k1 obtained when the two values of KA
are used. This provides a good opportunity to discuss the
difference between systematic and random error with the
students. Students should recognize that even though their
error bars are small, their certainty in k1 is limited because they
do not have an accurate value for KA. The average k2 value
calculated from the reported values of kobs was k2 = −0.004 ±
0.004 s−1. The average of k2 is negative, and several students
obtained negative rates for their value of k2. For all of the
experiments done by the students, the limits on the 95%
confidence intervals range from negative to positive. However,
when repeating experiments using solutions made with the
method presented in the Supporting Information, it was found
that the values for k2 were consistently negative, but that the
error in the values was as large as the values. The negative
values for k2 likely indicates either an uncontrolled experimental
condition or a breakdown in the simplistic model used to
extract these parameters at 20 °C. This breakdown again
provides an interesting discussion point about the difference
between systematic and random error with some of the more
advanced students in the class. Students can compare the
random error in k2 obtained from their fit, and if the error is
negative within the 95% confidence interval, they can discuss
how this indicates a source of systematic error that is not being
accounted for in the experiment. In the Supporting
Information, data is also presented where the experiment was
done at 25 °C to compare to literature values. The data for this
experiment was noisier than the data collected at 20 °C
(because of the difficulty of maintaining the temperature at 25

Figure 2. Upper panel: Transient spectra obtained when students used
a cell with water as a reference.21 Lower panel: Transient spectra
obtained when students used the o-methyl red solution as a reference.
For each scan, the time is not known. Red lines are the absorbances at
long times after the isomerization is complete.

Figure 3. Change in absorbance dynamics trace (left) and linear fit to −ln(−ΔAbs) (right) for a o-methyl red in 0.10 M sodium hydroxide solution.
The first-order rate constant, kobs, comes from the slope of the linear fit shown in the right panel.

Figure 4. Average of kobs as a function of 1/[OH−] taken from student
data. A linear fit to the data along with the R2 value is also shown.
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°C), but the values obtained are similar to what was reported in
the literature.8

■ CONCLUSIONS
All of the students who performed this experiment seemed to
grasp new concepts, and the students seemed to enjoy it.
Having the transient spectra available during the experiment
provided an excellent opportunity to discuss the spectral
kinetics with the students in a qualitative way before they began
measuring their time traces. This allowed any misconceptions
the students had about the data to be addressed before they
wrote their reports. There were many levels of difficulty in this
experiment which allowed the most advanced students in the
class to be challenged but which also allowed all the students in
the class to get something meaningful out of the data. This
experiment provides a low cost way to present a complicated
experimental setup to students in a way that teaches the basics
of pump−probe spectroscopy and which also provides a good
kinetic problem for students to work with.
The use of spectrometers with CCD array detectors has been

proposed for many experiments in undergraduate chemistry
laboratories.22,23 As many of these spectrometers are capable of
measuring kinetics, this experiment is easy and inexpensive for
many schools to adopt. Ref 6 presents a method for making a
temperature controlled sample holder for a flash photolysis
experiment using a three-dimensional printer. Because no effect
on kobs was observed while stirring the samples, the sample
holder from that experiment could be modified to couple to the
spectrometer and the laser pointer and used in this experiment.
The experiment proposed here could also be done after the
experiment in ref 6 as another application for the sample holder
built in that experiment.
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