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ABSTRACT

Reported herein is a multi-disciplinary laboratory experiment for advanced undergraduate students that
includes elements of material synthesis, in the synthesis of cyclodextrin-containing metal-organic
frameworks (CD-MOFs), and environmental chemistry, in the use of these MOFs for pollutant removal.
This multi-day laboratory experiment starts with the synthesis of cyclodextrin-containing metal-organic
frameworks (CD-MOFs) using vapor diffusion crystal growth procedures, followed by the use of the CD-
MOFs for a pollutant removal application. Specifically, the CD-MOFs were used for the removal of a
methylene blue dye (a common mimic of aromatic pollutants) from an organic solution, with the monitoring
of the success of the removal procedures using UV-visible spectroscopy. This experiment was implemented
as part of a larger multi-day unit, and undergraduate students were particularly engaged with and excited
by the CD-MOF synthesis and methylene blue removal experimental modules. As a result, the decision was
made to make these two components a stand-alone multi-disciplinary laboratory experiment, the results of
which are reported herein.

INTRODUCTION

Anthropogenic (i.e. man-made) environmental disasters include the 2010 Deepwater Horizon oil spill,
which led to the release of approximately 4.9 million barrels of oil into the Gulf of Mexico;' the 2014 Elk
River chemical spill, which contaminated the water supply of the Charleston, West Virginia metropolitan
area and affected approximately 300,000 residents;? and the Love Canal landfill incident, which refers to a
70-acre landfill filled with toxic chemicals that affected residents of the Niagara Falls, New York area.’
Methods to remediate such disasters and/or mitigate their environmental and public health impacts include
physical removal of the contaminants, which is limited to cases in which the contaminant can be easily
isolated;** chemical treatment procedures, such as in the 2014 Elk River spill;® and a mixture of chemical
and physical remediation procedures, such as in the Deepwater Horizon” and other oil spill cleanup efforts.®

Although the development of novel environmental remediation strategies and analysis of the efficacy of
these strategies are both highly active areas of research,”!' they are included only rarely in the
undergraduate chemistry curriculum, and even more rarely in a hands-on laboratory setting.!? This is a
missed pedagogical opportunity, as research indicates that the vast majority of undergraduate students in
the United States are aware of the aforementioned harmful anthropogenic incidents,'*!> and additional
research indicates that using real-world examples that are familiar to students improves student learning,
retention, and engagement in the classroom setting.!®!” In fact, the majority of undergraduate chemistry
teaching continues to be segregated by traditional disciplines (organic, inorganic, physical, and analytical).
Although increasing numbers of departments include environmental chemistry in their formal curriculum,'
there continues to be a need to incorporate more environmental chemistry-focused laboratories.!*?° An
additional problem associated with discipline-segregated curricula is the lack of interdisciplinary education.
Because much of the scientific research enterprise is interdisciplinary,?! adequate preparation of
undergraduate students for future employment in the chemical enterprise should focus on delivering
relevant curricular material.??> Although efforts to incorporate more interdisciplinary lessons have been



reported by this journal**? and others,??’ the vast majority of the undergraduate curriculum is still not
interdisciplinary.

Senior-level undergraduate laboratory classes for chemistry majors provide a unique opportunity to
implement laboratory curricula focused on issues beyond the four traditional disciplines, including
interdisciplinary experiments with an environmental focus. Previous reports from our group have detailed
the implementation of two new experiments in such an advanced laboratory setting: the synthesis and
photophysical characterization of a near-infrared emitting squaraine dye,”® and the synthesis,
characterization, and thin film fabrication of a highly fluorescent conjugated polymer.2° Both of these multi-
day experiments start with a synthetic organic chemistry component, followed by analysis of the newly
obtained organic product. The interdisciplinary components of these experiments include photophysical
analyses of the products (for both the squaraine and the polymer), incorporation of the polymer into thin
films and nanoparticles, and analysis of how aggregation due to different polymer
presentations/manifestations affect the resultant photophysical properties.

Reported herein is an additional interdisciplinary experiment that we have designed, implemented, and
evaluated in the undergraduate teaching laboratory. Like the previously reported experiments from our
group, this experiment starts with a synthetic component, the synthesis of cyclodextrin-containing metal-
organic frameworks (CD-MOFs) via vapor diffusion crystal growth (Figure 1). Such CD-MOF
architectures were first reported in 2010, with a key benefit of the CD-MOF system that it was derived
from food products. The first report of the use of CD-MOFs for carbon dioxide capture was in 2011.3! Since
then, they have been reported extensively in the literature for environmental,*? medicinal,*® and catalytic**
applications. There is also a single report of an undergraduate laboratory experiment using CD-MOFs,3*
although that experiment focused on the synthesis of the CD-MOFs and their use in carbon dioxide capture
exclusively, leaving many other applications of these materials unexplored. After the synthetic component
of CD-MOF fabrication was completed, material characterization was carried out by trained laboratory
technicians, using highly specialized equipment.

Figure 1: Computational model of a y-cyclodextrin-containing MOF generated using Spartan 10
software, with K* colored in blue*> The red box highlights the repeating unit of the CD-MOF structure.



Following the successful completion of the synthesis (by the students) and analysis (by laboratory
technicians), students used their newly synthesized MOFs for the removal of methylene blue dye from
solution, with the success of the removal monitored using UV-visible spectroscopy. Methylene blue has
been extensively reported in the literature as a small-molecule mimic of aromatic organic pollutants,3¢-* as
well as a pharmaceutically active agent,”® and its well-characterized absorption spectra provides a
straightforward way to monitor the success of its removal. Additionally, students were able to see a visual
color change of the solution as the CD-MOFs removed the methylene blue from solution, with the blue
solution changing to a colorless one as the methylene blue removal progressed (vide infra).

The synthesis and environmental remediation applications of CD-MOFs were tested as part of a larger
multi-day experiment in the Fall 2016 and Fall 2017 semesters, with 100% of the students over the two
years (13 total students) able to successfully remove methylene blue from solution using the material they
had synthesized. Moreover, feedback from the students on these aspects of the multi-day experiment was
uniformly positive, and included the following statements, “I liked how this experiment combined synthetic
organic chemistry with environmental analytical chemistry,” and, “I liked how this experiment had an
environmental application. Environmental remediation is an important topic to me, so this was my favorite
laboratory experiment all semester.” As a result, the decision was made to make these components a stand-
alone laboratory experiment.

Key learning objectives at this stage in the undergraduate students’ educational experience included the
development of an awareness of interdisciplinary chemistry, and a particular focus on the use of chemistry
for environmental remediation. Success in achieving these objectives was measured through the positive
feedback from the students and through the students’ success in using a material they synthesized for the
removal of methylene blue from the organic solution.

EXPERIMENTAL PROCEDURES
Materials and Methods.

All chemicals were received from Sigma-Aldrich or from Fisher Scientific and were used as received. UV-
Visible spectroscopy was performed on a Shimadzu UV 3600 plus instrument. NMR spectra were acquired
using a Bruker Ascend 400 MHz spectrometer. XRD analysis was performed with a Rigaku Ultima IV
instrument. All SEM images were obtained on a Zeiss Sigma VP microscope.

MOF Synthesis.

The procedure for the synthesis of CD-MOFs followed literature-reported procedures,* and included vapor
diffusion crystal growth by adding acetone to an aqueous solution containing y-cyclodextrin and potassium
hydroxide, followed by washing crystals with DCM and then drying in an oven. The presence of the desired
CD-MOF crystals was inferred by the formation of a solid precipitate following the vapor diffusion crystal
growth procedure.

MOF Characterization.

Extensive characterization and subsequent detailed confirmation of the presence of CD-MOFs was
complicated by the practical limitations of performing solid-state characterization experiments with
undergraduate students, especially using advanced instrumental techniques. As such, trained technicians
conducted the characterization experiments using representative student samples.

Pollutant Removal.

The ability of the MOFs to remove pollutants from solution was demonstrated by removing methylene blue
(as a mimic of organic pollutants) from a DMSO solution, with the success of the dye removal monitored
using UV-visible spectroscopy (see Electronic Supporting Information (ESI) for full experimental details).

HAZARDS



Personal protective equipment, including laboratory gloves, goggles, and coats should be worn throughout
the experiment. Potassium hydroxide is an irritant to the skin and eyes and is harmful if inhaled or
swallowed. Acetone is an irritant to the skin, eyes, and respiratory system. Dichloromethane (DCM) is a
human carcinogen and possible mutagen, and is also an irritant to the skin, eyes, and respiratory system.
Inhaling DCM can cause drowsiness and dizziness. Dimethyl sulfoxide (DMSO) is an irritant to the skin,
eyes, and respiratory system. Methylene blue is an irritant to the skin, eyes, and respiratory system and is
harmful if swallowed. NMR instruments produce a strong magnetic field and people with pacemakers are
advised to consult with their physician before entering a room where an NMR spectrometer is located.

RESULTS AND DISCUSSION

100% of the students enrolled in the Advanced Organic Chemistry Laboratory over a two-year time period
observed the formation of a visible precipitate from mixing y-cyclodextrin with a potassium hydroxide
solution and allowing vapor diffusion between the solvents over a two-day time period to facilitate crystal
growth. For many of the students, this was their first introduction to the use of vapor diffusion for crystal
growth, which is an experimental technique with applications beyond this particular laboratory module.*’
Two examples of the visible solids formed via this procedure are shown in Figure 2.

Figure 2: Examples of cyclodextrin-MOF solids made by two different students, after a 7-day
crystallization period, followed by multiple washes with dichloromethane and oven drying of the samples

Confirmation of the successful synthesis of a CD-MOF was provided by single-crystal X-ray analysis of
one student’s sample conducted by Dr. Peter Mueller at MIT (see ESI for crystal structure details). Other
support for the formation of a CD-MOF came from a scanning electron microscopy (SEM) image of a
representative student sample, showing a highly cubic structure with visible similarities to other
cyclodextrin-MOF structures that have been characterized by SEM;* and a powder X-ray diffraction
(XRD) spectrum of another representative sample, showing high crystallinity in accordance with literature-
reported XRD spectra of analogous compounds (see ESI for more details).*> These experiments were
conducted by trained technicians, because the costly instrumentation was not available for undergraduate
students, and the overall goal of the experiment was focused on the environmental application of CD-MOFs
in pollutant removal procedures.

The next part of the cyclodextrin-MOF experiment was to use the MOFs to remove an organic dye,
methylene blue, from a solution, and to monitor this removal using UV-visible spectroscopy. Methylene
blue has been reported in the literature as a model compound for organic pollutants,* and its high extinction
coefficient provides a sensitive way to monitor the success of its removal, as even small changes in the
concentration of methylene blue will result in noticeable absorption changes. An approximately 20 mg
sample of cyclodextrin-MOFs adsorbed an average of 0.0078 umol of methylene blue from the solution



over a time period of one hour, with the concentration calculated based on the known extinction coefficient
of methylene blue using the Beer-Lambert relationship.* This adsorption was visible to the naked eye as
the color of the solution changed from blue to colorless (Figure 3A), and resulted in a substantial decrease
in the intensity of the UV-visible absorption spectrum of the solution (Figure 3B).
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Figure 3. (A) Visible color change in methylene blue solution from time = 0 minutes to time = 50
minutes; and (B) Accompanying changes in the UV-visible absorption spectrum showing a decrease in
the intensity of absorption

Explaining to students how the CD-MOF was able to remove methylene blue from the solution required a
discussion of the supramolecular complexation properties of cyclodextrin, and in particular its ability to
bind small molecule organic guests in its interior.** Although hydrophobically-driven host-guest
complexation is well-studied in supramolecular chemistry research,* it is rarely introduced in the
undergraduate setting, with isolated reports of the hydrophobic effect in three-dimensional protein
structures?’ and supramolecular complexation reported.*® To further understand the interaction of a
cyclodextrin host with methylene blue, therefore, one-dimensional '"H NMR spectra of y-cyclodextrin and
methylene blue were provided to students. Additionally, students measured a two-dimensional NMR
spectrum of a methylene blue guest bound in a y-cyclodextrin host (not in a MOF structure, because MOFs
cannot be analyzed via solution-state NMR spectroscopy), with the spectrum from one of the student
samples shown in Figure 4.%
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Figure 4: Example of student-acquired two-dimensional ROESY spectrum of a methylene blue dye
bound in a y-cyclodextrin host in D,O, with cross peaks indicating through-space interactions shown in
the blue boxes (methylene blue interacting with itself), green boxes (methylene blue interacting with the
cyclodextrin host), and red boxes (y-cyclodextrin interacting with itself); (MB = methylene blue; g-CD =
y-cyclodextrin)

This ROESY spectrum of the solution-state complex provided cross-peaks that indicated through-space
interactions. In particular, the spectrum shows seven prominent cross-peak areas: two of which show the
coupling between the methyl amine protons and the two closest aromatic protons on methylene blue,
highlighted in blue in Figure 4, indicating through-space coupling of different segments of the methylene
blue structure. The other two most prominent peaks highlighted in green in Figure 4, show through-space
interaction peaks between the aromatic protons of methylene blue and the major peak that represents y-
cyclodextrin protons. The other three prominent peaks highlighted in red in Figure 4, indicate through-
space interactions of y-cyclodextrin with itself. Although substantial instruction was required for students
to understand and interpret the ROESY spectrum successfully, the pedagogical opportunities provided
through such instruction was significant. In particular, students learned how to measure through-space
interactions that occur between the methylene blue guest and the y-cyclodextrin host, which in turn leads
to a better understanding of how a CD-MOF can facilitate the removal of the methylene blue pollutant from
the DMSO solution in the environmental remediation component.

CONCLUSIONS

The design and implementation of a multi-disciplinary laboratory experiment in the synthesis and
environmental applications of cyclodextrin-containing metal organic frameworks (CD-MOFs) was
successfully executed in URI’s advanced organic laboratory class for two consecutive years. CD-MOFs
were synthesized by students using vapor diffusion crystal growth and analyzed by technicians to confirm
successful synthesis. CD-MOFs were then used to remove methylene blue from a solution to simulate
pollutant removal applications. 100% of students gave positive feedback about the combination of synthetic



organic chemistry and environmental analytical chemistry in this multi-day laboratory experiment, and
indicated a strong likelihood that the educational content would be useful in the next phases of their careers.

The students in the study were part of an advanced organic laboratory, but the multidisciplinary nature of
this project makes it a suitable project for other advanced laboratories in environmental and analytical
chemistry. Moreover, we note that this experiment complements our previously published laboratory
experiments in this journal in the synthesis and analysis of near-infrared squaraine fluorophores and of
fluorescent organic polymers,?®? in that these three experiments, in conjunction with any of the numerous
material science laboratory experiments published in this journal,’®>? can be used as the basis for a
semester-long laboratory course on materials chemistry.
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