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Abstract

Group 13 metals have been used in metal-organic frameworks (MOFs) synthesis with aluminum
(Al) and indium (In) producing several of these porous, crystalline, coordination polymers. MOFs
have been used in applications like water remediation, gas storage etc. according to their suitability
in terms of stability, pore size, chemical composition, among other features. Of the three metals,
Gallium is underrepresented with new MOF attempts forming non-MOF/ gel-like outcomes. In
this research, we conducted experiments directed towards understanding gallium’s preliminary
chemical rearrangements, prior to the addition of linker and in the MOF synthesis mixture using
in situ Raman spectroscopy, density functional theory (DFT) calculations, and synthesis. The
initial steps involved experimenting possibilities of a new Ga-MOF through varying synthesis
conditions of two known MOFs, Ga-CAU-51 and CAUMOF-11. New MOFs (different metal
centers) have been synthesized using this approach. Investigation of Ga*" solvato using in situ
Raman spectroscopic method revealed a consistent Raman band at 345 cm™ in DMF, NMP, and
THF: toluene mixed solvent system while Dioxane and THF produced Raman band at 365 cm™.
Solvation of GaCls in DMF and NMP was found to be enthalpically favored unlike in dioxane
with the possibility to ionize to unsolvated GaCls™ or solvated [GaCls (solv)2]". Ga-MOF synthesis
intermediates that are enthalpically favored led to a node that is known for the formation of anionic
Ga-MOF. This anionic form of Ga** was analyzed in solution and in solid state to assign its
unsolvated form to the prominent Raman band at 345 cm’!, that is an intermediate in Ga-MOF

synthesis and a starting point for anionic Ga-MOFs.
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CHAPTER I: INTRODUCTION

1.1 MOFs

Metal-organic frameworks (MOFs) are crystalline, porous coordination polymers that are
constituted of organic and inorganic building blocks (Figure 1). These materials can be connected
along two or all three Cartesian coordinate axes; this makes MOFs valuable targets for
application.! MOFs have been used for several applications, including gas storage, nano-medicine,
water purification, environmental carbon capture, sensing and others.>**> The applicability of the
different MOFs is dependent on their thermal and chemical properties which vary from one type
to another.®
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Figure 1: MOFs synthesis process.

Metal ions and organic linkers interact under given temperature conditions and/or other additives
such as solvent and modulators. Sometimes the MOF doesn’t form despite the conditions as in the
case of Ga-MOF diversification. Synthesizing MOFs with desirable attributes of porosity, stability,
and phase purity remains an uphill task. Since these are very important features required for their
varied applications, they can be realized through the optimization of suitable synthetic conditions.
One-way large pore size is a preferred quality as it relates directly to uptake capacity of a MOF
and it’s achieved by increasing the length of the linkers used in synthesis. However, in some cases,
the resulting MOFs were found to be less porous and ultimately denser than predicted. Only in a
few cases has the structural outcome of a MOF has been predicted and even tuned appropriately
for particular uses of the resulting MOF.’

Solvothermal technique used in MOF synthesis may cause the channels and cages of freshly grown
MOF components to be occupied by solvents deployed as reaction media in elevated temperatures.
This clogged material can be evacuated through MOF activation procedures to ensure that the final
crystalline product is sufficiently porous for further exploration of its properties.® Ultimately,
MOFs undergo extensive characterization post-synthesis, to ascertain their structural features.
Single-crystal X-ray diffraction (SXRD) is the standard for structural elucidation while powder X-
ray diffraction (PXRD) will give a confirmation of the identity of the bulk material.

Numerous MOF structures (more than 70,000) have been synthesized from different metal
centers.” Comprehension of the factors that determine the type and quality of already established
MOFs is a pathway to achieve fast and accurate synthesis of new materials. However, there is still
much to explore on the chemical transformations during MOF growth processes that are yet to be
exhausted in order to contribute to the library of information in this line of synthesis. Gallium-
derived MOFs have been difficult to synthesize and only a few select examples are known in the
literature.



1.2 Group 13 MOFs

Group 13 MOFs have been studied extensively whereby the majority of MOF structures have been
built with N-donor, carboxylate, phosphonate, or sulfonate linkers. A lot of information on their
formation and tuning has been explored as well as their suitability in numerous applications such
as toxic gas capture and catalysis.!® Due to the availability of Al salts, a lot of MOFs have been
synthesized using AI’" as the metal center. Additionally, Al is relatively affordable and abundant
and this makes it an appealing source for the production of MOFs.

Indium-derived MOFs are predominantly comprised of carboxylate ligands. In-MOFs have been
deployed for gas adsorption, separation, as well as fluorescence detection.!®!! The Genna Lab has
extensively studied In-MOF formation. In one of their papers,'? they successfully synthesized six
different In-MOFs including the previously reported ATF-1, YCM-22 (YCM= Youngstown
Crystalline Material), anionic YCM-21, and infinite chain YCM-23. They are built on anionic,
dianionic, anaionic and neutral nodes respectively. All these MOFs were derived from thiophene-
2,5-dicarboxylic acid (H2TDC) alone as the linker, Figure 2.
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Figure 2: Varieties of In* MOFs obtained from H>TDC as a linker.

The additives subscribed provided different chemical medium in terms of PH and the available
ions, which stirred the reaction to different outcomes as shown in Figure. 3. This was spearheaded
by the understanding of the different nodes that In** can form in varying synthesis conditions as
influenced by modulators such as acidic or basic conditions. The node is an anchoring repeating
unit unto which groups attach to form a geometrically and chemically stable MOF. It derives
overall charge from the arithmetic involving total ligands attached to the metal center and mostly
this is the MOF charge. Genna and group explicitly described the suitable synthesis conditions
(anion type and concentration, organic linker, and important additives), stability of the MOF, and
structural morphology.

O
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- n =S P> YCM-22
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Figure 3: Diversity of indium MOFs from H>TDC linker with different additives.

The coordination chemistry for In secondary building units (SBU) was established to be
monomeric, infinite chain, or trimeric (Figure 4 a, b, and c respectively) which indicates different
MOF possibilities.'?
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Figure 4: Coordination of In-SBUs. a) monomer, b) infinite chain ¢) trimer



In a study on the role of solvent in MOF synthesis, Genna et al.! carried out experimental and
computational analysis of the structure of InCl3 in different organic solvents. This involved energy
calculations of the coordination possibilities of In** in organic solvents combined with time-
dependent Raman spectroscopy that monitored the reaction to determine the enthalpically favored
conformation and ultimately carry out the MOF synthesis.! A similar concept for the study of Ga
to understand its potential in this noble synthesis was recommended.

In exploring their properties, AI-MOFs are classified as having remarkable sorption properties and
stability.!® A study by Shengfu Ji et al. has for example demonstrated the catalytic property of
MIL-53 in the Friedel-Craft acylation reaction to synthesize 3-acylindole which is a precursor
molecule in anti-tumor drug synthesis.'* Another MOF synthesized from Al*" is MIL-68, which
according to the research by Liao et a/ can be used in the capture of acetic acid from the
atmosphere.!> Other well-studied aluminum MOFs include the Materials Institute Lavoisier (Al-
MIL) and Christian-Albrechts-University (Al-CAU) types to mention a few.!®

Most of these studied AI-MOFs are neutral. However, Fischer has recently made advancements in
the synthesis of anionic AI-MOFs by pioneering formation of a crystalline Al-Td-MOF-1 with
permanent porosity and good ion conductivity. Firstly, they synthesized an amorphous aluminate
framework from 1,4-dihydroxybenzene and lithium aluminum hydride followed by a solvothermal
process under alkaline conditions to arrive at the MOF.!” Anionic MOFs are deemed to have
potential for a wide range of applications including but not limited to drug delivery and ionic
conductivity due to the ability to load both metallic and organic cations. '

Group-13 MOFs have been identified to form a characteristic infinite chain of octahedral units
linked by ligands such as terephthalate from terephthalic acid.!®?%?! Due to their chemical
similarity Ga®>" is hypothesized to form similar SBUs to In** and AI**. However, synthesizing Ga-
MOFs under comparable conditions to In-MOFs has been difficult. For example, Genna has shown
that 6 different MOFs comprised of In** and H,TDC can be synthesized, but only a single Ga-
MOF (CAU-51), reported by Stock, has been synthesized from the same H>TDC linker, shown in
Figure. 5a."

When compared with Al and In MOFs, Ga has not received sufficient attention in group 13 MOFs.°
Anecdotally, attempts to synthesize Ga-MOFs often result in gel-like or amorphous products that
are challenging to characterize. The reason for this discrepancy amongst the group 13 metals has
yet to be elucidated. We hypothesize that if the fundamental steps of Ga-MOFs can be revealed,
then crystalline materials could be synthesized, allowing for robust Ga-MOF synthesis. This is
important since to date the applications of Ga-MOFs is not understood, simply because there
haven’t been enough Ga-MOFs available to study.

1.3 Synthesis of MOF's

Several parameters affect the coordination tendencies of metal centers and organic ligands which
have a major role in the quality of outcomes and reflect directly in the structure of MOFs. The
reaction time, solvents, and reaction temperatures are the major aspects that come into play while
preparing MOFs.?>232* DMF is the most commonly used solvent where it is applied as a mono-
solvent or in a mixed system unto which another solvent is added to it.

Particularly, DMF has several roles in synthesizing MOFs, including solubilizing the components
in the reaction and serving as a chemical reagent attributable to its decomposition into dimethyl
amine (Me2NH) and carbon monoxide (CO) or formate (HCOQO"). This is increasingly important
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in the creation of anionic MOFs which need charge-balancing cations, which are often in the form
of [MexNH;]". The formic acid or formate has been classified as an in sifu modulator during the
production of several MOFs.2> Moreover, DMF has demonstrated the ability to act as a ligand for
several metals deployed in MOF synthesis.?® This shows the sophisticated role that DMF plays
and presents a challenge to explore the potential of other solvents beyond just the solubilization of
starting materials.

Application of solvothermal synthesis significantly promotes the crystallization progression
attributable to improved solubility of raw materials and hence high-quality crystals created.?? Stock
and co-workers describe it to have the advantages of being simple and affordable besides allowing
for utilization of non-readily soluble starting material. This group also demonstrated
the technique’s additional provisions such as change of starting chemical material and synthesis
conditions to suit the targeted outcomes.® Several experiments in this system have demonstrated
the use of modulators and other additives such as water (H2O), nitric acid (HNO3), and
tetracthylammonium chloride (EtsN"CI") in various temperature and pressure conditions during
the self-assembly of MOFs. Solvothermal synthesis also accommodates higher pressure, beyond
1 atm, and higher reaction temperatures, more than 100 °C for closed systems.?’

There is a growing area of research that focusses on the use of mechanochemical approach in the
synthesis of coordination complexes including MOFs and polymers. This synthetic approach,
offers another option to the traditional solution-based approach for synthesizing MOFs.?® The
approach is increasingly convenient, quick and it avoids or minimizes the quantity of solvent
utilized. Nonetheless, there is little knowledge about the extent of this method and the aspect that
regulate the reactivity and characteristics of the materials prepared through this approach.

In a study that utilized this technique, the researchers described a solvent-free mechanochemical
synthesis process for microporous MOF [Cu(INA),] (INA = isonicotinic acid).?’ The product
revealed a robust three dimensional structure obtained through crushing isonicotinic acid coupled
with copper acetate without applying any heat. The illustrated potential of this synthesis methods
warrants further study to ascertain its efficiency in wide range MOF synthesis.*

MOF studies that target the understanding of step-by-step growth and identifying points of
intervention, have utilized in situ microscopy to monitor the process. In situ atomic force
microscopy (AFM) has demonstrated that the copper MOF, HKUST-1, grows by the step-wise
addition of monomeric units of both linker and metal cation.’® Using UiO-66, growth was
documented due to the addition of building units®' and evidence has emerged to support the
involvement of an amorphous-to-crystalline reorganization.’> Other studies indicate that MOF
synthesis might involve solid-to-solid reorganization to achieve a porous crystalline material.?’

Valuable insights on the formation of MOFs have been obtained through other spectroscopic
methods including small angle X-ray scattering (SAXS) and in situ X-ray diffractometry XRD as
well as nuclear magnetic resonance (NMR), Raman spectroscopy, and infrared spectroscopy
(IR).33343536 Gascon et al. deployed in situ energy dispersive X-ray diffraction (EDXRD) and
SAXS to illustrate the use of amino-functionalized terephthalic acid in the synthesis where water
promoted the formation of the thermodynamically preferred NH2-MIL-53 (Al) product instead of
the kinetic NH2-MIL-101 (AI) product that was formed in DMF.?” In another exploration,
Cravillon et al.*® showed the formation of 1 nm cluster species using time-resolved SAXS/WAXS
as a prenucleation cluster before the formation of ZIF-8. Prenucleation building units (PNBUs)
that form during solvation serve as precursor species for secondary building units (SBUs) as
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described by Taulelle et al in their work involving synthesis of AIPO4CJ2 using in situ liquid NMR
investigation.*

Distaso et al. 3° studied the formation of MIL-53 (Al) in DMF using simultaneous Fourier-
transform infrared (FTIR) and Raman spectroscopy. The two spectroscopic techniques have the
advantage of showing the progression the reactions with the different intermediates generated in
the process of MOF synthesis while they occur.?® The researchers collected turbidity in situ within
a custom-developed solvothermal reactor. MOF synthesis, from starting materials (linker and
aluminum metal center) in suitable conditions were followed using time-resolved Raman and
FTIR. The formation of PNBUs, their assembly to MIL-53, DMF decomposition to formic acid
and dimethylammonium and ultimate assembly of the MOF crystals were observed.?>-40:41:42
Raman peaks for individual solvated starting materials were compared with those arising from the
MOF synthesis phases which confirmed the presence of MOF intermediates described in the
literature. Further affirmation of the PNBU phase, was the absence of MOF particles, after a
significant reduction from the starting concentration of the linker as observed on the spectra. The
rate for each step was calculated from the activation energies requirement and the rate-determining
step was determined to be the formation of the crystalline MOF from the PNBUs.3!33

In their in situ MOF explorations Distaso et al.* further examined the role of DMF in the
solvothermal synthesis of MIL-53 (Al) where dry DMF vs water-DMF mixtures were investigated
using in situ Raman spectroscopy. The effect of this solvent system on the formation of
intermediate PNBU species consisting of linker molecules and metal atoms was analyzed and the
findings showed that PNBU concentration was affected by the solvent polarity and in return
yielded different quality MOF crystals with the best particles being in dry DMF conditions. They
attributed this observation to the role of linker availability/concentration in the reaction mixture
whereby at low linker solubility, the PNBU phase was bypassed post-linker deprotonation in the
MOF synthesis process.***! Some phases were shown to be temperature dependent while others
were not. The effect of linker solubility and concentration of PNBU in the synthesis MIL-53(Al)
were elaborated for reference on similar MOF syntheses.*” Their previous work on the
characterization of the same MOF played a role in discerning the phases involved in the synthesis.

Informed by these works, we took a similar route to illustrate mechanistically the Ga-MOF
behavior while putting into perspective the solvation of the inorganic component in different
organic solvents and DFT calculations on enthalpy, which were in agreement with in sifu Raman
analysis in same solvent systems and following the actual Ga-MOF synthesis using in situ Raman
for comparison on the findings. This shows the usefulness of vibrational spectroscopy and XRD
when utilized for real-time monitoring of MOF growth processes for better insights into the
chemical processes.



To date, there is only one known anionic Ga-MOF Figure 5b.*’ It has been synthesized from a tri-
topic organic linker, benzene-1,3,5-tricarboxylic acid (H;BTC) also known as trimesic acid.** In
the pursuit of expanding the library of anionic Ga-MOFs, we began an experimental and
computational investigation into the behavior of Ga*" in solution. The question that we seek to
answer is why Ga- MOFs fail to form when Al and In MOFs form readily in similar synthesis
conditions.

Ga-CAU-51 CAUMOF-11

Figure 5: a) Ga- CAU-51 from HoTDC linker. b) CAUMOF-11 from the trimesic acid linker

Solvation of MOF raw material in the initial step of the synthesis is essential for the progress of
the self-assembly process. The benefits of understanding the mechanisms of MOF self-assembly
include reduction of synthesis time and wastage of material due to the trial and error that is often
the case in the pursuit of attaining new MOFs. Any significant strides made towards the realization
of how MOFs form would help even in the synthesis from Ga*". In this research, we implemented
in situ Raman spectroscopy using a custom-built Raman oven Figure 6, to monitor the solvation
process of the starting materials in different organic solvents and the actual MOF mixture.

Figure 6: Raman probe fitted in dark box.



1.4 Research Problem

MOFs continue to be studied due to their endless potential for applications, be it drug delivery, gas
storage, COz capture, and water purification, among other uses.** Despite wide acknowledgment
in research regarding the varied applications of MOFs, their formations are not fully
comprehended. For instance, in solution, the organic and inorganic elements undergo self-
assembly to critical masses capable of nucleation. All the while, the inorganic molecular building
units (MBUs) need to be formed from simple inorganic initial materials iz sifu. Furthermore, most
metals have been found to yield several SBUs such as indium alongside the group 13 metals that
are able to access three or more varied SBU/MBU combinations: a cationic [In3(O2CR)s(H20)3]",
anionic [In(O2CR)4];, and a neutral [In(u-O2CR)2(u -OH] infinite chain.!

Attributable to the multifaceted nature of MOF synthesis, there is a need for extensive exploration
to comprehend their formation in post- and pre-nucleation. A general evaluation of the group 13
MOFs reveals that the majority have been synthesized from AI** and In**. Particularly, the Genna
Lab has synthesized and is still exploring the synthesis of different MOFs from In*". There is little
knowledge regarding Ga-MOFs; the Genna Lab has been able to synthesize only one Ga-MOF
(Ga-CAU-51), Figure 5a. Ga-MOFs could be cheaper in production compared to In-MOFs
considering the cost of raw materials, besides the possibility of offering something in the MOF
genre that we do not currently know of. Therefore, comprehending the synthesis of Ga-MOFs is
an increasingly vital aspect due to its many potential uses. This study will examine the formation
of Ga-MOFs, and the behavior of Ga** as a metal center in solution, both experimentally and
computationally.

1.5 Objectives

This exploration focused on examining the possibilities of a new Ga-MOF through varying
synthesis conditions of temperature, linker, additives and solvent used in the synthesis of two
known MOFs, CAU-51 and CAUMOF-11. We hypothesized the possibility of generating new
MOFs by changing the reaction parameters of organic linkers and solvent, synthesis temperatures
and pressure. The solution phase structure of Ga®" was investigated using in situ Raman
spectroscopy in addition to computations to determine the complexes formed in the reaction
mixture during MOF synthesis.

Studies have demonstrated the significance of understanding the chemical changes with In*" as
starting material in solution, and we hypothesize that this should be similar for Ga**in solution.
However, since little is known about Ga-MOFs, the directions one can take are nearly limitless in
terms of choice of a linker, modulator, temperature, and other parameters. Just as in In-MOF
synthesis, understanding the structure of Ga®" in solution is important. The focus of this study
involves identifying the changes that occurs to the starting material, GaCls in solution as an initial
intervention for a well-structured MOF outcome. Therefore, the initial work concentrated on using
DFT calculations where bonding energies are calculated by generating coordinates of the built
molecular compounds with the correct bonding topology and charge, followed by optimizing
coordinates in Q-chem to generate enthalpies that can be compared across an array of structures.

This work involves the in sifu analysis of the intermediates formed from the starting materials in
the synthesis mixture in relation to the possible starting point in the anionic Ga-MOF synthesis.
The identified intermediate is compared to the products of Ga*" solvation to ascertain the actual
intermediate required for successful Ga-MOF outcome. The organic linkers in this work are
thiophene-dicarboxylic acid (HTDC), trimesic acid, isophthalic acid, (meso-tetra



carboxyphenylporphine (TCPP) and terephthalic acid, Figure 7, in the presence of
tetracthylammonium chloride (EtsN'CIl") in NMP, DMF, THF, dioxane and toluene solvent
systems. Other additives like water and HNO3 were incorporated. We also carried out in situ
Raman analysis of GaCl; and Ga(NOs3)s in solution across the different solvents at different
temperature conditions, room temperature and 65 °C, in addition to MOF synthesis process
analyses. We hypothesized that by identifying the stepwise chemical transformations in the
reaction mixture, we would be able to identify a working procedure for the synthesis of new

crystalline Gallium material.
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Figure 7: Organic linkers, A) trimesic acid B) Terephthalic acid C) 2,5-thiophenedicarboxylic
acid D) meso-tetra carboxyphenyl porphin and E) Isophthalic acid.



CHAPTER II: EXPERIMENTAL SECTION

2.1 Materials and Methods
2.1.1 Reagents and Instrumentation

GaClz, Granular 99.999%-Ga, and Ga(NO3);.H2O 99.9% -Sc were purchased from Strem
Chemicals Incorporated), 2,5-H,TDC >98% titration, Trimesic Acid 95%, EtN'Cl™ =98%,
PtsN"CIl', DMF and 1,4-Dioxane were purchased from Sigma Aldrich. THF, HNO3, DCM and
Toluene were purchased from Fisher Chemicals, NMP was purchased from Bioplus Chemicals,
and Deionized H>O from the tap was used.

2.1.2 Incubation synthesis

Syntheses in the ovens were performed in custom-made steel autoclaves equipped with Teflon
vials that have capacity to hold 10 mL with a total volume of 12 mL, for high temperature and
pressure experiments. Other syntheses were carried out in 20 mL glass vials sealed with Teflon
lining.

2.1.3 Computational simulations.

DFT calculations were done using, ®B97X-D functional, and 6-316G* basis set, and an implicit
solvent model. Molecular structure geometries, built in Spartan with the correct bonding and
charge, are optimized in Q-chem and then the generated enthalpies of optimized structures were
used to perform Hess Law calculations.

2.1.4 X-ray Powder Diffraction

Powder XRD patterns of small samples were collected on a Bruker AXS X8 Prospector CCD
single crystal diffractometer using the “pilot” plugin for the collection of multi-crystalline XRD
patterns. The instrument is equipped with a copper InS microsource with a laterally graded
multilayer (Goebel) mirror for monochromatization (A = 1.54178 A, beam size 0.1-0.2 mm) and
an ApexII CCD area detector. Powder samples were thoroughly ground to assure a representative
number of crystallites to be present in the X-ray beam. Powder samples were mixed with small
amounts of mineral oil and mounted onto a 0.4 mm diameter Mitegen micromesh mount for data
collection. Samples were centered in the beam using the instrument’s mounting microscope video
camera. Data were collected in an emulated theta-2theta setup using the Apex2 software package
of Bruker AXS. The sample mount was aligned horizontally (x= 0°) and theta angles were set to

eight different angles between 12 and 96° to cover a range equivalent to a 0 to 110° range of a
powder X-ray diffractometer operated in Debye Scherrer mode (omega angles of each run were
set to half the theta values). Samples were rotated around the mount’s spindle axis during
measurement (360 rotation around phi), typical exposure times were 30 seconds per frame
collected. The eight individual patterns taken were corrected for the unequal sample to detector
surface distance (“unwarped”) and were combined into one continuous pattern using the “pilot
plugin” software embedded in the Apex2 software package. Data were integrated over 2 6,
converted in powder XRD patterns in Bruker “raw” format and further processed with standard
powder XRD software packages.
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2.1.5 In situ Raman

Raman spectroscopy was conducted using a custom-built Raman oven fitted with a 785 nm
fiberoptic probe from Kaiser Optical Systems. The data collected in text file format was converted
to a CSV file for analysis using MATLAB.

2.1.6 Solid state Raman

Dried powder samples were put under fiberoptic probe fitted with lens for single scans.

2.1.7 Drying samples

Samples were washed with respective solvent and separated from solvent post centrifugation. They
were then dried in the vacuum pump overnight at room temperature.

2.2 Experimental procedures

2.2.1 Synthesis of Ga-MOF

We started by reproducing the known MOF, Ga-CAU-51 and CAUMOF-11, under the original
synthesis conditions followed by other alterations of the starting materials in attempt to derive a
new MOF. The synthesis temperature and pressure conditions were maintained except for when
we ran the in sifu Raman where glass vial was used in place of the autoclave set and the sustained
temperature for Raman could not go beyond 135 °C.

2.2.1.1 Ga-CAU-51

a) Using H2TDC

HO /Y

DMFE :Diox:H,0O
_ h-- Ga-CATI-51
Et.N"Cl”

O 50°C. 100°C & 120°C. 24 hrs

HO

Figure 8: CAU-51 synthesis using HoTDC linker.

Ga-CAU-51 was synthesized according to the original procedure described by Stock.!® Into 3 vials
20 mL each, GaCl3 (0.232 g, 0.001mols, 1 equiv) and EtsN"CI™ (0.186 g, 0.001mols, 1 equiv) were
added. A mixture of DMF:Dioxane: H>O in the ratio of (9:6:1) respectively was prepared and 5.0
mL was added to each vial. Increasing concentrations of H;yTDC 1.)0.113 g, 0.0007 mol, 0.5 equiv
i1.) 0.226 g, 0.0001 mols, 1.0 equiv or 1ii.) 0.452 g, 0.003 mol, 2 equiv were added to the three
different vials each prepared in triplicate for the three investigated temperature conditions, 60 °C,
100 °C, and 120 °C in respective ovens. This experiment was conducted in duplicate for each of
the temperature conditions. After 24 hours of incubation, the sample was retrieved, cooled down
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to room temperature, centrifuged at 5000 rpm for 10 minutes and decanted. This was repeated an
additional two times with DMF (10 mL each). The sample was dried in the vacuum pump
overnight for powder pattern analysis using the PXRD.

b) Using Terephthalic Acid (T.A) linker
O
DMF

GaCl; 4+ Ho »  MIL-68
OH Et,N°CI-

O 100 °C. 24 hrs.

Figure 9: MOF synthesis using T.A. linker.

The experiment was conducted as in CAU-51 procedure above with the only change in the type of
linker used. Into 3 vials 20 mL each, GaCls (0.232 g, 0.0001 mol, 1 equiv) and Et4N'CI (0.186 g,
0.001mols, 1.2 equiv) were added. A mixture of DMF:Dioxane: H>O in the ratio of (9:6:1)
respectively was prepared and 5.0 mL was added to each vial. Three sets concentration of linker,
terephthalic acid, i.) 0.110 g, 0.0007 mols, 0.5 equiv ii.) 0.219 g, 0.001mols, 1 equiv iii.) 0.439 g,
0.002 mol2, 2 equiv. This was prepared in duplicate for each of the three investigated temperature
conditions, 60 °C, 100 °C, and 120 °C. After 24 hours of incubation, the sample was retrieved,
cooled down to room temperature, centrifuged at 5000 rpm for 10 minutes and decanted. This was
repeated an additional two times with DMF (10 mL each). The sample was dried in the vacuum
pump overnight for powder pattern analysis using the PXRD. The product obtained matched MIL-
68 powder pattern.

¢) Using Ga(NOs3)3
HO A
3 S DMF.Diox. H,O o
Ga(NO;y); + 7 )‘ Ga-CAU-51
— o Et,NCl°
120°C, 24 hrs
HO

Figure 10: Ga-CAU-51 synthesis from Ga(NO3)s.

Into 3 vials 20 mL each, Ga(NO3)3 (0.256 g, 0.001 mol, 1 equiv) and EtsN'CI (0.186 g, 0.001s
mol, 1.2 equiv) were added. A mixture of DMF: Dioxane: H>O in the ratio of (9:6:1) respectively
was prepared and 5.0 mL was added to each vial. Increasing concentrations of HoTDC 1.)0.113 g,
0.0007 mols, 0.5 equiv ii.) 0.226 g, 0.001 mols, 1.0 equiv iii.) 0.452 g, 0.002 mols, 2 equiv were
added to the three different vials each prepared in triplicate for the three investigated temperature
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conditions, 60 °C, 100 °C, and 120 °C in respective ovens. This experiment was conducted in
duplicate for each of the temperature conditions. After 24 hours of incubation, the sample was
retrieved, cooled down to room temperature, centrifuged at 5000 rpm for 10 minutes and decanted.
This was repeated an additional two times with DMF (10 mL each). The sample was dried in the
vacuum pump overnight for powder pattern analysis using the PXRD resulted in large, circular,
white crystalline product that matched Ga-CAU-51 powder pattern.

2.2.1.2 CAUMOF-11

i) Using GaCls and Et4NCI

0 0
HO OH
GaCl; | DMF._HNO; 3 CAUMOF-11
Et.N"CI"
0~ "OH 180°C. 3 days

Figure 11: CAUMOF-11 synthesis.

CAUMOF-11 was synthesized in line with the original synthesis procedure by Lee and group.**

GaCls and EuN"CI” were used in place of Ga(NOs3)s and tetrapropyl ammonium chloride (PrsN*CI
) respectively. To a 20 mL vial GaCls (0.350 g, 0.002 mol, 1 equiv) was dissolved in 5.0 mL DMF,
EtsN'CI (0.330 g, 0.0002 mol, 1 equiv) was added to the solution followed by HNO3 0.5 mL. The
mixture was sonicated for 30 minutes. A solution of BTC (1,3,5-CsH3(CO2H)3) (0.400 g, 0.002
mol, 1 equiv) prepared in 5.0 mL DMF was then added slowly to the mixture. The mixture was set
in duplicated autoclave at 180 °C oven for three days. The sample was retrieved cooled and
centrifuged at 5000 rpm for 10 minutes and decanted. The sample was then dried in the vacuum
pump overnight followed by powder pattern analysis using the PXRD and a solid-state Raman.

ii) Using H2TDC

Ho . °
. S DMEF.Diox,H,0 o
Ga(NOy); -+ 7 P Ga-CAU-51
= Et;N"CI°
120°C, 24 hrs
HO

Figure 12: GaCl4EtN synthesized in new MOF attempt.
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The reaction mixture was prepared following the CAUMOF-11 procedure. To a 20 mL vial GaCl3
(0.350 g, 0.002 mol, 1 equiv) was dissolved in 5.0 mL DMF, EtsN'CI (0.330 g, 0.002 mol, 1
equiv) was added to the solution followed by HNO3 0.5 mL. The mixture was sonicated for 30
minutes. A solution of HTDC (0.344g, 0.002 mol, 1 equiv) 5.0 mL DMF was then added slowly
to the mixture. The mixture was prepared in duplicate and set in autoclaves at 180 °C oven for
three days. The sample was retrieved cooled, centrifuged at 5000 rpm for 10 minutes and decanted.
The sample was then dried in the vacuum pump overnight followed by powder pattern analysis
using the PXRD and a solid-state Raman. The X-ray powder pattern matched GaCl4TEA.

iii) Using dioxane: toluene solvent
O O

—
N HO OH dioxane:toluene
: » CAUMOF-11
Ga(NO3)3 4+ _/C?/ + TR CAUMO

O~ OH

Figure 13: CAUMOF-11 synthesis in dioxane: toluene mixed solvent system

The reaction mixture was prepared following the CAUMOF-11 procedure. To a 20 mL vial GaCls
(0.350 g, 0.002 mol, 1 equiv) was dissolved in 5.0 mL dioxane:toluene 1:1, EtN'CI (0.330 g,
0.002 mol, 1 equiv) was added to the solution followed by HNO3; 0.50 mL. The mixture was
sonicated for 30 minutes. A solution of HoTDC (0.344g, 0.002 mol, 1 equiv) 5 mL
dioxane:toluene,1:1 was then added slowly to the mixture. The mixture was prepared in duplicate
and set in autoclaves at 180 °C oven for three days. The sample was retrieved cooled, centrifuged
at 5000 rpm for 10 minutes and decanted. The sample was then dried in the vacuum pump
overnight followed by powder pattern analysis using the PXRD and a solid-state Raman. The X-
ray powder pattern matched CAUMOF-11.

2.2.2 GaClys synthesis

As shown in 2.2.1.2 (ii) above, attempt to synthesize Ga-MOF with Ho TDC under CAUMOF-11
conditions yielded GaCl4TEA in impure form since it did not meet all the known chemical
characteristics besides matching the PXRD description. To understand this product’s role in Ga-
MOF synthesis, we decided to produce it in the pure form for experimental manipulations like new
MOF attempt both synthesis and in situ solvation characterization.

DCM

GaCl, y GaCl,TEA

Et,NCI°

Figure 14: GaClys synthesis in DCM

GaCl4TEA was synthesized according to the Schmulbach procedure.*** In a 50.0 mL Elenmeyer
flask, GaCl; (1.381 g, 0.008 mol, 1 equiv) was dissolved in 5.0 mL dichloromethane (DCM).
EtsN"CI (1.256 g, 0.008 mol, 1 equiv) were dissolved in 20.0 mL DCM and added to the GaCl3
solution dropwise at room temperature. The product formation was observed in the build-up of
white crystals. The solvent was evaporated for 20 minutes over a 30 °C water bath then was slowly
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cooled at room temperature and eventually in ice. Excess solvent was removed and the sample
dried in a vacuum pump. The salt was recrystallized in fresh DCM and vacuum dried. PXRD and
solid-state Raman confirmed the structure. GaCl4TEA was then recultivated in the CAUMOF-11
attempt.

2.2.2.1 GaCls for MOF synthesis with trimesic acid.
O O

HO OH DMF

GaCl, + P CAUMOF-11
180°C, 3 days

O~ OH
Figure 15: CAUMOF-11 synthesis from GaCls".

In a 20 mL vial, GaCls (0.358 g, 0.002 mol, 1 equiv) was dissolved in 5.0 mL DMF. (0.714 g,
0.003 mol, 2 equiv) of BTC in 5 mL DMF solution was then added slowly to the mixture. This
was done in duplicate and then incubated for 3 days at 180 °C. The crystalline product was
centrifuged followed by two DMF washes and then dried. A few crystals were crushed for PXRD.

2.2.2.2 GaCl3 + GaCls in DMF and THF

GaClz (0.088 g, 0.001 mmols, 1 equiv) was dissolved in 5ml DMF in a 20.0 mL vial and set up for
Raman for half an hour. 5.0 mL of GaCls (0.240 g, 0.001 mol, 1 equiv) solution DMF was then
added and run for 30 minutes before increasing temperature to 65 degrees. The experiment was
repeated with THF solvent and scans were collected.

2.2.2.3 GaClys in THF and DMF

GaCls (0.240 g, 0.001mol,) was weighed into a 20.0 mL vial and to it, 5.0 mL of THF was added
to dissolve into a colorless solution. The vial was sealed with Teflon lined cap and set up for
Raman at room temperature and 65 degrees heat for 1 hour each in the conditions. The same
experiment was repeated for DMF and Raman's scans collected.

2.2.3 Et4N*CI" in DMF
Et4sN'CI" (0.800 g, 0.005 mol) was dissolved in 5.0 mL DMF and set up for Raman at room
temperature and at 65 °C for one hour exposure. The data obtained were analyzed in MATLAB.

2.2.3.1 GaClz + EtaN*CI" in DMF
0.232 g of GaCl3 (0.230 g, 0.001 mmols, 1 equiv) were dissolved in 5.0 mL DMF in a 20.0 mL
vial. EuN"CI (0.440 g, 0.003 mol, 2 equiv) were added to the solution. The vial was heated at

100 °C and reaction monitored for 24 hours in Raman. The collected data was analyzed in
MATLAB.
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2.3 Computations; Ionization and solvation of GaCls and Ga(NOs3)3 in organic solvents
(DMF, Acetone, dioxane, THF, NMP)

The energy of solvation was calculated for GaCl; and Ga(NOs3)s in the different organic solvents
as mono-solvents built-in Spartan followed by geometry optimization in Q-Chem. Enthalpy
calculations were then done for comparison across the different solvents and with in situ Raman
findings.

2.3.1 in situ Raman analysis for CAUMOF-11 from GaClz and CAUMOF-11 from Ga(NO3)3
synthesis.

MOF synthesis mixture for the two was prepared as in 2.2.1.2 i) above and the reaction was set up
in Raman at 120 °C for 5 days. Scans were taken, 10 accumulations each two exposures with 15
minutes intervals for 5 days. 474 time points were collected and analyzed in MATLAB.

2.3.2 Solvation of GaCls in (DMF, Acetone, dioxane, tetrahydrofuran (THF), n-
methylpyrolidone (NMP) and toluene (mono and mixed solvents).

GaClz (0.880 g, 1.0 mmol) was dissolved completely in 5 mL organic solvents and set up in the
sand bath for analysis in the Raman oven (dark box). A lower concentration of GaCl; (0.880 g, 0.1
mmol) was used for THF solvent due to fluorescence at higher concentrations. They were run for
1 hour each at room temperature and 65 °C with 2 minutes scan intervals, 2-second exposure, and
10 accumulations. The data was then an analyzed in Matlab.

Note: Mixed solvent systems were in a ratio of 1:1. (DMF:THF, THF:Toluene, NMP:DMF,
Dioxane:Toluene).

2.3.2.1 Solid state Raman

0.100 g solids from CAUMOF-11, Ga(NO3); GaCls, GaCls, EuN'CI, were separately crushed to
a fine powder and placed in aluminum lined vial caps. Single scans were taken with the sample
under the Raman probe, followed by data analyzed in MATLAB.
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CHAPTER III: RESULTS AND DISCUSSION

As mentioned previously, there are very few Ga-MOFs described in literature with a single anionic
MOF. Our starting point was to synthesize CAUMOF-11 and CAU-51 under the original synthesis
conditions and later alter the inputs; linker, metal source, single solvent and mixed solvent systems
to explore the parameters necessary for successful synthesis, while monitoring the reaction
progress in situ. From this information, our goal was to develop a synthesis of new MOF material
while building our understanding of Ga-MOF synthesis with a focus on determining the structure
of solution-phase inorganic Ga-starting materials.

Solvents play an important role in solvothermal syntheses and their dielectric constant determine
the solvation of starting materials to enable progression of reaction and subsequent formation and
isolation of product. The higher the solubility of the reactants the better the MOF outcomes.
Coordination of solvent to the metal center also facilitates for possible transformations for example
ionization in the reaction progression.

Reproducing the known Ga-MOFs under the original synthesis conditions, described by Stock and
Lee, provided the starting materials for this work. The products were subsequently reproduced
while observing the process in situ and outcomes were analyzed using PXRD and solid-state
Raman. In situ Raman solvation of the starting material was also monitored to determine the
starting point in Ga-MOF synthesis.

3.1 Gallium MOFs (CAU-51 and CAUMOF-11)

Using the previously described procedure by Stock and co-workers,!* with GaCls in place of
Ga(NOs)s, CAU-51 was synthesized by Joseph Strozier more than seven years ago in the Genna
lab. We reproduced the MOF following the Strozier’s procedure. Quality MOF crystals were
derived from reactions involving half equivalents of linker as starting material. The synthesized
product matched the calculated powder pattern for Ga-CAU-51 plotted in a diffractogram. Ga-
CAU-51 is characterized by presence of 4 major PXRD reflections at 2 ©=9, 11,13 &16, Figure
16.

=
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2 | Ga-CAU-51
= 100 |
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50 | II I
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Figure 16: PXRD diffractogram of synthesized Ga-CAU-51 and calculated CAU-51 PXRD
pattern.
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Under similar conditions for synthesis, as described by Lee and coworkers, replacing Ga(NO3)3
and PrN*CI" with GaCls and EtuN*CI respectively, resulted in the CAUMOF-11. CAUMOF-11
crystals are circular with an average width of 0.8 mm. To obtain the X-ray powder pattern, the
crystals were crushed to fine powder and the derived diffractogram was characterized by five major
reflections at 20 =11°,16°, 18°,20° and 21°and matched the calculated powder pattern for the
calculated MOF, Figure 17.
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Figure 17: PXRD diffractogram for synthesized CAUMOF-11 and calculated CAUMOF-11
PXRD pattern.

Since the two metal sources were interchangeable for the synthesis of CAU-51 and CAUMOF-11,
we made a hypothesis that they must be chemically evolving into a common intermediate to result
in a similar product. Using CAUMOF-11, we monitored the synthesis over a period of five days
to identify significant chemical changes taking place in the reaction as it progressed to form
product. This was done in separate reactions involving either Ga(NOs3); or GaCls as the metal
source, under same reaction conditions.
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Figure 18: Contour and waterfall graphs for CAUMOF-11. A; from GaCls. B; from Ga(NO3)s.
Unconsumed peak at 345 cm™'.
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The in situ Raman for CAUMOF-11 synthesized from Ga(NO3); in the presence of EtaN'Cl",
showed a peak at 345 cm! similar to the synthesis with GaCls (Figure 18). Although the peak in
the Ga(NOs3); reaction is not as prominent as the peak in GaCls reaction, which we assume
represents the same intermediate, the product endpoint is achieved.

By virtue of a nitrate and a chloride resulting in the same MOF product under the same conditions,
insinuates that they evolve into common intermediates within the MOF synthesis to result in CAU-
51 and CAUMOF-11. Ga(NO3); is believed to easily take up a free chloride available in solution,
as provided by EtaN"Cl"/ PrsN'CI', to form GaCls™ (Figure 19). This is a feasible reaction favored
forward by its’ exothermic nature.

Ga(NO3)3 4CT > GaC14-

AH=-25.4 kcal/mol

(NO3);3
Figure 19: Formation of GaCls in MOF synthesis reactions involving Ga**.

Having confirmed that the synthesis conditions and materials available could lead to the production
of our MOFs of interest, we set out to experiment on possible outcomes of different inputs on the
MOF synthesis. Different linkers have unique geometry largely influenced by their topicity,
composition and size that play a role in the MOF type, structure and chemical composition. The
original linker in CAU-51 synthesis is H; TDC and attempts with terephthalic acid linker in similar
conditions, yielded MIL-68, both of which are neutral infinite chain MOFs, Figure 20. MIL-68 is
a MOF that has been synthesized with a number of metals, including Fe, Al, V, In and Ga.

20



Calc.MIL-68

Synthesized MOF

Intensity (a.u)
L95]
]
]

0 5 10 15 20 25 30 35 40
2 Theta (degrees)

Figure 20: PXRD diffractogram of the synthesized MOF matching the calculated MIL-68
pattern.

DMEF is the most commonly used solvent in MOF synthesis. Besides solubilizing reagents, some
solvents like DMF also provides charge balancing cations to the reaction. In most cases, highly
polar solvents are preferred and there are hardly any studies in literature on the role of other
solvents like toluene and dioxane that are low in polarity index. Attempts to synthesize MOF with
a toluene:dioxane mixture in a 1:1 ratio in suitable reaction conditions resulted in crystalline
CAUMOF-11 product. Toluene is known not to coordinate metals due to its chemical structure.
Dioxane has a low dielectric constant hence low solubility of compounds. This shows that DMF
and other highly polar solvents aren’t necessary for making CAUMOF-11.

MOF synthesis attempts using H;TDC under CAUMOF-11 conditions yielded GaCls[EtsN] which
was isolated as pale-yellow pellets and the powder was analyzed using PXRD (Figure 21). For the
first time in our synthesis explorations, we isolated a non-MOF material that we were able to
characterize. We hypothesized that it is an important intermediate or perhaps a side product whose
role in MOF synthesis we are yet to determine. It has been reported in the literature that [GaCls]
in solution can exist as an un-solvated anion or di-solvated anion and enthalpy calculations in
silico have shown that its occurrence in the MOF synthesis pathway is enthalpically feasible.*
Similarly, in situ, Raman solvation analysis in polar solvents has supported the presence of either
of the anions as indicated by the intense Raman bands at 345 cm™.
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Figure 21: Diffractogram for isolated GaCl4TEA by-product.

We decided to monitor the CAUMOF-11 synthesis using in sifu Raman in order to account for the
isolated product. This reaction was monitored over a period of five days, two days longer than the
established period, due to the changes in the CAUMOF-11 synthesis conditions (temperature and
pressure) to suit the provisions of the Raman. Analysis of the data showed a band at 345 cm™! that
forms immediately after the reaction is started. Two other bands appear: one at 1035 cm™, forms
as the reaction progresses and 1039 cm™! that forms some hours into the reaction but starts to be
consumed at more than 30 hours as the reaction progresses, Figure 22 A and B.
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Figure 22: Contour plots for in situ CAUMOF-11 synthesis. A) 347 cm™. B) 1039 cm™! peaks.

Integration of two bands 345 cm™ and 1035 cm! gives more insight to what is taking place. Figure
23, shows a decline in a phase, blue curve, as another phase increases, orange curve, with time
during the CAUMOF-11 synthesis. We made a hypothesis that the declining phases represent
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possible intermediates in CAUMOF-11 synthesis that get consumed in the reaction as the
crystalline product material is accumulated over time, rising phase. Solid-state Raman and PXRD
confirmed the identity of the product which matched the CAUMOF-11 and has a peak represented
by a small hump at 1035 cm™!, Figure 24. The declining phase represented by the Raman band at
1039 cm™! requires further characterization.
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Figure 23: Integrated conspicuous phases of CAUMOF-11.
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Figure 24: Solid-state Raman for CAUMOF-11.

Identity for the peaks that stood out in the in sitfu Raman analysis remains to be affirmed. We know,
from other MOFs that have been studied, that several intermediates are involved in the synthesis
of crystalline material, whereby some are almost identical thus difficult to differentiate without
isolating them synthetically for characterization. We decided to do an exemplary roadmap for a
Ga-MOF synthesis to gain insight on the transformations taking place in the synthesis. Starting
from GaCl3(DMF), we ended up forming a known tetrahedral node for anionic Ga-MOFs,
[Ga(COOH)4], through two downhill pathways illustrated in Figure 25. Figure 26 energy graph
expounds on the clear nature of reactions.
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The roadmap was developed from the enthalpy calculations of the GaCls reaction with formate
groups as optimized in Q-chem. The intermediates shown are a result of the addition of formate
(HCOO) at the expense of chloride as would be the case in Ga-MOF synthesis using the
terephthalic acid linker. Represented are the two different pathways; in red and black as described
by the first intermediate formed and the enthalpic favorability. The intermediates have a stable
tetrahedral structure, for the neutral and monanionic (common) pathway, and an octahedral
geometry for the dianionic pathway. Formed at the end of the pathways is a common intermediate
that is a known node for anionic Ga-MOFs, tetrahedral [Ga(COOH)4]".

One pathway (red) involves the formation of GaCls as the first intermediate from solvated
monomer, GaCl;.DMF, and the ionizing atom being a free chloride as per the reaction below. The
energy involved insinuates an uphill reaction involving a loss of DMF ligand. The other pathway,
represented in black, starts off with a down-hill step to form the first common intermediate of the
two pathways.

CI
GaCly.DMF P GaCl,7 + DMF

Figure 27: Ionization of GaCls as calculated in the roadmap.

The uphill ionization may or may not be the ideal situation happening since we based our GaCly
formation on the monomer, yet GaCls is available commercially as a dimer molecule GaxCls,
Figure 28. It can dissociate in solution to form its monomer state and that’s where we based our
calculations and analyses. More studies towards the understanding of the dimer at the starting point
are recommended, otherwise the two pathways on the roadmap are both feasible in anionic MOF
synthesis.

Figure 28: GaClz dimer.
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Previously, in the attempt to synthesize MOF, GaCI4TEA was isolated, and we hypothesized it to
be an intermediate/side product that occurs at some point in the reaction but whose role was yet to
be determined. The road map also supported its formation. We decided to run experiments on
GaCl4TEA to learn more about its role in anionic MOFs synthesis. Schmulbach and co-workers’
procedure enabled fast and high yield, 87%, production of this starting material.** In situ solvation
analyses and MOF synthesis attempt experiments with GaCl4TEA gave more insights on the earlier
findings.
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Figure 29: Diffractogram for synthesized GaCls. TEA using the Schmulbach’s method.

According to Schmulbach, GaCI4sTEA has a solid-state IR vibration peak at 372 cm™'. We made a
hypothesis that solvation and MOF synthesis attempts with GaCl4TEA will give us the true identity
of the nature of the isolated Ga-intermediate and its role in MOF synthesis. The 345 cm™ Raman
band was found to be present in the solvation of synthesized GaCI4TEA analyses in situ in each of
the organic solvents; DMF, NMP and THF, Figure 30.
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Figure 30: A, GaC4TEA in DMF. B, GaCls THF. C, GaCls in NMP and D, EtsN*CI" in DMF.

In DMF, the GaCls™ forms two Raman bands at 345 cm™ and 410 cm™'. NMP has a high dielectric
constant similar to DMF but only a single band is formed. We expect that the molecule, upon
solvation in either of the solvents, to behave in a similar manner and so the reason for this
discrepancy is yet to be determined. THF gave a single Raman band at 345 cm™'. In situ Raman
for E4N"CI™ in DMF, both at room and elevated temperatures, confirmed the 410 cm-1 Raman
band as representative of the compound, Figure 31. Since the tetrachloride salt occurs as
GaCl4TEA upon synthesis, it was hypothesized that the tetraethyl ammonium is accounted for by
the second Raman band observed in DMF. However, the reason why the second band is not
occurring in the other organic solvents is yet to be determined. Perhaps solvation analysis of TEA
in other organic solvents will help unravel this.

GaCl4TEA reaction with trimesic acid in DMF produced CAUMOF-11 (Figure 31). This is
indicative of the important role it plays in its unsolvated form in anionic MOF synthesis. At this
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point, the 345 cm™ can confidently said to represent unsolvated GaCls". There are cases where
vibrational frequencies of same compound observed under different spectroscopy machines gives
different peaks. The pioneering studies on GaCI4TEA synthesis and characterization gave an IR
peak at 372 cm™.*> Our Raman analysis of the same product, unsolvated GaCl4TEA gave a peak
at a different wave number and we attribute this to observing different vibrations that relate to Ga-
Cl bond. However, more clarification can be made on this with additional studies.

500
450

400

w
u
=]

synthesized MOF

w
=]
=]

= Calc. CAUMOF-11

INTENSITY (A.U)
o]
[¥y]
o

200

150

100

50

0 I . | W ll aa & o laa.a. .l R
0 5 10 15 20 25 30 35 40

2 THETA (DEGREES)

Figure 31: PXRD for CAUMOF-11 from GaCls + BTC.

3.2 Solvation analysis of starting material.

To further understand the starting point for MOF synthesis, we looked into solvation analysis of
starting materials as is the case in solvothermal synthesis. This is an important step in MOF
synthesis as it facilitates the ligand exchanges that enable the transition through the possible phases
that result in building units necessary for coordination into a material of good structural integrity.
When GaCls interacts with a solvent, it is likely to undergo solvation first with coordination of a
maximum of three solvent ligands which is enthalpically favored as shown in the energy bar
graphs, A, B and C in Figure 32. The AH was arrived at using DFT calculations post Q-chem
optimization.
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Figure 32: GaCls in organic solvents. A, mono-solvate, B di-solvate, C tri-solvate.

Tri-solvate, trigonal bipyramidal gallium chloride is enthalpically most favored but is unstable as
ionization occurs a lot more easily. We observed that dioxane disfavors the solvation of the two
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Ga®" metal sources and thus slows down the process of self-assembly.! DMF was found to be
highly in favor of the dissolution process, by the enthalpy calculations.

The ionization of GaCls to GaCly is a possibility that happens almost effortlessly in some solvents
like DMF while it is unlikely to occur in others. Enthalpically, ionization is most favored after the
coordination of three solvent ligands. The chemical change was analyzed further using DFT
calculations that gave enthalpy values that favored the formation of GaCls™ that takes two forms,
unsolvated or disolvate. Figure 33 A, B & C.
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The di-solvate anion with an octahedral structure, [GaCla(solv):]", is enthalpically most favored,
bar graph C. Figure 33. Un-solvated tetrahedral GaClys, bar graph B above, is formed via an
enthalpically favored reaction. Following the isolation of GaCls™ and the different analyses done
including attempts to reproduce it for MOF synthesis and outcomes involved, identifying the form
of the ionized Ga-intermediate remains to be a challenge because of the inconsistencies seen in the
characterization. They include its ability to synthesize a MOF with BTC but not with TDC attempts
despite setting suitable synthesis conditions. Additionally, the GaCI4TEA behaves differently upon
solvation in organic solvents by forming double bands in DMF and single band in NMP and THF,
hence a challenge assigning respective bands in in situ Raman solvation exercise. Table in Figure
34, outlines the enthalpy change as observed in ionization and solvation of GaCls.
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Figure 34: Enthalpy data for solvation and ionization of GaCl;. Numbers are in units of Kcal/mol.
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Solvation of Ga(NO3)3; on the other hand showed a similar trend where coordination with more
solvent ligands was favored enthalpically, Figure 35 A and B. Enthalpy change doubled with the
increase of solvent ligands to two. DMF showed the highest solubilization potential. However, the
shortcomings of studying this salt in computer simulations was the inability to converge some of
the bulky molecules. Additionally, the experimental analysis of Ga(NO3); presented a challenge
in due to insolubility at room temperatures in the selected organic solvents and at Raman sustained
temperatures.
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Figure 35: Enthalpy change in Ga(NO3)3 solvation.
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3.3 In situ Raman for GaCls in solution

A significant phase in the reaction for MOF synthesis translates into a high-intensity band on the
contour graphs built from in situ Raman data when compared to other regions as described
previously in the Ga-MOF synthesis examples. The Raman band at 345 cm™ was also present in
the solvation of GaCl4TEA but is yet to be assigned the form in which it presents.

From the simulation calculations, the most probable outcome from the dissolution of GaCls is
ionization. The resulting product GaCls can be assigned the peaks/ Raman bands formed from in
situ analysis as occurring in a solvated or unsolvated form observed consistently with the discussed
experiments. Solvothermal MOF synthesis can take place in single solvents or in mixed solvent
systems. Solvation analyses in (DMF, NMP, THF and dioxane) resulted in the Raman bands
shown in the contour graphs below. Figure 36.
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GaCl; dossolved readily in mixed solvent system and the Raman analysis showed an intense band
at the 345 cm™!, as similarly observed in past experiments. This further confirmed the hypothesis
of ionization preference of Ga®" in solution to form the tetrachloride form in line with the DFT
calculations and the matching peaks/ bands of GaCls™ solvation.

In single solvent systems, solvation of GaCls, a single Raman band at 345 cm™ was observed in
DMF and NMP. Recall that, in previous solvation of GaCl4sTEA in DMF, two bands were observed
in the contour graph at 345 cm™ and 410 cm™ whereas a single Raman band was formed in NMP.
this means a possibility of different chemical phases, probably a GaCls solvate and the unsolvated
GaCls occurring at the 345 cm™ peak that we are not able to differentiate at this point.
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Figure 37: Contour graphs showing 345 cm-1 peak for GaCl; in A. DMF and B. NMP single
solvent system.

On the other hand, solvation of GaCl; in dioxane and THF resulted in a Raman band at 365 cm™'.
Considering that, the salt completely goes into solution upon dissolving, called for further analysis
to identify the possible compound formed.
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Figure 38: Contour graphs for Raman band at 365 cm.
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Figure 39: A. GaCls in toluene and B. Solid-state Raman for GaCls.

GaCls in dioxane, THF and toluene showed a peak at 365 cm™. Due to the non-coordinating
chemical nature of toluene, the resulting bands are probable phase of GaCls in solution. However,
the solid-state Raman for GaCls which exists commercially as a dimer, shows no peak at 365 cm”
!'to match the phase represented in solution, hence we can assign it as unsolvated monomer GaCls
subject for further analysis.
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Figure 40:A. in situ and B. solid-state Raman analysis of GaCls + Et4N"CI°

The registered initial transformations of Ga** in MOF reaction includes formation of disolvated or
unsolvated GaCls". Monitoring this starting material with other additives like linker and modulator
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generated the contour graphs below. In the presence of a TDC linker and suitable synthesis
conditions, GaCls doesn’t form any MOF product and in situ Raman analysis of the reaction shows
that the starting material is not consumed over time. On the other hand, GaCls™ in the presence of
BTC resulted in CAUMOF-11 and the in situ Raman indicated that GaCls” was consumed over
time in the process as the intensity in the 345 cm™ peak declines.
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Figure 41: Contour plots for A) GaCls” + TDC in DMF, B) GaCls + BTC in DMF

To get a clear clarity on the differences between role of GaClz and GaCls” we designed experiments
where the compounds were added to solvent one at a time. When GaCls dissolved in THF is
monitored for half an hour before addition of GaCI4TEA, there are two peaks at 345 cm™ and 365
cm’! whose intensity is low. The initial peak intensity increases upon addition of the tetrachloride.
This shows that the 345 cm™ peak represents a form of GaCls that we are yet to establish besides
the unsolved GaCly™. Figure 42.

On the other hand, a similar stepwise analysis in DMF gives three Raman bands at 345 cm™!, 365
cm and 410 cm™. The unsolved GaCls” band appears immediately in a contour graph at the start
of the reaction. The Raman band representative of TEA also shows up at the start of the reaction
and can be attributed to the decomposition of DMF. Figure 42.
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Figure 42: Raman bands at 345 cm™ and 365 cm'with GaCls but shows up upon addition of GaCls”
in THF. The 345cm™ peak shows up, upon dissolving GaCls in DMF.
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CHAPTER IV: CONCLUSION

Synthesis of new anionic Ga-MOFs are still a challenge despite having computational proof that
thermodynamically, they should be able to form. Ideally, a node formed from the starting materials
is a template out of which MOFs grow with differently coordinating ligands to yield variety of
polymers. The possibility of this with Ga as the metal center is work in progress were there are
still a number of aspects that needs to be studied further with Ga. Firstly, a node for anionic MOFs
was arrived at after traversing several intermediates. Isolating the MOF intermediate GaCls™ and
evidently using it for MOF synthesis is also an affirmation that this is a step ahead in the
understanding how Ga-MOFs form. If more of the intermediates can be isolated and characterized,
there will be a realization of new anionic Ga-MOFs or a general understanding on the points of
manipulation.

From solvation analyses, we were able to verify that GaCls ionization is a feasible process and an
important step in anionic CAUMOF-11 synthesis whereby transformation into GaCls™ is necessary
and its unsolvated form can result in the MOF with right synthesis conditions. However, we cannot
overlook the inconsistencies in solvation characterization where in silico findings do not agree
with experimental results hence need for further studies.

It is interesting that low polarity solvents can provide medium for synthesis of MOFs as in the case
of CAUMOF-11 synthesis in toluene: dioxane. DMF has been the most preferred solvent for MOF
synthesis since the many roles it plays in MOF synthesis including providing ions for reaction
besides solubilization of starting materials. DMF behaves differently from the other solvents but
still the other solvents have something to offer in MOF synthesis. If their role is understood, will
provide alternative medium besides contributing to the library of information on MOF syntheses.

In situ Raman data brought into perspective the transformations taking place within a reaction. A
combination of computational calculations, synthesis and spectroscopy played a huge role in
identification, isolation and characterization of intermediates and products. In this case, GaClys
was predicted in the roadmap, feasibility of its formation was indicated by the DFT calculations,
in situ Raman picked up its presence in reaction mixture and synthetic product was confirmed
using solid-state Raman as well as PXRD. Essentially, the combination of both techniques build
confidence on the outcomes by providing meaningful information about inputs, intermediates,
reactions and end products.
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