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Abstract

The effect of metal-organic framework (MOF) structural modifications on C»
hydrocarbon gas adsorption was studied. Two main MOF structures were modified and
tested: UiO-66, which has two types of pores in the structure and can support various
functional groups on the organic linker, and MOF-74, which can support a multi-metal
cluster. The adsorption of C; hydrocarbons on UiO-66 and UiO-66 functionalized with —
NH2 and —NO> was investigated to assess the role of confinement and electrostatic
potential on binding energies at 293 K. Measurements were also collected at 195 K to
better resolve the binding energies of the different types of adsorption sites. Confinement
effects at the adsorption site and electrostatic potential of the adsorbate both contribute to
the strength of the interaction within the lattice. The adsorption behavior at low coverage
suggests that an unexpected third type of binding site is present in the MOF, which was
further explored by studying adsorption behavior of UiO-66 with induced missing linker
defects. MOF-74 was synthesized with cobalt, nickel, copper and combinations of Cu-
Co, Ni-Co, and Cu-Ni to assess the adsorption behavior of mixed-metal MOFs. In all
cases, the mixed-metal MOF binding energies were either equal to or lower than the
single metal MOF samples. Overall, the UiO-66 study provides new insights into the
adsorption behavior of C, hydrocarbons and the types of UiO-66 binding sites. The
MOF-74 data illustrates that mixed-metal MOFs can be synthesized based on phase
requirements, and that the effect of mixed metal clusters on the binding energy depends

on the adsorbate.



1. Introduction

Since their introduction to the scientific community in the 1990s, metal-organic
frameworks (MOFs) have attracted significant interest from academia and industry alike.*
Metal-organic frameworks are nanomaterials self-assembled by metal clusters and organic
linkers, creating a long-range ordered crystalline porous structure. MOFs are essentially a
synthetic zeolite.! While zeolites are inorganic and occur naturally, MOFs are synthetic
hybrid inorganic-organic materials that give rise to thousands of unique structures,
allowing for more control over the final shape and surface area of the material.! Omar
Yaghi coined the term metal-organic framework in 1995; he later went on to publish one
of two key MOF papers in 1999, reporting a compound that had a surface area many times
larger than the most porous zeolite. This finding is significant because zeolites are widely
used for gas processing; larger surface areas have a higher concentration of gas processing

active sites.

1.1  MOF Technology

The two main components of a MOF are an organic linker and metal clusters.? The
clusters and linkers self-assemble, forming nanocrystals with high surface areas and a
highly symmetrical lattice system.>? The organic linkers are the defining difference
between MOFs and zeolites. Zeolites are aluminosilicate minerals, leading to
uncontrollable and unpredictable pore sizes throughout the material.> The organic linker in
MOFs form struts between the metal sites, giving larger pores with a uniform distribution.

A comparison is shown in Figures 1-1 and 1-2:



Figure 1-1: A line and ball graphic of MFI (ZSM-5) lattice structure. Zeolite is composed of SiO4 clusters
linked by oxygen atoms.®



Figure 1-2: A line and ball graphic of MOF-5 lattice structure. MOF is composed of Zn,O nodes and TPA
linkers.®

Depending on the metal and linkers used, the pores can be any of a wide range of
polygonal shapes. The simplest is MOF-5, which has a cubic structure, and one of the
more complex ones, HKUST-1, has multiple pore shapes and sizes within the structure.®
In addition to highly controllable physical properties, the chemical properties of MOFs
can also be easily modified.>* For example, a wide range of functional groups can be
attached to the basic organic linker building block.*’ The ease of modifying the physical

and chemical properties of MOFs makes them an ideal class of materials for research.



The primary active sites of the MOF are the metal clusters; they often have a charge
or polarizability that makes them ideal for short term Van der Waals interactions with other
molecules, stabilizing those molecules within the pores.*® Further, confinement effects
within a MOF pore can also help stabilize molecules in the lattice. It turns out that gas
molecule adsorption in MOFs is thermodynamically reversible, making MOFs ideal for

applications in gas adsorption.-2411

For MOFs to be industrially relevant for gas adsorption applications, they must
exhibit thermal stability and chemical stability in the presence of humidity.*#*! The metal
clusters play a critical role in both thermal and chemical stability. Highly coordinated metal
clusters tend to be more stable.*® For example, one of the most stable MOFs reported in

the literature, UiO-66, has 12 organic linkers coordinated to every metal cluster.®

The self-assembly of the MOF happens on a lattice created by hydrogen bonding
within the mother liquor. Organic solvent, mostly DMF or ethanol, disrupt the lattice to
create small nanocrystals, while larger amounts of water create larger, misshapen
particles.'? Small particles are ideal because they have a larger surface area.! Prior to use,
the open pores are filled with guest solvent trapped in the pores during formation.? This
solvent must be removed prior to use. Removal is achieved by soaking the MOF solids in
a low boiling point solvent to replace the mother liquor in the pores.A" This solvent is then
heated under vacuum; the liquid solvent is boiled and pulled from the pores, leaving them

open for other molecules to fillLA" At this point, the MOF must be kept under an inert



atmosphere to prevent atmospheric gases and water from filling those vacant binding sites

prematurely.

1.2 MOF Usage and Limitations

The MOF structure is ideal for gas adsorption due to its open lattice and multiple
binding sites.!"> 58 The sponge-like interior particularly makes it easy to add and remove
components preferentially, and the stability of the metal sites makes the MOF reusable for
multiple cycles.'® The most important part of designing a MOF for adsorption of a specific
gas is avoiding irreversible binding of the gas molecule to the binding site.}* Once a
molecule has adsorbed irreversibly, the gas molecule can never be desorbed and

recovered.!*

One form of industrial use for MOFs is in energy storage. A gas-based energy
storage system is generally considered to be cheaper, more efficient, and “greener” than a
coal or petroleum-based system.’>8 Current technology uses steel compression tanks,
which are heavy and dangerous, to store gases for use. Further, the tanks must be loaded
under extreme pressure and stored under ambient conditions.'® MOF technology offers the
potential to trap and store gases for energy use under ambient conditions.*®**-1® Hydrogen
gas is one of the main targets for MOF advancement, though other high energy gases like

hydrocarbons could also be processed this way.*°



Another proposed usage of MOFs is as a replacement for cryogenic gas separations.
Ethylene is one of the most produced chemicals in the petrochemical industry-170 million
tons worldwide in 2016.%° Production is very energy intensive and costly, due to the
required olefin/paraffin separations.?">® The key factor is separating ethane, ethylene and
acetylene; all similar in size and volatility. The current method requires both cryogenic
distillations and catalytic separations, which are expensive in both costs and resources.?
Adsorption-based separation is regarded as one of the most promising alternatives, and
finding MOFs with suitable properties for this job has prompted interest in structure design

and modification.82224

The main issue with MOF systems is stability in atmospheric conditions and
scaling to industrial targets. For a MOF to be viable in industrial settings, it must have a
very high thermal stability and be stable in the presence of atmospheric water.*112>27 |n
most systems, water hydrolyzes bonds between the linker and metal cluster, leading to
deterioration of the structure.’® Considering the time and resources used to manufacture
these compounds, constant replacement is not desirable. Further, MOFs that are stable
under these conditions have more limited functionalization options, as the metal clusters
that give water stability cannot be modified.’® Considering the main drive for MOF
research is the flexibility in almost any aspect of the structure, this is a glaring limitation.
However, the organic linker can be modified with additional functional groups, which is a
new topic of research.®-"-25-26.28-30 The work represented in this thesis seeks to explore two
ways of modifying MOFs for industrial use: varying the metal content of the clusters and

functionalizing linkers.



1.3 Calorimetry and the Technique Used

Calorimetry is a technique that measures the heat released or absorbed by a material
as in undergoes a reaction or physical change. Calorimeters measure changes in enthalpy
(AH), or the heat energy present during a process.%3! Calorimeters are designed based on
the material they are testing, the reaction being recorded, and the form of energy being
measured. The main calorimetry technique used in MOF adsorption studies are isosteric
heat measurements®, but the work described in this thesis uses direct energy

measurements.

Calorimetry is one method of testing and appraising MOF performance and
functionality. The heat of adsorption, or energy released as gas is introduced to an active
MOF, is used to assess the strength of interaction between an adsorbate and the adsorbent.*2
In most MOF research, the heat of adsorption is calculated by comparing isotherms
collected at differing temperatures.3®3? Isosteric measurements indirectly calculate the
differential enthalpy of the MOF, rather than the direct energy released during the event.3!
This method has a significant limitation at low temperature. The isosteric calculation relies
on the differences in pressure, but at low temperatures, the pressure changes very little
resulting in inaccurate heat calculations.®?3® Low-temperature measurements provide a

great deal of insight into the adsorption behavior in MOFs because at higher temperatures,



the isosteric heats represent an average heat over all types of binding sites in the MOF.*?
MOFs oftentimes have multiple adsorption sites, and these sites have different strengths of
adsorption. Low temperature adsorption measurements allow one to isolate the heat of
adsorption for each type of binding site and the concentration of each type of binding site.?!
To isolate heats of adsorption and quantify the concentration of different types of
adsorption sites, one must use adsorption calorimetry.? My thesis used a home-built Tian-

Calvet adsorption calorimeter to make these measurements.

Tian-Calvet style calorimeters are specifically designed for adsorption studies; a

schematic of the calorimeter is shown in Figure 1-3:
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Figure 1-3: A schematic of the Tian-Calvet Adsorption calorimeter used for these projects. Original figure
provided by the Gorte lab at the University of Pennsylvania



The critical feature of the calorimeter is that adsorbates can be both introduced and
removed from the system continually.? This allows multiple measurements to be
performed on the same sample without needing to modify the system or remove the sample.
The Tian-Calvet system is especially well suited for adsorption studies because it directly
measures the amount of heat generated from the adsorption event using heat flux sensors.
Since each data point represents a specific dose at a specific temperature at a specific
loading, detailed structural information can be inferred from the isotherms generated using

this system.

1.4 Motivation for Research

The research described in this thesis was intended to provide fundamental
knowledge on both the structure and performance of MOFs by modifying the composition
of metal clusters and functionalizing organic linkers. Research centered around two
different classes of MOFs (single and multi-site), two different modification conditions
(metal cluster and linker functionalization) and adsorbate polarity ranges for C:
hydrocarbons. The first project sought to investigate the influence of adsorbate polarity and
linker functionalization on a multi-site MOF, with low temperature measurements used to
illustrate the multi-site adsorption model. The second project explored the effect of

multiple metal sites within a single adsorption site MOF.

UiO-66 has become a widely researched MOF due to its stable, modifiable structure

that has multiple adsorption sites and is stable in atmospheric conditions.>"?6-2":3 Dye to



the difficulty of completing direct heat of adsorption measurements, most adsorption data
for UiO-66 is derived from isosteric methods. As stated above, the isosteric method
represents an average heat of adsorption over the multiple sites and yields no structural
information.®? Using the adsorption work of the Gorte group at the University of
Pennsylvania as a model, we sought to establish a similar Tian-Calvet calorimeter to probe
the effects of structure on adsorption activity. The second project was directly inspired by
the Yaghi group at University of California at Berkeley, who were able to synthesize MOF-
74 with a maximum of 10 different metals.? They found that inducing a single-phase system
was difficult; metals accumulated in distinct regions within the nanocrystals and formed
MOF aggregates.? Based on this, | designed a similar study where three common MOF-74
metals (cobalt, nickel and copper) were systematically mixed and assessed to establish
whether phase rules could be used to design MOF systems and to isolate adsorption

behavior of these mixed-metal samples.

The field of MOF research is relatively new, affording a wide variety of research
topics to branch from a singular idea. P1 Gross received a New Directions grant from ACS-
PRF to fund research in a new field. Through this funding, | sought to build a new
foundation of research with MOFs to expand the group’s research capabilities and foster

new connections in various departments at Wake Forest University.
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2. UiO-66

2.1 Material Background

UiO-66 was an ideal MOF for this project due to its stable, multi-porous structure
(Figure 2-1).> The MOF can accommodate functionalization, a high number of linker
defects and has two distinct types of pores in its multi-pore structure. 262" In addition, UiO-
66 is both moisture and thermally stable, making it an ideal candidate for industrial gas

separations.>":%
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Figure 2-1: A line and ball structure of UiO-66 lattice structure. MOF is composed of ZrgOg nodes and TPA
linkers.®

The UiO-66 studies presented in Chapter 2 focus on dehydroxylated UiO-66,
rather than the hydroxylated form of UiO-66, to avoid uncertainty associated with
controlling the water content in the MOF.3" The gas adsorption behavior on a standard
UiO-66 structure was compared to adsorption on UiO-66 functionalized with either -NH>
or -NOz2. The —-NHz> functional group is smaller and more polar than the -NOg, allowing
for comparison of adsorption heat due to polarity or confinement of the adsorbate, 323

39 Further, the number of defects in the UiO-66 was varied using an acetic acid

12



modulator, and the effect of defects on the adsorption behavior was assessed.® The gases
studied were ethane, ethylene and acetylene to determine the primary factor driving the
adsorption — electrostatic energy or size- of C, hydrocarbons on UiO-66 MOFs. A table

of these factors is shown below.

Table I: A comparison of the electrostatic potential and kinetic diameters of the adsorbates used in these
projects. Electrostatic potential was used to estimate relative polarity of the gas and kinetic diameter used to
estimate relative size. 13 21 38-%

Electrostatic Kinetic

Hydrocarbon Formula Structure Potential Diameter
(kd/mol) (A)
Ethane CaHe | 32 4.4
')

Ethylene  CoHe }:") 75 42
J

Acetylene  CH: ol 14.2 33

2.2 Synthesis and Preparation

For all samples produced, a 30 mL glass vial was filled with 20 mL DMF and 2 mL
H20. The liquids were mechanically stirred before adding the dry reagents to the vial. A
1:1 molar ratio of 3.43-10* mol organic linker (terephthalic acid) and 3.43-10"* mol metal

salts was used for all synthesized samples. The linkers used were TPA (98%), TPA-NO>

13



(99%) and TPA-NH: (99%) all obtained from Sigma Aldrich, with the metal salt ZrCl,
(99.5%) obtained from Alfa Aesar. When inducing defects 1.32 mL of glacial acetic acid

(99%) from Fisher was added with the liquids before the solids were added.

A solvothermal synthesis route was used for all samples. First, the liquid mixture
was sealed and heated to 150 °C in a Vulcan 3-130 box furnace and held for twenty-four
hours, then cooled to room temperature (25 °C) for two hours. Powder X-Ray Diffraction

(PXRD) was used to verify the crystallinity of the MOF prior to washing.

Large-scale synthesis of the MOFs involved scaling up the above reactions 25x to
theoretically produce 2g of MOF. In a 16 0z mason jar (437 mL), 200 mL DMF was added
to 25 mL HAc and 25 mL HCI and manually stirred. The 1:1 molar ratio was preserved,
using 8.58-:10° mol of both linker and metal. Samples were washed using a refluxing
Soxhlet Extractor and a cellulose thimble. A first series of washes consisted of soaking in
DMF to remove residual starting material and acid. The second series of washings was for
solvent exchange, and samples were washed in HPLC-grade methanol continuously for a
minimum of five days, with a solvent change occurring every three days to remove residual
DMF. Washing was ceased when there was no more observable DMF layer suspended in
the methanol wash. The MOF was removed from the air-dried thimble and pressed into a
pellet (300 bar) using a hydraulic press. The pellet was then broken into pieces small
enough to fit into the glass cell for calorimetry testing, a characteristic dimensional of ~5

mm. Once the MOF sample was loaded into the glass cell, glass beads were loaded on top

14



of the sample. The glass beads were added as an insulating barrier to heat flow during the
calorimetry experiments. Secondarily, the glass beads mitigated any sample from being
pulled out of the glass cell while pulling vacuum. Activation consisted of heating the
sample to 180 °C in a Vulcan 3-130 box furnace while pulling vacuum on the sample for
twenty-two hours. The sample cell was then filled with argon and then loaded into the
calorimeter. The sample cell was filled with argon to prevent the sample from exposure to
air because argon has a higher density than air. For calorimetry testing, the gases were
tested in order of increasing theoretical heats of adsorption to avoid any potential

irreversible binding events.

2.3 Experimental Work and Characterizations

Powder X-Ray Diffraction (PXRD) was completed with a Bruker D8 Desktop X-
Ray Diffractometer to verify the crystalline MOF formed and the absence of starting
material impurities. The 20 range used was from 5°-30° with a 0.02° increment and 0.3 s
time step, and the stage was rotated once per minute. Identity was verified using the first

two peaks at approximate 26 values of 7° and 9°. A sample XRD is shown in Figure 2-2:

15
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Figure 2-2: An example XRD pattern used to verify the UiO-66 crystallinity prior to loading.

The Tian-Calvet calorimeter (Figure 1-3) was a home-built system for the direct
measurement of heats of adsorption. The sample cell was surrounded by 1 sg.in. heat flux
sensors on 5 sides. The heat flux sensors used were C-LT-1 Thermal Flux meters from ITI
Corporation. The pressure gauges used were the Instrutech Micro Bee gauges connected to
Cen-Tech digital multimeters, the signal amplifier used was an Omega Omni Amp 11l and
heat flux multimeter used was a Keithley 2100 6 ¥ digit multimeter. A 5 kg aluminum
block served as an isothermal heat sink for the heat generated during the adsorption events.
The heat sink, sensors and cell were located under the gas handling system in a Styrofoam
container. The Styrofoam container was insulated to maintain isothermal conditions and
prevent errant drafts of air from affecting the heat flux sensor readings. Gas adsorption
measurements were collected at 293 K and 195 K. During low temperature readings, the
Styrofoam container was filled with dry ice; the dry ice was refilled as needed to maintain

the isothermal condition. Adsorbates were dosed into the sample cell in controlled amounts
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between 50-750 torr. Once the sample was dosed with a gas adsorbate, the heat flux sensors

generated a voltage as a function of time signal; an example is shown in Figure 2-3:
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Figure 2-3: An example of the normalized data graph generated by the multimeter during and following the
adsorption event. The area under the curve directly relates to the differential energy of the adsorbate. Graph
taken from UiO-66 S1 acetylene dose 5

Samples were held under vacuum overnight after loading into the calorimeter, then
the voltage was allowed to stabilize for 30 minutes before the first adsorbate dose. When
recording data, a minimum 60 second baseline was established before dosing the adsorbate
to the system. Data was recorded until the signal reached a steady baseline, normally after

30-40 minutes.

For defect-induced samples, TGA analysis was going to be used to corroborate the

actual number of missing linkers per metal cluster. Due to external circumstances, this was
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not able to be completed before the data was due. The defect-induced sample had a larger
interior pore volume than the normal sample. Katz et al.?® has indicated that open pore
volume can be used to calculate the approximate number of linker defects per metal site.
Using this information, | was able to say that the normal sample (S1) has approximately
one missing linker per twelve coordinated ones, while the defect-induced sample (S5) has

approximately four missing linkers out of twelve.

2.4 Results and Discussion

The following results explore the effects of linker functionalization, ambient
temperature and linker defects on the adsorption behavior of C, hydrocarbons. Important

structural information was also found and inferred during these trials.

2.4.1  Effects of Functionalization of Linker on Adsorption Activity

The following isotherms (Figures 2-4: 2-6) compare the effect of functionalization

on adsorbate activity at room temperature:
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Figure 2-4: The differential adsorption energy of C, hydrocarbons on UiO-66-NO-
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Figure 2-5: The differential adsorption energy of C, hydrocarbons on UiO-66-NH;
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Figure 2-6: The differential adsorption energy of C, hydrocarbons on UiO-66

Binding energies for functionalization followed the pattern UiO-66-NO, > UiO-
66-NH, > UiO-66. Binding energies for the adsorbates followed the pattern acetylene >

ethane > ethylene.

In all cases, the -NO functionalization showed the highest heat of adsorption
followed by -NHa, with the non-functionalized sample showing the lowest heat values.
This indicates that confinement effects at the binding site dominates during the binding
event more than polarity of the binding site, but that both factors play a key factor in
adsorbate behavior in the lattice. In terms of adsorbate behavior, acetylene had the highest
differential energy of all C> hydrocarbons studied, followed by ethane and then ethylene.
This is an interesting scenario; the polarity of acetylene dominates binding energy but is

then followed by the bulky ethane, with ethylene having the lowest energy of the group.

20



This suggests the polarity of ethylene does not significantly impact adsorption behavior
while the size of ethane does. Our group is currently in collaboration with the Thonhauser

group to gain more insight into these results with computational modeling.

2.4.2  Effects of Temperature on Adsorption Activity

The following isotherm (Figure 2-7) compares the adsorption behavior of C»

hydrocarbons on UiO-66-NO- at dry ice temperature:
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Figure 2-7: A comparison of acetylene, ethylene and ethane on UiO-66-NO- at 195K.

Collecting measurements at 195 K provides additional insights into the adsorption
behavior of C, hydrocarbons on the MOF. UiO-66-NO> was able to achieve nearly four
times more coverage at the same loading for gases at low temperatures versus room

temperature. Both ethane and ethylene showed a solid starting plateau, a decrease in
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binding energy and a second plateau in terms of isotherm shape. This indicates a multi-site
binding model in which there is a strong, high heat binding site and a weaker, low heat

binding site. This information is consistent with the multi-pore shape of UiO-66-NO-.

Acetylene binding on UiO-66-NO2 showed exceptionally high heats of adsorption
at very low coverages (below 0.5 mmol/g). This suggests that there may be a small
concentration of a third type of binding sites with an extremely high binding energy. There
are two possible explanations of this behavior. First, the results could be due to a small
concentration of missing linker defects. While no attempt was made to induce missing
linker defects in the samples, the literature shows that it is quite difficult to eliminate all
missing linker defects %42, Second, the literature shows that some research groups include
additional processing steps of the acetylene prior to adsorption. Specifically, the acetylene
is flowed over molecular sieves and activated carbon to remove any possible residual
acetone in the acetylene ****4, The follow-up to these results are detailed in section 2.4.3

below.

2.4.3  Effects of Linker Defects on Adsorption Activity

The following isotherm (Figure 2-8) compares the effect of induced linker defects

of UiO-66 on acetylene binding at low temperatures:
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Figure 2-8: A comparison of the adsorption energy of acetylene on UiO-66 with none/induced defects at
195K.

Prior to the completion of this isotherm, GC-MS measurements indicated that
acetone accounted for less than 3% of the total composition of the acetylene gas used; Both
S1 and S5 indicated the same high binding energy at low concentrations. For S1, with an
estimated one linker defect, this value was 41 KJ/mol followed by a plateau at 29 KJ/mol;
S5 has an estimated four linker defects and had an initial value of 62 KJ/mol followed by
a plateau at 28 KJ/mol. Calculations indicate that the initial high heat of adsorption value
could not be caused by the acetone impurity because it only comprises 3% of the dosed
gas. The acetylene results suggest the presence of a third type of binding site; whether it is
due to missing linker defects is still not resolved. We are currently working with the

Thonhauser group for explanations through computational modeling.
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2.5 Proposed Future Work

Future work building on these projects should focus on expanding the gas variety
tested on the functionalized MOF and completing more low coverage measurements for
some Ui0-66 samples. Small dosing intervals at low coverages will further isolate specific
site interactions within the lattice, helping to explain the high heat phenomenon. In
addition, expanding the range of gasses to include larger and smaller hydrocarbons, along
with some other industrially relevant gasses, will may provide additional insight to
elucidate the importance of polarity versus size in MOF binding behavior, while also

further exploring the industrial relevance of UiO-66.

Along with computer modeling, further experiments should be completed to further
explore the role of linker defects in UiO-66. Firstly, replicating the data for S1 and S5, but
with smaller loading intervals at low coverage would likely provide more insight into the
low coverage behavior and the third type of adsorption site. The data above represents a
single run of each sample and since the data is so unusual, further isotherms need to be
generated to confirm it was not caused by other unrelated factors. New samples of S1 and
S5 will ensure a good starting point and be guaranteed to not have any leftover adsorbate
on the lattice. A molecular sieve and activated carbon tube should also be fitted to the tanks
to remove any residual acetone, so all results can be attributed solely to acetylene binding
on the lattice. Coupling future isotherms with models of UiO-66 defect behavior should

elucidate this phenomenon.
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3. MOF-74

3.1 Material Background

MOF-74 was chosen for this project due to the ease with which various metals can
be substituted into the metal clusters of the structure.? Further, MOF-74 has a simplistic
structure and synthesis method, making it ideal for interpreting the effect of metal

substitution in the metal cluster. A lattice structure is shown in Figure 3-1:

Figure 3-1: A line and ball structure of MOF-74 lattice structure. MOF is composed of M303 clusters and
H4DOBDC linkers .
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MOF-74 was synthesized with cobalt, nickel, copper and bimetallic combinations
of the three metals. The metals were selected based on solid-state solubility to test both
one- and two-phase metal systems. Based on solid state solubility rules (Hume Rothery
rules) , both Co-Ni and Ni-Cu systems form a single-phase solid solution, while Co-Cu are
insoluble, forming a two-phase metal system. The solubility of the metals could be
significant in the adsorption behavior of MOF-74 because it has a metal “backbone”
extended throughout the structure, which serve as the primary adsorption sites (Figure 3-
1). The metals are directly connected to each other in the structure, meaning the system can
either follow one of two scenarios: the metals will form the connected metal cluster
structure with no discrimination of metal site occupation or the rods will exclusively form
with singular metal types. A wider variety of gases beyond Cz hydrocarbons (methane,
ethane, ethylene, acetylene and carbon dioxide) were tested on the MOF-74 samples to

more fully assess the role of metal content on adsorption behavior.

Over the course of this project, we attempted to identify the location of metal atoms
within the structure using single crystal x-ray diffraction (SCXRD). There have been very
few published methods of growing single-crystal samples of MOFs that are large enough

for this type of analysis.*¢#’

3.2 Synthesis and Preparation

For all samples produced, a 30 mL glass vial with lid was filled with a 15:1:1 DMF:

H>O: EtOH volumetric (mL) ratio. The liquids were mechanically stirred before adding the
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dry reagents to the vial. A 3:1 molar ratio of metal: linker was used, 1.5-10" moles of linker
and 4.5-10* moles of metal worked well with the volumetric amounts selected. The organic
linker was H4DOBDC (97%) and the metal salts used were nickel nitrate hexahydrate
(98%), cobalt nitrate hexahydrate (98%), and copper nitrate hemi-pentahydrate (98%). All
reactants were purchased from Alfa Aesar. To more accurately predict the molar ratio of
metal precursors required to achieve a particular metal ratio concentration in the MOF, a
calibration curve of final metal content in the MOF as a function of initial molar amounts
of metal salts was created using ICP-MS analysis. The calibration curve was used for all
subsequent synthesis calculations, to determine molar amounts of metal needed for final

desired content. Figure 3-2 illustrates this below:
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Figure 3-2: A molar comparison of nickel added to the initial Co-MOF-74 solution to the nickel present in
the final Co-Ni MOF-74.
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A solvothermal synthesis route was used for all samples. First, the liquid mixture
was sealed and heated to 120 °C in a Vulcan 3-130 box furnace and held for twenty-two
hours, then cooled to room temperature (25 °C) in 2 hours. PXRD was used to verify the

crystallinity of the MOF prior to washing.

Large scale synthesis of the MOFs involved scaling the above reaction by a factor
of 13, to produce a theoretical 2g of material. 200 mL DMF and 13 mL H.O and EtOH
were placed in a 16 oz mason jar (473 mL). The same 3:1 molar ratio was preserved, using
5.85-10" mol linker and 1.95-10 mol metal salt in each trial. Samples were washed using
a refluxing Soxhlet Extractor while contained in a cellulose thimble. A first series of
washes consisted of soaking in DMF for three days to remove residual starting material.
The second washings were for solvent exchange, and samples were washed in HPLC-grade
methanol continuously for a minimum of five days, with a solvent change occurring every
three days to remove residual DMF. Washing was ceased when there was no more
observable DMF suspended in the methanol wash. The MOF was removed from the dried
thimble, pressed into a pellet (300 bar), broken into pieces, and then loaded into a glass cell
for activation. Glass beads were loaded in the cell on top of the MOF to keep the sample
stationary while vacuum was pulled. Activation consisted of heating the sample to 250°C
in a Vulcan 3-130 box furnace while pulling vacuum on the sample for twenty-two hours.
The sample cell was subsequently loaded into the calorimeter and tested in order of

increasing theoretical adsorption energies of gases.*®
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3.2.1  Single-Crystal Growth Methods

There are three main factors that affect crystal growth: temperature, time, and the
mother liquor the crystal is grown in. Synthesis was completed with the same molar and
volumetric ratios in a 30 mL vial, similar to that described above. A 43:57 molar ratio of
Co: Ni was used to achieve an equimolar final mixture, based on the calibration curve
above. Synthesis temperature was first adjusted to ramp to 90°C for 60 hours, which
produced small crystalline flakes. Next, modulator (1.47-10* mol BZA) was added to the
mother liquor and heated at 90 °C for 60 hours, producing crystalline starting material
(HsDOBDC and metal salts). Campbell et al.*” suggested the starting liquor polarity and
hydrogen bonding was responsible for larger crystals, so focus shifted away from
temperature and towards systemically altering ratios of DMF: H20: EtOH from 15:1:1 (V)
to a more polar, less organic ratio. Crystal seeding, or using an existing crystal as a scaffold
for future crystal growth, was introduced in conjunction with this work. A sample seeded
with a BZA flake in a 15:1:1 of DMF: H>O: EtOH solvent was unsuccessful. Synthesis
with a 10:5:5 of DMF: H20: EtOH solvent produced cylindrical 4um long crystals, which
were too small to analyze. A further sample seeded with these small crystals yielded no
suitable crystalline product. Modifying the volumetric ratio to 6:7:7 of DMF: H.O: EtOH
produced single crystal quality crystals in terms of size and purity. However, the crystals
consistently grew twinned; one crystal plane grew over another, making SCXRD
impossible. Removing DMF from the mother liquor entirely (1:1 of H.O: EtOH) produced
no crystals, illustrating the non-polar solvent was essential for full dissolution and
integration of the organic linker into the matrix. Replacing DMF with a similar organic

solvent (butanol) in a 6:7:7 volumetric ratio did not produce adequate crystals for analysis.
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The only successful single crystal synthesis utilized a 6:7:7 volume ratio of DMF: H>O:
EtOH, held at 90 °C for 21 hours and cooled overnight. These crystals were consistently
twinned through subsequent trials. No further attempts to produce suitably sized single

crystal was pursued.

3.3 Experimental Work and Characterizations

PXRD completed on the Bruker D8 Desktop was used to verify the MOFs
formation and absence of starting material prior to calorimetry. The 26 range used was
from 5°-40° with a 0.02° increment and 0.3 s time step, with the stage rotating once per

minute. Phase identity was verified using the first two peaks at approximate points 6° and

12°. A sample XRD is shown in Figure 3-3:
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Figure 3-3: An example XRD pattern to verify MOF-74 crystallinity prior to loading.
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The Tian-Calvet calorimeter was built in-lab to support direct energy
measurements. The heat flux sensors used were C-LT-1 Thermal Flux meters from ITI, the
pressure gauges used were Instrutech Micro Bee gauges connected to Cen-Tech digital
multimeters, the signal amplifier used was an Omega Omni Amp Il and the multimeter
used was a Keithley 2100 6 %2 digit multimeter. The sample cell was surrounded by 1 sq.in.
heat flux sensors on 5 sides. A 5 kg aluminum block acted as a heat sink to these sensors.
The heat sink, sensors and cell were located under the main gas dosing apparatus, insulated
and wrapped to prevent errant drafts from affecting the heat readings. Adsorbate was dosed
into the sample cell in small, controlled amounts to ensure accurate pressure and voltage
readings from the multimeters. The heat flux sensors generated a voltage vs time graph; an

example is shown in Figure 3-4:
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Figure 3-4: An example of the normalized data graph generated by the multimeter during and following the
adsorption event. The area under the curve directly relates to the differential energy of the adsorbate. Graph
taken from Co-MOF-74 acetylene dose 4.
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Samples were pulled to a full vacuum overnight after loading into the calorimeter,
then the voltage was allowed to stabilize for 30 minutes before the first data point was
taken. When recording data, a minimum 60 second voltage baseline was recorded before
introducing the adsorbate to the system. Data was recorded until the system resolved back
to baseline, normally after 25-30 minutes. The voltage graph was normalized to a zero
baseline before data analysis began. The voltage was converted to joules using the
calibration value obtained from the manufacturer of the heat flux sensors. The area under
the voltage curve was used to directly calculate the energy released by the adsorbate during

the adsorption event.

One interesting factor noted was that the color of the MOF was affected by water
content. Freshly synthesized (water present) Ni-MOF-74 was a bright yellow color that
became wood-brown during the activation process (water removed). After all testing was
completed and the sample was unloaded from the calorimeter, being exposed to
atmospheric humidity, it slowly turned yellow over a day. Similar experiences were

recorded with both Co-MOF-74 and Cu-MOF-74.

3.4 Results and Discussion

The following Table I compares the theoretical heats of adsorption with the

experimental heats of adsorption for both pure and mixed-metal MOF-74 samples. For
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data sets without a clear plateau, the average of the first 3 points, barring any outliers,

was used.

Table Il: A comparison of theoretical binding energies and the measured direct binding energies of
carbon-containing gases on MOF-74 synthesized with pure and mixed metal compositions.*

Co

Ni

Cu

Co-Ni

Ni-Cu

Co-Cu

Methane Ethane Ethylene  Acetylene CO2
Theoretical 18 35 38 36 34
Experimental 16.5 30 43.5 42.5 33
Theoretical 19 36 41 37 37
Experimental 17 29 45.5 51 37
Theoretical 14 27 22 20 27
Experimental 10.5 21 24 25.5 17.3
Theoretical 18-19 35-36 38-41 36-37 34-37
Experimental 15 29 46 42 36
Theoretical 14-19 27-36 22-41 20-37 27-37
Experimental 9.6 21.5 25.5 28.6 21
Theoretical 14-18 27-35 22-38 20-36 27-34
Experimental 8.5 19 25.5 29.3 23

As shown in Table 1, the experimental differential heats of adsorption varied from

theoretical. For methane and ethane gases, the theoretical values were always higher than

experimental. Ethylene and acetylene had higher experimental energies than theoretical

values. CO> values were consistent with cobalt and nickel samples, and lower in copper

containing samples. One thing to note is that the saturated hydrocarbon gases (methane

and ethane) had lower values while unsaturated hydrocarbons (ethylene and acetylene)

had higher values compared to theoretical.

33



The following isotherms (Figures 3-5: 3-7) compare the effects of metal

content on the adsorption behavior of methane:
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Figure 3-5: The differential adsorption energy of methane on pure Co, Ni and mixed-metal MOF-74
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Figure 3-6: The differential adsorption energy of methane on pure Ni, Cu and mixed-metal MOF-74
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Figure 3-7: The differential adsorption energy of methane on pure Co, Cu and mixed-metal MOF-74

Both the pure cobalt and pure nickel samples had relatively flat shapes to their

isotherms and showed consistent heat behavior over the range of coverage studied. The
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copper containing samples had more variation in the binding energies and lower coverages

overall.

The following isotherms (Figures 3-8: 3-10) compare the effects of metal content

on the adsorption behavior of ethane:
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Figure 3-8: The differential adsorption energy of ethane on pure Co, Ni and mixed-metal MOF-74
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Figure 3-9: The differential adsorption energy of ethane on pure Ni, Cu and mixed-metal MOF-74
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Figure 3-10: The differential adsorption energy of ethane on pure Co, Cu and mixed-metal MOF-74

Both the pure cobalt and pure nickel samples had relatively flat shapes to their
isotherms and showed consistent heat behavior over the coverage, much like the methane

results. Also similar to the methane results, coverage did not exceed 3.5 mmol/g. This is a
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low range compared to other gases on MOF-74. Both ethane and methane are bulky, non-
polar gases, indicating electrostatic potential has a significant effect on gas adsorption. The

copper containing samples again showed more noise in the binding energies and lower

coverages overall.

The following isotherms (Figures 3-11: 3-13) compare the effects of metal content

on the adsorption behavior of ethylene:
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Figure 3-11: The differential adsorption energy of ethylene on pure Co, Ni and mixed-metal MOF-74
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Figure 3-12: The differential adsorption energy of ethylene on pure Ni, Cu and mixed-metal MOF-74
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Figure 3-13: The differential adsorption energy of ethylene on pure Co, Cu and mixed-metal MOF-74
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Coverages and heats for the MOFs were much higher with ethylene compared to
methane and ethane, indicating a stronger binding interaction between ethylene and the
MOF. The heat of adsorption for Co-MOF-74 showed a large initial plateau with consistent
differential heats. Ni-MOF-74 had a more negative slope to the heats as a function of
coverage compared to Co-MOF-74, and Cu-MOF-74 exhibited to most negative slope for
heat as a function of coverage. The cobalt containing sample had 3x more coverage per
gram than the copper MOF. In addition, the heat of adsorption profile for Cu-mixed metal

MOFs both matched the profile of pure Cu-MOF.

The following isotherms (Figures 3-14: 3-16) compare the effects of metal content

on the adsorption behavior of acetylene:
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Figure 3-14: The differential adsorption energies of acetylene on pure Co, Ni and mixed-metal MOF-74
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Figure 3-15: The differential adsorption energies of acetylene on pure Ni, Cu and mixed-metal MOF-74

70 -
®Co

60 - eCu
= 0 Co-Cu
250 -
<
L |s000e0ee
> 40 - LY
S L)
i e) [ )
£301 0 %
S ‘.‘
£ 20 - %% 00c0ene
a %

10

0 2 4 6 8 10 12 14

Coverage (mmol/g)

Figure 3-16: The differential adsorption energies of acetylene on pure Co, Cu and mixed-metal MOF-74

Both nickel and copper containing MOFs showed an initial high heat of adsorption.
In the case of Cu, the heat of adsorption decreases sharply with increasing coverage. For

Co-MOF-74, the heat of adsorption is consistent over a wide range of coverage. In these
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trials, the Ni-MO-74 had higher differential energies than the Co-MOF-74, unlike the
hydrocarbon gases seen previously. Previously, pure Co-MOF-74 had higher adsorption
heats, yet Ni-MOF-74 showed a nearly 10 KJ/mol higher value with acetylene. Consistency
with multiple points on the isotherm indicated the high heat is not the result of external

influences. This is both unexpected and unusual behavior for the sample.

The following isotherms (Figures 3-17: 3-19) compare the effects of metal content

on the adsorption behavior of COz:
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Figure 3-17: The differential adsorption energies of CO, on pure Co, Ni, and mixed-metal MOF-74
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Figure 3-18: The differential adsorption energy of CO, on pure Ni, Cu and mixed-metal MOF-74
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Figure 3-19: The differential adsorption energy of CO, on pure Co, Cu and mixed-metal MOF-74

In general, the order of differential heats is methane < ethane < CO; < ethylene <
acetylene. In order of pure metals, the order of differential heats is Cu < Ni < Co with the

exception of acetylene, which showed a higher heat of adsorption for Ni compared to Co.
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This is an interesting result, particularly because there is significant interest in using MOFs
to separate acetylene and ethylene. While the heat of adsorption for Co-MOF-74 is
essentially identical for ethylene and acetylene, the heat of adsorption for the Ni-MOF-74
was 15%-20% higher for acetylene compared to ethylene. In addition, there is a 38%
difference between the theoretically predicted heat of adsorption for acetylene on Ni-MOF-
74 and what was experimentally measured. This suggests that more work is needed to better

understand and predict the adsorption behavior of acetylene on Ni-MOF-74.

3.5 Proposed Future Work

In regard to conducting fundamental studies of mixed-metal MOFs, it may be
beneficial to consider other combinations of metals. For example, Co, Ni, and Cu have
atomic numbers of 27, 28, and 29 and the corresponding lattice parameters in the MOF
structures are similar. This makes it difficult to distinguish pure and mixed-metal MOFs
by XRD. Another consideration for future work is growing single crystals large enough
for SCXRD so that one can better understand the location of the different metals in a
mixed-metal MOF structure. It is also suggested that low temperature calorimetry be
performed on Ni-MOF-74, for ethylene and acetylene. This may provide additional
insights into the differences in adsorption behavior between the adsorption of ethylene
and acetylene on Ni-MOF-74. In addition, it would be valuable to collaborate with a
computational group to better understand why such a difference is observed for Ni-MOF-

74 but not Co-MOF-74, despite the currently computational modeling work in the
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literature predicting similar adsorption behavior for both MOFs. Finally, another factor
worth exploring is the adsorption behavior of unsaturated and saturated hydrocarbons.
Lower than predicted heats of adsorption were experimentally measured with saturated

adsorbates and higher than expected values with unsaturated adsorbates.
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4. Conclusions

The initial goals of the UiO-66 project were to investigate the adsorption behavior
of C> hydrocarbons on a multi-pore MOF. Through a combination of room and low
temperature measurements, it was established that both confinement effects and
electrostatic potential dominates binding energy of the adsorbate in the pore. UiO-66 with
a bulkier group and polar adsorbate had higher adsorption energies, indicating a stronger
interaction. Second, the low temperature measurements resolved the heat of adsorption for
two types of binding sites for ethylene and ethane. However, the acetylene adsorption
experiments suggest there is a third type of binding site that strongly interacts with

acetylene. The nature of that adsorption site is currently under investigation.

The initial goals of the mixed-metal MOF-74 project was to investigate
differences in the adsorption behavior of pure and mixed-metal MOF-74. For mixed-
metal MOFs containing Cu, the heats of adsorption were similar to those of the pure Cu-
MOF. For the Co-Ni mixed-metal MOF, the heat of adsorption was an average of the
pure MOFs. Unexpectedly, the heat of adsorption of acetylene on Ni-MOF-74 was 15%-
20% higher than ethylene, despite theoretical computations predicting similar heats of

adsorption.
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