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Abstract

Inorganic chemistry draws from many other disciplines of chemistry including organic,
analytical, and physical chemistry, making it ideal for teaching foundational topics in high school
and introductory undergraduate chemistry curricula. However, students rarely experience modern
inorganic materials in introductory classes for a variety of reasons, including complexity of
materials synthesis, expense of materials and instrumentation needed to analyze or demonstrate
properties, and potential safety concerns. In this study, we use metal-organic frameworks (MOFs)
as a modern class of materials that is both emblematic of the interdisciplinary nature of inorganic
chemistry and capable of straightforward synthesis and application in introductory chemistry
settings. We designed seven laboratory experiences for high school and new undergraduate
students that include two MOF syntheses and five follow up gas and solution adsorption
experiments. These experiments use low-toxicity reagents and solvents, can be carried out with
minimal levels of expertise, and necessitate only common equipment such as laboratory balances
and hot plates.
Introduction

Metal-organic frameworks (MOFs) are a class of crystalline materials composed of metal
ions or clusters (nodes) and organic ligands (linkers) that have unique properties stemming directly
from the connecting geometry of these nodes and linkers.! A simplified depiction of MOF

construction is shown in Figure 1.
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Figure 1. Simplified illustration of MOF construction.

Perhaps the most iconic property of MOFs is their potential porosity. In fact, the [UPAC
definition of a MOF is “a coordination network with organic ligands containing potential voids.”?
These voids (pores) range in diameter from approximately 0.3 nm to greater than 2 nm.> An
example is given in Figure 2, which shows the pores of the MOF Cux(btc)s (commonly termed
“HKUST-1"; btc = 1,3,5-benzene tricarboxylate).* The presence of empty pores leads to very high
internal surface areas (SAs) — MOFs with SA greater than 7000 m?/g have been reported
(approximately the area of 1.3 American football fields!).>** MOFs have the highest surface areas

of any known materials.



Figure 2. a. Crystallographic model of HKUST-1. Large and small pores are depicted by purple and orange
spheres, respectively (Cu, orange; O, red; C, gray; H, white). b. Detail of copper paddlewheel cluster, including
surrounding linkers, present in HKUST-1.

The high internal SA of many MOFs allows them to adsorb large amounts of liquids and
gases. This characteristic enables the use of MOFs in a wide variety of applications’ including gas
storage and release, chemical separation, catalysis, drug delivery, energy conversion, and sensing.®
Two particularly important applications (to be discussed in more detail below) are the use of MOFs
for removing toxic chemicals from water”!! and the capture of carbon dioxide gas.!?-1¢

There are more than 115,000 MOFs in the Cambridge Structural Database (CSD) as of
March 2023,!7-18 evidence of the enormous and ongoing academic research output in this field.!-
20 Despite the fierce pace of research activity, there are few experiments suitable for students just

beginning their studies in chemistry (e.g., high school or early undergraduate students) that provide

familiarity with and an understanding of the synthesis and properties of MOFs 2!-2



Many of the MOF-based experiments published for educational purposes are designed for

upper-level undergraduate courses?!> 23 26-30

and necessitate the use of hazardous reagents and
specialized equipment. Hence, these experiments may be inaccessible to high school and lower-
level undergraduate laboratories, especially those located in institutions that do not focus heavily
on scientific research (such as liberal arts or community colleges). For example, avoiding exposure
to chemical hazards such as toxic solvents and reagents are of prime importance in such
introductory classroom environments. However, the synthesis of MOFs typically requires harsh
solvents such as N,N-dimethylformamide?!"> 2% 3133 or N,N-diethylformamide,?' necessitating
ready access to fume hoods.** Rinsing and activation protocols necessary to reveal porosity in

MOFs have also required toxic solvents such as chloroform?! dichloromethane,?! 23 27

or
tetrahydrofuran.®> The synthesis of MOFs also requires time; typical solvothermal methods require
incubation at elevated temperature for at least 12 hours.’®37 In contrast, the time allotted for a
chemistry lab varies, 2-4 hours at the undergraduate level and 1-1.5 hours at the high school level
are typical, for example, in the United States.* To our knowledge, with one notable exception,?
previous reports discussing the use of MOFs for student laboratory exercises employ synthesis
methods requiring a minimum of 3 hours, not including activation, and some syntheses necessitate
incubation overnight or longer.2!-2426-29.31.33.35.38 Fyrthermore, standard characterization of MOFs
requires expensive instruments that are unavailable in most high school and undergraduate
classrooms. Previously published articles have recommended characterization using powder X-
ray diffraction (PXRD),2!-22 24,2630, 32-35,38-39 oag gorption analysis,?!2% 27-28. 33 Fourier-transform
infrared spectroscopy (FTIR),2°-30:32-35. 38-39 Raman spectroscopy,®® nuclear magnetic resonance

30-31,

spectroscopy,?! 35 thermogravimetric analysis,>!-?% 2630, 32-35, 39 (differential scanning

calorimetry,?? and gas chromatography—mass spectrometry;® all of these instruments cost tens or



hundreds of thousands of US dollars (excepting some inexpensive, low resolution FTIR
instruments). As has recently been recognized,?*?* exploring and understanding the properties of
MOFs by high school and undergraduate students at under- and moderately-resourced institutions
must be accomplished by avenues that do not require the use of such expensive equipment.

Herein we introduce synthesis and adsorption experiments appropriate for high school and
undergraduate laboratory settings that overcome the three major challenges outlined above:
avoiding hazardous chemicals, time constraints, and lack of sophisticated and expensive
equipment. Furthermore, our experiments were guided by the principles of green chemistry*’
including the use of safe solvents, reagents, and reaction conditions.

First, we have developed new procedures for the syntheses of two well-known and well-
studied MOFs, HKUST-137 and aluminum fumarate (AIF).*! These procedures are rapid, use
reagents and solvents of low toxicity, and require synthetic equipment no more sophisticated than
a hot plate and (optionally) a vacuum pump or other source of reduced pressure (e.g., a water
aspirator pump). The first synthesis of HKUST-1 published for educational purposes required 48
hours, followed by a drying time of 12 hours.?! A more recent report disclosed an ultrasonic-
assisted synthesis reaching 45-60% yield in just 15 minutes, albeit requiring an ultrasonic cleaner
and DMF .*? In our approach, approximately 70 minutes are needed for MOF synthesis, washing,
and drying. The previously reported 3 hours required to synthesize AlF was reduced to 1 hour by
minor modification to the published procedure.*? Furthermore, the previously published synthesis
protocols have required toxic solvents, typically dichloromethane and DMF.2!-3!-38 Here, we use
only water and absolute ethanol as solvents (noting that isopropanol can be used in place of ethanol

where the latter is not available, albeit resulting in somewhat lower quality material).



Second, we designed two experiments that demonstrate the porosity of MOFs without
resorting to prohibitively expensive or complex tools. As early as 1949 the Journal of Chemistry
Education published a teacher demonstration of gas adsorption using activated charcoal, activated
alumina, and silica gel.** More recently, in 2014, Cheung published teacher demonstrations to
show gas adsorption using zeolites.** Inspired to not only demonstrate gas adsorption using MOFs,
but also to provide a safe, hands-on experiment for students to perform for themselves, we
developed a procedure that allows students to quantify the amount of CO, gas their synthesized
MOFs adsorb using a standard laboratory balance. This simple procedure can be completed in less
than 1 hour, and the effectiveness of each MOF for adsorbing CO; can be compared. In a second
adsorption experiment, students use the synthesized MOF for adsorption of aqueous methylene
blue dye and aqueous potassium iodide and iodine. The only instrumentation necessary for the
liquid adsorption experiments is a smartphone that can access Google Play (phones running
Android OS).

The synthesis and adsorption experiments are summarized in Figure 3. They are designed
to provide teachers with the flexibility to implement them in parts or in whole. The approximate
amount of time needed to complete each synthesis and dry each material (70 and 120 minutes for
HKUST-1 and AIF, respectively) is shown. However, these times can be reduced by omitting the
>45 minute drying steps and instead storing the synthesized MOF(s) at 85 °C until the subsequent

lab session. Detailed procedures for each lab are provided in the Supporting Information.
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Figure 3. Schematic overview of experiments designed for high school and introductory undergraduate

laboratory settings, with approximate time required for each experiment.

These lab experiments support learning concepts including properties of gases, ideal gas
law, states of matter, phase transitions, density, inorganic materials synthesis, carbon and its
compounds, the carbon cycle, applications of chemistry, solutions, molarity, units and
measurements, the electromagnetic spectrum, and spectrophotometers. An additional benefit is the
use of Excel for data recording, graphing, and calculations, thus providing students exposure to
and experience with computer software for analyzing experimental data.

Hazards

We have focused here on making the experiments as safe as possible. However, students
should wear standard personal protective equipment such as lab aprons/coats, safety goggles, and
disposable latex or nitrile gloves. Students should use caution around hot plates. The ethanol waste
produced from the synthesis experiments (used for washing the MOF(s)) may also contain
unreacted reagents as well as the MOFs themselves. This waste should be disposed of in
accordance with local laws. Students should use caution to not touch the solid CO> pellets, and to
hold the plastic bottle at the neck of the bottle (not at the bottom) to avoid frostbite on extended

contact with skin.



Results and Discussion
Synthesis of HKUST-1

HKUST-1 (Scheme 1), first reported in 1999 by Chui et al.,’” is one of the most widely
studied MOFs due to its high surface area, large pore volume, and relative ease of synthesis and
handling.* Its structure, depicted in Figure 2, consists of inorganic copper “paddlewheel” clusters
linked by the organic ligand btc (Figure 2b).* It is conventionally synthesized by heating a mixture
of DMF, ethanol, water, Cu(NO3)>, Hsbtc, and a small amount of concentrated HCl (which
improves the quality of the material) at 85 °C under autogenous pressure for approximately 16-20
h.1%-46 Given the toxicity of DMF, the corrosive nature of concentrated HCI, and the time required
by this synthetic method, we developed an approach more conducive for high school and early
undergraduate classrooms. In our process, Cu(OH), is mixed with the linker (Hsbtc) in a mixture
of water and ethanol for ~10 minutes at room temperature and atmospheric pressure (see the
Supporting Information). The resulting blue precipitate (Figure Sla) can be rinsed with ethanol
and dried for 45 minutes in a drying oven at held at 85 °C, after which it is ready for subsequent

adsorption experiments. Consistent with previous reports, a color change from light blue to deep

blue occurs upon drying.47-48
O O
HO
+ Cu(OH),02.5H,0 ——— 3 [Cug(btc),],
23 OC, 10 min. (HKUST_1)
O~ OH

Scheme 1. Synthesis of HKUST-1 described in this work.
The HKUST-1 produced by our method was characterized by PXRD and gas sorption to
ensure this MOF was of suitable quality for student-led adsorption experiments. We emphasize

that characterization by these methods is not part of the classroom experiments that are the focus



of this report and is included here only to assess the efficacy of our modified synthesis. The
measured PXRD pattern for HKUST-1 shows good agreement with that simulated from the
crystallographic model®’ (Figure S1b). The broad reflections at 20 = 16.56°, 23.7°, 33.99°, 36.06°,
38.01°, and 39.86° can be attributed to copper hydroxide impurities generated during the synthesis
of the MOF.# These copper oxide impurities are not unexpected given the high water content of
the solvent mixture used to synthesize the material, as well as exposure to ambient conditions
during drying.’%>! The BET surface area® of the HKUST-1 sample was determined by N gas
adsorption at 77 K (Figure S1c). The sample was activated at 65 °C for 15 h under reduced pressure
(~50 mTorr) prior to analysis. The BET surface area was measured to be 1434 m?/g, typical for
HKUST-1,% albeit lower than the theoretical value of 2153 m?/g.* The reduced surface area
relative to expectation from the pristine crystallographic model is not surprising given the evidence
for non-porous copper hydroxide impurities in the PXRD pattern, which would reduce the overall
surface area of the sample. However, this surface area shows that approximately 75% of the pores
are still open and accessible, making this HKUST-1 appropriate for demonstrating porosity in the
experiments described below.
Synthesis of AIF

AIF was first reported in a patent in 2009 by Kiener, Miiller, and Schubert.>* It is a
particularly important MOF due to its excellent chemical stability (including water stability),?% 4!
low production cost, and the fact that it is made from relatively non-toxic and inexpensive reagents.
It is one of the few MOFs to date that has achieved commercial success.” Also sold under the
trademark name Basolite A520, this MOF has been studied for use in the automotive industry as

a sorbent to store and deliver natural gas*' and as a sorbent for ethylene gas for fresh produce



packaging.’® AIF is permanently porous*’ and contains square channel pores (Figure 4a). The

framework consists of infinite -Al-OH-Al- chains connected by fumarate linkers®’ (Figure 4b).

Figure 4. a) Crystallographic model oriented along the crystallographic c-axis showing the square channel
pores of AlF. b) Crystallographic model viewed perpendicular to the (011) plane showing the infinite -OH-Al-

OH-AI- chains in AIF.

Our synthesis method (Scheme 2) is a modified version of that used by Karmaker et al.*?
Due to its water stability as well as the solubility of the linker, AIF can be synthesized using only
distilled water as the solvent. Aqueous metal salt and fumaric acid solutions are mixed and heated
at 90 °C on a hot plate for approximately 1 hour, during which time a white precipitate forms
(Figure S2a). The MOF is then washed with ethanol and dried at 85 °C for 45 minutes. In addition
to the environmentally friendly and safe synthesis protocol, only 2 hours are needed to prepare the
activated (dry) material, important to accommodate the time constraints of a typical high school

or undergraduate laboratory setting.

o] H,O
*Na -ON . 1T Alx(SO4)3018H0 — 2 > [AI(OH)(fum)], + Na,SO,
O” Na o .
90 °C, 60 min.
o) (AIF)

Scheme 2. Synthesis of AIF described in this work.



Analysis by PXRD shows reasonable agreement between experimental data and that
simulated from the crystallographic model (Figure S2b). We attribute the broader peaks in the
experimental data to small crystallite size.’® The origin of the difference of 0.1° in 26 in the lowest
angle reflection is not clear, but does not substantially interfere with the materials’ porosity or
stability. N2 gas sorption analysis at 77 K after activation at 150 °C for 22 hours revealed the
expected type I isotherm (Figure S2c¢). The BET surface area was determined to be 1091 m?/g,
only slightly lower than the optimized value of 1156 m?/g obtained by Karmakar et al.** 3°-6!
Hence, the preparation of AIF described herein is an effective way to obtain this porous MOF for
classroom experiments.

Laboratory Experiments to Demonstrate Adsorption by MOFs

To demonstrate the porosity of HKUST-1 and AIF in a typical classroom setting, two
experiments were developed. The first is an integrative exercise incorporating the concepts of
solute adsorption by porous materials and visible light absorption spectroscopy.®? The other is a
quantitative and visual experiment demonstrating gaseous CO» adsorption.

Adsorption of Aqueous Methylene Blue Dye and Iodine/ Potassium Iodide

With nearly 8 billion people in the world, access to clean water is of paramount
importance®® and water pollution is a global threat.®* Dyes, which are ubiquitous in nearly every
manufacturing industry (e.g. paper, plastics, textiles, food, medication, etc.) have become a
significant class of water pollutants. Many dyes undergo chemical changes in wastewater and are
not easily degradable. These chemical transformations yield compounds that are harmful,
significantly contributing to poor water quality that often proves fatal for aquatic life due to

depleted oxygen availability.!” One solution to this problem is to remove the chemical pollutants



by adsorption. MOFs are excellent candidates for dye adsorption given their high accessible
internal surface areas. In this set of experiments, students monitor the concentration of a solution
of methylene blue or Lugol’s solution,® an aqueous solution prepared from water, I, and KI, as
the solute adsorbs to the MOF powder. The previously published work of Kuntzleman et al.%
describes a method by which a smartphone app can be used to teach Beer’s Law and explore
concepts and equations involved in absorption spectrometry. Taking inspiration from this work,
we used this smart phone app to determine the color intensity of a solution as dye is adsorbed on
to a MOF, allowing quantification of the amount of dye adsorbed. We note also a recent report in
which the MOFs MOF-5, ZIF-8, and MIL-101(Fe) were used to adsorb I, from methanol.>* The
first step in the dye adsorption experiments requires setting up an apparatus for using a smart phone

colorimeter app as shown in Figure 5.

-

Front View of Box

|

Figure 5. a) Colorimeter and cell phone apparatus for solution adsorption experiments. b) Schematics showing

Rear View of Box

construction of the colorimeter apparatus.



Detailed descriptions are provided in the Supporting Information. The measurement
apparatus is a modified version of that described previously.®® A hole just large enough to fit the
vial containing the dye solution is cut into the top surface of a cardboard box. A second, smaller
hole is cut into one of the sides of the box to accommodate visualization with a smart phone
camera. The opposite side of the box is cut away completely and is replaced with a piece of colored
stock paper. Once the measurement apparatus is constructed, it can be stored and used indefinitely.
However, during data collection, the apparatus must remain stationary, a feat straightforward to
accomplish with tape. The cell phone should not be moved once positioned and the ambient light
in the room should remain constant during the course of the measurement, as changes in lighting
conditions can introduce systematic error.

The free Google Play colorimeter app Color Meter is used to monitor the change in
concentration of dye as the dye is adsorbed by the MOF. Color Meter conducts a colorimetric
analysis of images produced by the cellphone’s camera, yielding red, green and blue values. The
number read and recorded (red, blue or green) corresponds to the intensity of the color that is
closest to that absorbed by the solution. Hence, higher numbers correspond to lower absorption of
light by the solution. The recorded intensity can be related to solution concentration by Beer’s
Law, where the absorbance values are plotted against known concentrations of prepared solutions
in a calibration curve. Dye adsorption is carried out by first constructing these calibration curves
as described in detail in the Supporting Information. These can be constructed by the instructor
prior to the lesson or by students during class. Student can also prepare solutions for calibration,
depending on the experience and expertise of the students as well as the available time for the
laboratory experiment. To measure dye adsorption by a MOF, a vial containing an aqueous dye

solution is first inserted into the colorimeter apparatus. The appropriate pre-adsorption colorimeter



value (red, green, or blue, depending on the dye; see the Supporting Information) is measured
several times over several minutes to ensure a repeatable value is recorded. MOF is then added to
the solution and the cellphone is immediately used to record changes in the appropriate color value
occurring as a result of dye being adsorbed by the MOF. For example, HKUST-1 can be used to
adsorb methylene blue, removing it from the aqueous phase. Since methylene blue absorbs red
light, the dye’s removal from solution in this case would increase the red value read by Color
Meter. For all dye adsorption experiments, students can record color values as time allows, but
adsorption is typically observable within the first 15 minutes. Figure 6a shows representative data
of methylene blue adsorption by HKUST-1. Although methylene blue is relatively large, having
rectangular dimensions of approximately 17.0 A x 7.6 A x 3.3 A, its smaller dimensions (7.6 A
x 3.3 A) allow it to be removed from solution by HKUST-1, which has a pore diameter of
approximately 11 A (for the larger, interconnected pores).>’ In contrast, due to its smaller pore
diameter (5.7-6 A),>* AIF shows negligible methylene blue dye adsorption (Figure 6b). Students
can use these experiments to directly measure the consequences of pore size on guest adsorption
in MOFs. Optionally, students can also measure the adsorption of iodine species by AlF; although
iodine exists in Lugol’s solution as a complex mixture of species, predominant species (I", Iz, and
I5)%° are small enough to be adsorbed by this MOF (Figure 6¢). We note that HKUST-1 degrades
in Lugol’s solution; a comparison of adsorption capacity of the two MOFs can be achieved by the
CO; gas adsorption experiment described below. To quantify dye adsorption, Microsoft Excel® is
used to construct a calibration curve, record data, calculate concentration changes, and plot results.

Detailed instructions are provided in Supporting Information.
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Figure 6. Concentration of aqueous colorant vs. time after addition of HKUST-1 or AlF. Data collected with

the Color Meter app, and figures were made using Excel as described in the Supporting Information.
Carbon Dioxide Gas Adsorption Experiments

The sequestration of atmospheric CO» is one of the most pressing challenges of our time.5®
MOFs have demonstrated extraordinarily high gas capture capacities — the highest, in fact, among
all known adsorbents. !4

In this experiment, students directly assess the effectiveness of their MOFs for CO» uptake
under ambient conditions. Figure 7 illustrates the steps of the procedure. First, a plastic bottle is
filled with dry ice. As the dry ice sublimes, gaseous CO; displaces the air in the bottle. A balloon
is then placed over the plastic bottle and allowed to fill with CO; gas generated by the dry ice. The
CO:-filled balloon is then placed tightly over an empty vessel and allowed to remain in place for
approximately 15 minutes. This ensures that most of the air present in the vessel is displaced with
CO; gas as it is more dense than air. The balloon is then removed, and the MOF is quickly added
to the vial which is then capped and re-weighed. After the initial mass of MOF before adsorption
is recorded, the balloon is again secured to the vessel and left for 30 minutes to allow the MOF to

adsorb the CO> gas. After 30 minutes, the balloon is removed and the vessel is recapped and



immediately weighed to determine the extent of CO; adsorption. Each adsorption experiment can

be completed in less than 1 hour.

a) b) c)

Figure 7. Photographs of balloon a) prior to and b) following collection of CO2(g) from subliming dry ice. c)

Photograph of MOF sample in a vessel attached to the CO; balloon for gas adsorption.

An example of representative CO> adsorption data is shown in Tables S1 and S2. Students
use the ideal gas law to quantify the amount of CO, adsorbed (see the example calculation given
in the Supporting Information). HKUST-1 and AIF adsorb approximately 1.0 and 0.7 mmol CO./g
MOF, respectively. These values are in agreement with the expectation that HKUST-1 should have
higher CO> uptake than AIF.%*-7° In these CO» adsorption experiments, it is important to recognize
that the capacity for the MOFs to adsorb CO- is due not only to pore size, surface area, and volume,
but also to experimental factors such as temperature and humidity.!% 37 Finally, we note that sand
or table salt can be used as non-porous controls; they do not adsorb measurable amounts of CO»

when used in place of a MOF in an otherwise identical experiment.



Summary

The experiments described herein provide students exposure to and hands-on experience
with MOFs — a topic that has received only modest attention in a format amenable to adoption by
high school and lower-level college classes. Students learn and practice laboratory skills as they
synthesize two widely-studied MOFs. Students see first-hand the potential for MOFs as adsorbents
by using their synthesized MOF(s) to adsorb methylene blue dye, aqueous iodine/iodide, and CO»
gas. The MOFs are easy to synthesize, the chemicals are safe to use, and the procedures are
designed for a level of complexity appropriate for students in their first or second chemistry course.
After synthesis, the adsorption experiments can be performed as stand-alone labs, allowing
teachers flexibility for how they can use the experiments described herein. Student’s knowledge
and recollection of chemistry concepts is encouraged and strengthened. Finally, new learning is
stimulated with unfamiliar topics including MOFs, porosity, surface area, crystallinity, and

inorganic chemistry.
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