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ABSTRACT: A series of experiments employing scanning tunneling
microscopy (STM) have been developed for the physical chemistry laboratory.
These experiments are designed to engage students in cutting edge research
techniques while introducing and reinforcing topics in physical chemistry,
quantum mechanics, solid-state chemistry, and the electronic structure of
molecules and materials. In the first of three experiments, students are
introduced to the basics of STM operation while imaging and conducting
spectroscopy on the highly oriented pyrolytic graphite (HOPG) surface.
Images of the surface are used to determine the crystal structure of the

material, and scanning tunneling spectroscopy is used to determine the

electronic properties of the material and study the tunneling phenomenon. In the second experiment, the students image the
Au(111) surface as well as a series of alkanethiol self-assembled monolayers (SAMs) of different chains lengths on the Au(111)
surface. They examine the structural and electronic properties of the metal surface and the adlattice structure of the film. Finally,
in the third experiment, the students examine the conductance of molecules adsorbed onto the Au(111) surface, including the
alkanethiol SAMs and a thiol-tethered porphyrin molecule or a dimercaptostilbene embedded into the SAM matrix. By
measuring the tunneling efficiency and spectroscopic characteristics of these molecules, the students can explore the relationship
between chemical structure and charge transport efficiency. The experiments provide advanced chemistry students an
opportunity to view and study materials at the atomic and molecular length scales and provide an opportunity to apply their
understanding of quantum mechanical concepts to real systems.

KEYWORDS: Upper-Division Undergraduate, Laboratory Instruction, Physical Chemistry, Hands-On Learning/Manipulatives,
Nanotechnology, Physical Properties, Spectroscopy, Surface Science

canning probe techniques, including scanning tunneling

microscopy (STM), atomic force microscopy (AFM), and
the many derivatives of these techniques, are gaining
considerable traction in chemical and biological investigations
and the field of materials science and engineering in general.'
Familiarity with these techniques will help undergraduate
students explore how modern physical chemistry and analytical
methods are applied in research. We have developed a physical
chemistry laboratory with this in mind, focused on demonstrat-
ing cutting edge techniques and instrumentation used by
chemists, including in particular STM. Not only does this offer
students exposure to such relevant techniques, it also reinforces
their understanding of quantum mechanics and the chemical
structure of solids. Several experiments have been reported that
introduce students to the STM in the teaching laboratory, each
with its own unic%ue focus and goals including the study of
surface structure,” adsorbate structure and intermolecular
interactions,” nanomaterials,” and reaction kinetics.® This
experiment introduces a similar series of topics, though with
considerable emphasis on the mechanisms and quantum
mechanical process of tunneling as well as the relationship
between molecular structure and electron transport. The topics
considered in this series include the basics of electron tunneling
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and the quantum mechanical description of this phenomenon;
the structure of crystals, surfaces, and adlayers; solid-state
properties of materials; and investigation of charge transfer
mechanisms through molecules using scanning tunneling
spectroscopy (STS), the latter being relevant to a range of
subjects including biological systems, the development of
photovoltaic and other molecular or organic electronics
applications and incorporating discussions of the relationships
between chemical and electronic structure of complex
molecules.

The experiments described herein are part of a physical
chemistry laboratory in the first semester of a two-semester
sequence (1 credit each) focusing on the theme of quantum
mechanics, which parallels the physical chemistry lecture
sequence that covers quantum mechanics in the first semester
and thermodynamics in the second semester. Students are
required to complete the prerequisite lecture in advance of
taking the lab. The laboratories are taken by a mix of third-year
(~20%) and fourth-year (~80%) students. This experiment is
conducted over a three-week span and is broken into three
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distinct parts. The first week is reminiscent of many prior
studies,>*” introducing the fundamentals of STM. The students
begin by characterizing highly oriented pyrolytic graphite
(HOPG), as this surface is easily prepared and atomic
resolution of the surface is achieved with minimal effort.
Here, the students learn about the structure of solids and
surfaces and begin their investigation into the electron
tunneling process with spectroscopic measurements while
familiarizing themselves with the instrumentation and imaging
process. In the second week, the students examine the surface
of gold, with and without alkanethiol self-assembled mono-
alyers (SAMs). In addition to reinforcing topics discussed in
the first experiment, this section introduces the concept of
surface adsorbates and their adlattice structure and presents the
notion of electron tunneling through different mediums.
Finally, in the third week, the students examine charge
transport through a thiol-tethered porphyrin molecule, wherein
they are encouraged to consider the structure of the molecule
and measurements made both by imaging and spectroscopy, as
well as consultation with the literature, to determine the
mechanism of electron transport through the molecule. Each
experiment is designed to be wholly conducted within 3 h,
including sample preparation, instrument setup, and clean up,
the vast majority of which is conducted by the students under
the guidance of an instructor. Although the molecule we have
used is unique to our physical chemistry lab, we also
demonstrate here the use of a 4,4'-dimercaptostilbene that is
commercially available.

B EQUIPMENT AND MATERIALS

A Nanosurf Easyscan2 STM (Nanosurf; Liestal, Switzerland)
with a 500 nm low current scanner was used. Pt/Ir tip wire
(Nanoscience Instruments, Phoenix, AZ, 0.25 mm diameter)
was used, using mechanical cleaving performed initially by the
instructor for demonstration but ultimately by the students
themselves. HOPG (Nanoscience Instruments) was cleaved
prior to imaging with scotch tape to present a clean surface.
Flame-annealed Au on mica substrates obtained from Agilent
Technologies (Phoenix, AZ) and Phasis (Geneva, Switzerland)
were cleaned by UV—ozone exposure immediately prior to use.
Molecules used included decanethiol, dodecanethiol, octadeca-
nethiol, and 4,4'-dimercaptostilbene and were obtained from
Sigma Chemicals and used as received. For studies of molecular
conductance, a tailor-made thiol-tethered freebase porphyrin
was used, and its synthesis and conductance properties have
been previously described.® This experiment was also
demonstrated with the dimercaptostilbene molecule. Image
analysis was performed using the freely available Gwyddion
software package.” Complete details of the instrumentation,
methods, and implementation of these instructional experi-
ments may be found in the Supporting Information.

B HAZARDS

Gloves and goggles should be worn during all sample and
solution preparation as well as during handling of the samples
and the scanning tunneling microscope. Decanethiol, dodeca-
nethiol, and octadecanethiol are irritants, and these along with
4,4'-dimercaptostilbene are highly toxic if consumed. Tetrahy-
drofuran (THF) and ethanol are flammable. All solvents and
chemicals should be used in a chemical hood to minimize
exposure.
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B EXPERIMENTAL DETAILS

Week 1: The Structure and Electronic Properties of Highly
Oriented Pyrolytic Graphite (HOPG)

Many previous reports have been made using HOPG to
illustrate the capabilities of STM and introduce students to the
examination of atomic structure,”®” and this part of the
experiment is similar. An image of the HOPG surface collected
by a student group is shown in Figure 1 along with a Fourier-

Figure 1. (A) Student-collected image of the graphite surface. Though
noisy, applying a Fourier filter (B) provides the students with a clearer
image as well as provides a review and demonstrates an application of
this noise-reduction technique. These images have been drift-corrected
based on the known lattice of HOPG. Bias 40 mV; set point 1.4 nA.

transformed image that clearly shows the lattice structure of the
graphite surface. We find that guiding the students through this
filtering process introduces students to concepts of data and
image processing and visually illustrates this important noise-
reduction technique. The students are instructed to use the
images to reconstruct the crystalline lattice from the measured
dimensions of the surface lattice and interlayer spacing,
familiarizing themselves with the concepts of a crystal lattice
and how STM can be used to deduce the crystal lattice based
on surface measurements. Additionally, the HOPG surface
conveniently illustrates that STM is not sensitive to nuclear
positions but rather to electronic state density, giving rise to the
contrast observed between the two unique atoms in the surface
unit cell.

The relevant quantum mechanical concepts are also first
introduced in this experiment. The students collect both I-z
(current vs tip position) and I—V (current vs voltage) spectra.
From the former, they can determine the quantum mechanical
potential barrier height, and from the latter they can investigate
the density of states of the graphite material. As graphite is a
semimetal, the junction follows Ohm’s law, and they simply
obtain a linear relationship between current and bias, shown in
Figure 2A, which is compared to a Au surface (Figure 2B) in
week 2. The slight deviation to lower conductivity near zero
bias reflects the semimetal nature of the HOPG, wherein a
momentum shift between the valence and conduction bands
gives rise to reduced conductivity at low bias. Figure 3A
illustrates the determination of the barrier height using the
formula'®

In(I) = —AJpz+ C=—pz+ C (1)

The independent variable z reflects the gap width. In
scanning tunneling spectroscopy (STS), the gap width is not
known and all values are referenced to the position of the tip
dictated by the feedback loop. The offset between the actual
gap width and reported tip position, among other factors
including bias and conductivity of the gap, is captured in the
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Figure 2. I-V spectra of HOPG (A) and Au(111) (B) demonstrating the metallic character of these two materials. Because these materials are
metallic, Ohm’s law applies and a linear relation between current and bias is observed. The slight suppression of conductivity near 0 V in (A) is

indicative of the semimetallic electronic structure of HOPG.
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Figure 3. [—z spectra collected on the HOPG (A) and Au(111) (B) surface showing the I—z spectrum (black), with corresponding semilog plot
(red) shown. The tunneling efficiency can be determined by a linear fit (blue), producing the tunneling efficiencies (/) and barrier heights (¢)
shown. The difference in barrier height reflects the different Fermi levels of the two substrates and the different biases applied during imaging.

arbitrary constant C. The value A is a constant with value 1.025
A™" when ¢, the quantum mechanical potential barrier height,
is given in eV.!! The more general parameter, f, termed the
tunneling efficiency, can similarly be determined from the -z
spectrum as described in eq 1. This value reflects the rate of
decay of the wave function in the tunneling region. Again, this
is compared to Au (Figure 3B) in week 2.

Week 2: Au(111) and Self-Assembled Monolayers (SAMs)
on Au(111)

In week 2, the students focus their interest on adsorbed layers
on a metal surface. The students are first asked to image a bare
gold surface. In doing so, the substrate is introduced, and topics
including the structure of metal crystals (fcc, bec, and hep)
along with how different crystal faces (defined by their Miller
indices) are projected as surface structures can be discussed.
The basic features of the gold surface are examined, including
the interlayer spacing of the Au(111) planes. The students are
encouraged to briefly attempt to resolve the atomic structure of
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the surface; however, under ambient conditions, success is
highly unlikely. This, however, serves to further illustrate the
role of the electronic structure in imaging and encourages the
students to consider the differences in the electronic structures
of graphite and Au(111), where the more localized valence
orbitals of graphite provide greater contrast and greater
effective signal

An example of a student group’s determination of the
interlayer spacing is presented in Figure 4. The students also
perform spectroscopy on this surface, generating both I-V and
I—z spectra (Figure 2B and Figure 3B, respectively). To
reinforce the connection between the quantum mechanical
aspect of tunneling and the configuration of the experiment, the
students are directed to compare the tunneling efficiency and
barrier height between this surface and graphite. Differences in
these measurements reflect the different imaging biases
employed and the different work function of the materials,
which together lead to changes in the effective barrier height.

dx.doi.org/10.1021/ed400418h | J. Chem. Educ. 2014, 91, 283—-290
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Figure 4. Bare gold surface imaged under ambient conditions showing
the interlayer spacing of the Au(111) atomic layers. The students
measured 2.1 A here, reasonably close to the expected value of 2.3 A.
The marks on this surface are likely contamination, as the sample is
handled and imaged under ambient conditions. Bias 0.5 V; set point
0.5 nA.

The students are also asked to determine the source of and
magnitude of the resistance in the tunnel junctions to connect
the involved quantum mechanics to more traditional concepts
of electronic circuitry.

Imaging of the gold surface and discussion of its properties
precedes the discussion and imaging of the alkanethiol self-
assembled monolayers so that the students may better
understand the substrate before considering the adsorbed
layer. Alkanethiol SAMs have been extensively studied'>™'®
and, therefore, make an ideal system for the students to both
investigate in the lab and in the literature. The students prepare

their self-assembled monolayers, cleaning the gold surface and
preparing the immersion solutions (0.1—1.0 mM in ethanol),
learning basic concepts about surface preparation and proper-
ties. During imaging, they are encouraged to examine all aspects
of the surfaces at various length scales. At larger scales, they
observe a surface that effectively appears identical to the gold
surface (Figure SA). As they observe the surface on smaller
length scales, they will observe the typical etch pits found on
the alkanethiol functionalized Au(111) surface (Figure SB).
Here, the students are encouraged to review the literature to
consider the proposed mechanisms of SAM formation. A
variety of references are available from which the students could
generate a rational hypothesis.'®'” Finally, the students can
observe various adlattices of the alkanethiols. This is a very
difficult image to collect and extract measurements of the
adlattice, so we supplement this experiment by directing the
students to the literature to obtain an understanding of the
adlattice structure as well as providing sample images. A
student-collected image is shown in Figure SC. It should be
noted that a very stable tip and stable imaging conditions are
required for successful imaging with molecular resolution.

Determining the tip position relative to the SAM is a
challenging task but is one which I—z spectroscopy can be used
to determine.'® Furthermore, changes to the tunnel barrier with
addition of the monolayer can be characterized by measuring
the tunneling rate decay. An I—z spectrum of a decanethiol
SAM is shown in Figure 6A, with the corresponding semilog
plot in Figure 6B. The most important feature here is the
change in decay rate as the tip descends. The two tunneling
regimes correspond to the tip above and within the monolayer,
demonstrating that the tip resides just a few angstroms above
the decanethiol SAM surface.

To challenge the student’s critical thinking and improve their
understanding of the technique and the role of the feedback
loop in dictating the tip position, the students are also asked to
replicate a measurement in which the conductivity of the
alkanethiols are compared as a function of length.'® Figure 7A
shows I-V spectra of the three alkanethiol monolayers studied,
and 7B shows a semilog plot of the conductance, measured at 1
V, from these spectra plotted against the thickness of the films.
The basis for this type of measurement is an AFM study of
molecular conductance, in which the conductivity of films is
measured as a function of film thickness. However, where in
AFM the tip position is dictated by the film thickness, in STM,
the feedback loop and set point current dictate the tip position.
This is most critical for the octadecanethiol data point in Figure

Figure 5. Images at various scales of decanethiol on Au(111). It is possible to see the broader structures of the gold surface (A) and the SAM (B) as
well as the molecular structures of the monolayer (C), where both the typical (\/ 3 X \/ 3)R30° structure as well as the more compressed c(4 X 2)
structure'? are visible. Note: Image (C) is an image of the current flow as a function of position that has also been corrected for drift, using the (1/3
X \/ 3)R30° alkanethiol lattice structure as a reference. (A, B) 1.4 V; 75 pA. (C) 1.4 V; 100 pA.
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Figure 6. I—z spectroscopy of the decanethiol film (A) and the
corresponding semilog plot (B). A modest change in tunneling
efficiency is observed in the spectrum, corresponding to the transition
from the tip being above the monolayer (blue trend line) and within
the monolayer (red trend line), as has been previously observed.'®

7B. This film is too thick for the tip to be positioned above the
film at any measurable tunnel current; therefore, the feedback
loop positions the tip within the film. This results in a greater
conductance measurement, producing a very high, but
erroneous, tunneling efficiency.

Week 3: Molecular Charge Transport

The last set of experiments is designed to demonstrate the
STM’s ability to measure the electronic properties of individual
molecules, demonstrating a chemist’s ability to examine charge
transport in single molecules directly. A variety of methods
have been developed to study molecular charge transport,'”*°
and considerable work has been conducted examining the
effects of chemical’”’ and conformational structure.”> The
greatest challenge of studying single-molecule electron trans-
port is adequately controlling the geometry and environment of
the molecule. Forming SAMs of the molecule of interest™ or
embedding the molecule in SAM support matrix”** have been
used successfully. The first experiment reported here was
performed on a tailor-made molecule; however, at the end of
this section, a commercially available alternative is also
presented. Here, a SAM of dodecanethiol is used to control
the orientation of the molecule and to act as a reference for
studying its electronic properties. The students prepare a mixed
monolayer of porphyrin with a thiol tether in a dodecanethiol
matrix® (this is depicted in Figure 8C), and they image it in
much the same manner as the alkanethiol SAMs. They are
instructed to collect the I-V spectra of the porphyrins as well
as images from which the apparent height of the porphyrins can
be determined. The I—V spectra are collected on the
background monolayer as well, for use as a comparison.
From the I-V spectra, they can begin to make assumptions
about the charge transport characteristics. For example, for the
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Figure 7. (A) I-V spectra of decanethiol, dodecanethiol, and
octadecanethiol demonstrating the progressive decrease in current
flow, particularly at higher bias, indicative of greater tip sample
separation. (B) The log of the current measured at 1.0 V from the [-V/
spectra plotted as a function of film thickness, producing an
erroneously high tunneling efficiency because the tip position is not
directly related to the film thickness.
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Figure 8. STM topographic image of the porphyrin molecule
embedded in the dodecanethiol matrix (A) and the corresponding
cross section demonstrating an approximate apparent height of 3 A
(B). This apparent height may be used in conjunction with the known
physical height of 7 A, shown in (C), to determine the average
tunneling efficiency of the molecule by the double-layer tunnel
junction model, resulting in an average tunneling efficiency of 1.2 AL
quite similar to that of an alkanethiol.
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thiol-tethered porphyrin, they most often measure approx-
imately higher current magnitude, with similar spectrum shape,
shown in Figure 9. The greater current at higher bias suggests
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Figure 9. I-V spectra of the thiol-tethered porphyrin (black)
superimposed over the spectrum of dodecanethiol (red), showing
higher, but not dramatically higher, current magnitude and similar
spectrum shape, indicating dominance of the alkyl chain tether in the
electron tunneling process.

that the porphyrin is more conductive at higher bias, but the
similar spectral shape would suggest that the alkyl tether is the
dominant structural feature in the conductance of this
molecule.

The last measurement the students are instructed to make is
a measurement of the tunneling efficiency of the porphyrin
using the double-layer tunnel junction model.*® This method
provides a measure of the tunneling efficiency of the molecule
as a whole and demonstrates the dominant transport
mechanism present in the molecule. From this model, the
tunneling efficiency of the molecule may be determined by
using the apparent height measured from STM imaging. The
following equation may be used to determine the tunneling

efficiency,
B = [Bpprhoor — a(Shgry — Sh)1/hy, (2)

The dodecanethiol matrix acts as an internal standard, with
its tunneling efficiency, fppr, and thickness, hppr, known (1.2
A™" and 14 A, respectively). A vacuum gap is assumed above
both the monolayer and the porphyrin, with tunneling
efficiency a (2.3 A™"). The tunneling efficiency is ultimately
reflected in the difference between the actual protrusion height,
Oh, and the apparent height measured by STM, ohgry. The
students are guided through the determination of hyp,, the total
height of the porphyrin molecule based on its known
orientation and length, from which 8h can be determined by
deducting the thickness of the film. The total height and
physical protrusion height are 21 A and 7 A, respectively. From
the measured apparent height, a tunneling efficiency of 1.2 A™
is obtained from the data shown here, in agreement with the
reported value in the literature.® For this molecule, a tunnelin
efficiency very similar to that of alkanethiols is observed,
further indicating that the tether is the dominant part of the
charge transport process. Because prior characterization is
necessary for the students to validate their results, the choice of
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molecules is §enerally limited to those already examined in the
literature.”>*® One could envision, however, using this lab as a
way of exploring additional unknown molecules for comparison
to known systems.

The charge transport characteristics are related to the
electronic structure of the molecule; therefore, to assist the
students in rationalizing the charge transport properties of the
porphyrins, it is necessary to discuss the electronic structure of
the porphyrin. Understanding the relationship between
chemical structure, electronic structure, and charge transport
characteristics is a relatively new area of research; however,
there are some general themes that are within the grasp of a
new chemist. Most important to molecular electron transport is
the energy of the frontier orbitals and their localization on the
molecule. In the case shown here, the HOMO and LUMO are
localized to the porphyrin macrocycle itself, and they are
roughly 2-fold degenerate. The HOMO—LUMO gap has been
determined to be approximately 1.8 eV, determined by DFT
calculations, with the HOMO calculated to be displaced from
the Au Fermi level by only 0.2 eV.® Although this latter point
may not be particularly accurate due to the inaccuracy of
absolute energies by computation methods, at a bias of +2.0'V,
it is likely that one or both frontier orbitals is within the bias
window and, therefore, resonant tunneling through the
porphyrin ring should be possible. As is shown here, the
tunneling efficiency of this thiol-tethered porphyrin is
comparable to the alkanethiol matrix, suggesting that tunneling
is dominated by the alkanethiol tether under the imaging
conditions employed. This could be explained due to the fact
that the frontier orbitals are decoupled from the substrate by
the alkanethiol tether, or they may not be present in the bias
window at the imaging bias of 1.4 V. Because this research is
generally performed using statistical analysis of a large number
of results over several samples and with several tips, it is not
unlikely that the students will obtain results that vary; as such,
we attempt to arm them with sufficient information that they
can use to rationalize their individual results as well as providing
them with sample data sets in case the results are too
incoherent for a reasonable analysis.

To facilitate the broad dissemination of this experiment, an
alternative, commercially available molecule, 4,4'-dimercaptos-
tilbene, has also been examined. This molecule has been
previously characterized® and behaves quite similarly to the
porphyrin thiol molecule for the purposes of this experiment.
An STM topographic image of the mixed monolayer is shown
in Figure 10 with the corresponding insertion geometry. From
the image shown, the apparent height was measured to be 4.0 A
+ 02 A, in perfect agreement with value reported in the
literature.”® The tilt of the molecule has not been directly
characterized, as it does not protrude from the monolayer, but
it is presumed to insert perpendicular to the surface, such that
its physical height is 13.9 A, yielding a tunneling efficiency of
0.6 A™'. The significantly higher tunneling efficiency of this
molecule can be attributed to its entirely conjugated structure,
which yields a small HOMO—-LUMO gap and facilitates
electron transmission through the entire molecule. Investigating
a series of molecules with different dimensions and chemical
connectivity allows for students to develop an appreciation for
the interplay between the physical dimensions of a molecule
and its electronic properties and how their properties combine
to produce the observed apparent height of a molecule in an
STM image.

dx.doi.org/10.1021/ed400418h | J. Chem. Educ. 2014, 91, 283—-290
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Figure 10. Topography of 4,4'-dimecaptostilbene, dodecanethiol
mixed SAM (1.4 V; 70 pA). The protrusions correspond to stilbene
molecules, with an apparent height of 4.0 + 0.2 A. The insertion
geometry of the molecules is shown below the topography figure.

B CONCLUSION

This series of experiments has proven both engaging and
challenging for the students in our physical chemistry
laboratory. They are often intrigued by the notion that, in a
relatively simple laboratory setting, it is possible to observe
atomic and molecular structure. With this ability, they are able
to develop and apply their understanding of crystal and surface
structures to systems that they can directly measure. Addition-
ally, it allows them to apply the techniques and concepts
learned in their concurrent physical chemistry lecture courses,
aiding in internalizing the concepts of electron wave functions
and tunneling behavior. In these areas, the students are quite
successful. Developing a working understanding of molecular
electronic structure and applying it to the concept of molecular
conductance is the most challenging aspect of this series of
experiments for the students. However, because the experi-
ments are conducted in a small-group setting under the
guidance of a skilled instructor, the majority of students are
capable of internalizing these concepts and applying them in
this setting.

B ASSOCIATED CONTENT
© Supporting Information

A copy of the student handbook that we include with this
experiment is provided in the Supporting Information, as well
as experimental procedures and sample questions. Information
for instructors including instrumentation, imaging, and
preparation details are also included. This material is available
via the Internet at http://pubs.acs.org,
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