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Abstract

Metal-organic frameworks (MOFs) are porous materials that have attracted substantial
attention due to their exciting features and applications. Synthesis of MOFs involves the self-
assembly of organic linkers and metal-containing inorganic nodes through coordination bonds.
Given the porous structure of MOFs, it is not surprising that the targeted design of different pore
architecture and functionality is of great importance. With that in mind, the pore can be designed
and controlled on the molecular level by judicious choice of linkers, nodes, and controlling
synthesis conditions.

MOFs with large pore sizes can provide porous materials with higher surface areas that are
of interest for several applications. For example, in heterogeneous catalysis, larger pores result in
faster mass transfer rates of the substrate and products. Moreover, tuning the pore size for larger
molecules can accommodate larger reactants inside the pore. In order to design a MOF with larger
pore size and surface area, researchers need to utilize larger linkers. However, extension of the
organic linker imparts challenges in the resultant MOF structure. The two most common concerns
when large linkers are used are robustness (i.e., stability) as well as the formation of interpenetrated
networks, which reduces the porosity of the MOF. To make large-pore MOFs that are stable (i.e.,
donot collapse upon removal of guest molecules from the pore) and non-interpenetrated structures,
thereby providing as much pore volume as possible, one approach is to use linkers that are both
large and rigid. These large and rigid linkers have very few degrees of conformation freedom that
should result in a more stable structure and are sufficiently bulky to prevent interpenetration. When
combined with an inorganic node of high connectivity, the linker can result in a stable framework.

One of the options is shape-persistent macrocycle scaffolds (e.g., m-phenylene ethynylene



macrocycle (PEM)). Another set of rigid and bulky linkers are phthalocyanines (Pc). The aim of
this thesis was to synthesize PEM and Pc linkers and explore MOF synthesis with these linkers.

PEM is a shape-persistent macrocyclic compound that we were interested in as a linker
scaffold due to its rigid structure and large size. | embarked on the synthesis of a tetratopic
carboxylate-based PEM through Sonogashira coupling reaction and a final cyclization that is
discussed in Chapter 2. The PEM was synthesized with an overall yield of 6%, which is
comparable to previously reported compounds; however, our method involves less steps and can
be achieved faster.

Pcs are aromatic macrocyclic compounds that have structural similarities to porphyrins.
What makes Pcs and porphyrins so attractive is that the central ring of these compounds is highly
conjugated, bulky, rigid, and many metal ions can be coordinated in the central cavity of these
molecule. Assuch, these linkers are attractive choices for the development of large-pore and robust
MOFs for various applications. Porphyrins have received a great deal of attention in MOF
chemistry with many different types of porphyrinic linkers synthesized and applied in MOF
synthesis. Pcs, on the other hand, have rarely been reported in the MOF field and the existing
examples to date are limited to MOFs with a limited number of structures and applications. As
such, we opted for the introductions of a new family of Pc linkers. In Chapter 3, | will discuss the
synthesis of tetraimidazophthalocyanine linkers that can be used in MOF synthesis. In this thesis,
I demonstrate that the strategy for the tunable synthesis of tetraimidazophthalocyaniens through
the tetracyclization of imidazophthalonitrile derivatives can make both carboxylate-based and
imidazolate-based linkers. Also, the synthesis is flexible to make Pc linkers with other coordination
groups. These new linkers provide an opportunity for the synthesis of new PcCMOFs, which are

lacking in the field.



Finally in Chapter 4, | demonstrate the synthesis of PCMOF using the carboxylate-based
tetraimidazophthalocyanie linker with zirconium containing nodes. As such, | explored the
synthesis of PCMOFs under various condition. The aim was to explore the reaction space
associated with this linker to determine if, and how, these MOFs can be formed. These conditions
include temperature; different ligands and node precursors, concentrations, and ratios; reaction
time; use of different modulators and the modulator concentrations; use of varying concentrations
of hydrochloric acid as additive; different solvents and solvents mixture; and sonication of the
reaction mixture. Powder X-ray diffraction (PXRD) and N2 gas adsorption of the synthesized
samples were evaluated as our metric forthe quality of the material. Assuch, the highest Brunauer-
Emmett-Teller (BET) surface area for PcMOF was 1220 m2/g. Pore size distribution (PSD) and
PXRD show that the synthesized materials that were obtained under different reaction conditions
share similar features in terms of pore size and diffraction pattern. This finding suggests that when
a porous material was obtained, the synthesis produced the same material although they have
different surface areas. Therefore, the synthesized material needs a better activation method and

more efficient removal of the starting materials from the pores.
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1 Introduction

1.1 Porous materials

Porous materials contain void space that is not occupied by the molecules making up the material.!
These materials, which are characterized by their porosity, are a class of solid-state materials that
play an important role in our lives such as in gas storage,? filtration,® and catalysis.* Therefore, the
study and the development of porous materials is an important area of research among materials

scientists and chemists.

(a) (b)

Figure 1.1 (a) Two-dimensional illustration of a zeolite framework. M"* shows the counter ion of the
framework. (b) Three-dimensional representation of a zeolite. Siand Al atomsare in yellow, oxygenis in
red. Light yellow spheres show the pores created by the cages. Figures reprinted with permission from

reference 5, Copyright (2006) Elsevier and reference 6, Copyright (2018) Royal Society of Chemistry.

One of the most popular and frequently used porous materials are zeolites. Zeolites are
naturally occurring materials that can be viewed as purely inorganic coordination polymers.> As

shown in Figure 1.1 zeolites are a class of crystalline aluminosilicates that contain group I or Il



elements (Na, K, Mg, Ca) as charge compensating cations.” 8 The framework of the zeolite is
formed via AlO4% and SiO4* units. The units are connected to each other via bridging oxygen
groups (i.e., one of the oxygen atoms in AlO4°" is the same oxygen in the SiO4* unit). As shown
in Figure 1.1, this connectivity continues in 3-D to form a crystalline framework that contains
cavities that are accessible from the external portion of the crystal (i.e., pores). The frameworks
are often negatively charged and are thus charge compensated by the cations. Due to their porosity
and their mechanical and thermal stability, zeolites have found numerous applications such as in
petroleum refining, catalysis, ion exchange, molecular adsorption, and gas separation.® Since the
first synthesis of zeolites reported by Barrer in 1948,10 a wide range of structures have been
synthesized.1 12 Furthermore, several methods have been developed for their functionalization.1®
16 However, the challenge with zeolites is that their synthesis is a practice of trial and error, and
their atomic composition and functionality are limited. Moreover, zeolites have limited surface
areas, that range from 400 to 600 m2/g, and small pore sizes, mostly smaller than 1 nm,1” which
restricts their applications to molecules with kinetic diameters larger than 1 nm. Considering these
limitations of zeolites, researchers have been focused on finding alternative methods of making
porous materials.

Looking at the structure of a zeolite (Figure 1.1), the oxygen atom can be considered as a
bridging unit. The bridging unit bridges silicon and aluminum to one another to form the overall
3-D structure. If we could extend the size of the bridging unit, this would lead to a structure with
larger pores. If the length of the bridging unit can be tuned, then that offers the versatility to tune
the size of the pore to any applications. Secondly, if we could design this new linker in a way that
would enable researchers to also incorporate functional groups that would decorate the pores, then

we would have a way to tailor the pores towards specific applications. Lastly, if we could select



the atom or group of atoms that was responsible for the attachment to the Al or Si, then we would
have a truly versatile bridging group. The new linker would be versatile enough that we could
explore other cations such as d-block metals in order to study how the coordination chemistry of
these metals affects the pore properties of the material. Compared with zeolites, the synthesis of
this newly designed material would be more flexible in terms of choices for the atomic
composition, functionality, and architecture. This concept opens the realm of coordination
polymers, and especially the theme of this thesis, metal-organic frameworks (MOFs).

1.2 Metal Organic Frameworks (MOFs)

(b)
S

(a)

Figure 1.2 Some secondary building units (SBUs) observed in MOFs. (a) to (d) Zre clusters with different
connectivity. Depending on the ligand connectivity requirement and reaction conditions, this SBU can (a)
12-connected (b) 10-connected (c) 8-connected, and (d) 6-connected. (e) Zn,O cluster. (f) paddlewheel
cluster observed with Zn?* or Cu?* as metal. (g) chain-like SBU and (h) trinuclear SBU observed with M®*
metals. Atoms are color coded as Carbon: black, Oxygen: red, Metal: blue. Hydrogen atoms are omitted
for clarity. Figures reprinted with permission from reference 18, Copyright (2016) Royal Society of
Chemistry, reference 19, Copyright (2014) Royal Society of Chemistry, and reference 20, Copyright

(2014) American Chemical Society.



In the last two decades a new class of porous materials known as MOFs have emerged and
the scientific community witnessed an explosion of publications on the topic.?! MOFs are
composed of two parts, inorganic and organic. As shown in Figure 1.2, the metal component of
the MOF, also known as the node or a secondary building unit (SBU) can contain an isolated metal
centre (not shown), a dimer (Figure 1.2f), a trimer (Figure 1.2h), atetramer of metal nodes (Figure
1.2e), a cluster of metal cations that contain oxo/hydroxo bridges (Figure 1.2a-d) or even chains
of metal nodes (Figure 1.2g).22 These metal nodes are linked to one another via polytopic organic
bridging ligands (Figure 1.4). For example, MOF-5 (Figure 1.3a) is formed via the reaction
between zinc nitrate and 1,4-benzenedicaroboxylic acid (also known as terephthalic acid;
H2BDC).28 While zinc nitrate is used in the synthesis, the node of MOF-5 contains a ZnsO°®* unit
(Figure 1.2e and Figure 1.3b) that can connect to six BDC? ligands to make a cubic framework.

(a)

O/ (0]

O0— Zn Zn-0
%_A,O Jﬁ \.Ck

’Zn—

Figure 1.3 Synthesis of MOF-5 from zinc ions and benzenedicarboxylic acid. (b) Structure of the SBU in

MOF-5.

The central theme of the linker is, as described above, a stable core that contains two or
more locations (Lewis-base sites) for metal ions to coordinate and promote metal-metal bridging

rather than metal chelation (e.g., 4,4’-bipyridine vs. 2,2'-bipyridine). Figure 1.4a shows some

4



important features of an organic linker. Organic ligands that are used for the construction of MOFs
can include carboxylates, phosphonates, sulfonates, and N-donor heterocyclic compounds such as
azolates, imidazolates, and pyridyl (Figure 1.4).24 Although employing organic ligands with single
N-donor groups on each side such as 4,4'-bipyridine and appropriate metal ions can lead to the
creation of open frameworks, in most cases, the framework collapses upon evacuating or
exchanging the guests filling inside the pores (which is a required process in MOFs activation). In
contrast, multidentate ligands such as carboxylates, make it possible to form more stable
frameworks, because of their ability to form rigid SBUs instead of connecting to single metal ions.
Besides, organic ligands can have a variety of geometries such as trigonal planar, and square planar
which can have different connectivity to the node.?> These ligands often range from ditopic,
tritopic, to tetratopic (Figure 1.4 b, ¢, and d). These can affect the size and shape of the pore. The
addition of non-node coordinating functional groups on the organic linker can have an important
effect on the properties and applications of MOF .26 These functional groups decorate the pore and
thus play a critical role in modifying the properties between the host and guest. This approach has
been used in a multitude of applications such as in CH4/CO> separation,?” and mercury sorption in
water treatment.28 In addition to introducing ligand functional groups, the length of the organic
linkers can be extended to make larger linkers such as 4,4'-biphenyldicarboxylic acid (H2.BPDC)
and 4,4"'-terphenyldicarboxylic acid (H2TPDC).%° These longer linkers allow the chemist to study
how an increased pore size changes the observed property. From just these two variables (i.e.,
changing the length of the linker and the linkers functional group) a vast range of structure-
property relationships can be examined; therefore, an endless number of linkers can be designed

for use in MOF synthesis.



(a)

/ = central core
X X X = coordinaing group
Y = functional group
(b)
0 OH o) :(NHZOH 0 oMy
HO C so HO 0 HOHO;:j OH
H,BDC
0 0O
/ O O
o) 0 0 0 0
Yoaala I Serat
HO OH  HO OH HO
H,BPDC H,TPDC H,BCPBD HoNDC

o OH

— 7P
N=\ N Nf>_©_<i’§‘ HogN_N~ O
§NH N _ \ ,N HNY \_NH HOP:O

OH H
O OH 0=P-OH NNI _N
. ~ NH
HO. OH QPJ@\P-OH
AxY N
/I
H;BTC HN-N

(d)
0 )
HO @ @ OH
®

HOOH

Figure 1.4 (a) Schematic representation of a linker used in MOF synthesis. The central core must
have more than one coordination cite that is shown as X, and the core may have functional groups that is
shown as Y. (b) to (d) select examples of linkers used in MOF synthesis. (b) ditopic linkers. (c) tritopic

linkers, and (d) tetratopic linkers.



For the inorganic component of MOFs, there is a wide variety of metal cations to choose.
As such, many of the metals in the periodic table can be used in MOF synthesis.2° Often, the metal
chosen for the work is related to the stability that it imparts on the resultant framework. The
weakest point in a MOF framework is usually the metal-ligand bond. For example, the ionic
character of the alkaline earth metals makes MOFs based on these metals more vulnerable to
hydrolysis. Inapplications where the presence of moisture is inevitable, for example in adsorption
of COz from the flue gas, using M-MOF-74 (M is the metal in the SBU, crystal structure of this
MOF is shown in Figure 1.5) Mg has been shown to be more humidity-sensitive than other
isostructural analogues.3® As such alkaline earth-based MOFs are less favorable in that sense. On
the other hand, trivalent and tetravalent metals have better chemical/hydrothermal stability
compared with MOFs made from other metals.3! For example, MOF-5 (Figure 1.3a) and UiO-66%
both use H2BDC as the linker, but the ZnsO%* SBU in MOF-5 is considerably more sensitive to
moisture than the ZrsO4(OH)41%* node in UiO-66.33 The first reason for this chemical stability is
that tri-and tetravalent metal ions are hard Lewis-acids due to their high charge and charge to size
ratio; the coordination bond between the hard Lewis-base carboxylate ligand and the hard Lewis-
acid metal ion is stronger. Additionally, the higher nuclearity SBUs is responsible for the higher
degree of chemical stability.18 It is for this reason that Zr**, Hf** and other high-charge metal-

based cluster nodes (Figure 1.2) are so prevalent in the literature today.
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Figure 1.5 a) Metal oxide SBU chain-like structure. Atoms are color codes as Carbon: grey, Oxygen: red,
and Metal: blue. (b) Some ligands used for the synthesis of M-MOF-74 series. (c) M-MOF-74 crystal
structure made by coordination of ligand to the metal oxide SBU. Adapted with permission from

reference 34, Copyright (2019) Elsevier.

Beside acting as connecting points in MOFs, SBUs can have other functions. For example,
open metal cites (vacant Lewis-acid sites) can act as interaction site for gas molecules in gas uptake
applications.2> These coordinatively unsaturated sites can be produced upon activation process of
the MOF, which is the removal of the solvent molecules from the MOF framework, or MOFs can
be engineered to form open metal sites during the synthesis. For example, M-MOF-74 (shown in
Figure 1.5) has abundant of open metal sites (one per metal). For M-MOF-74, different divalent

metals can be incorporated (M = Mg, Mn, Fe, Co, Ni, Zn). This has enabled researchers to study



the role of each metal on the gas adsorption properties. For CO2 adsorption applications, lighter
metals such as Mg cause Mg-MOF-74 to have a higher gravimetric uptake (CO2 per gram of
material). Gravimetric uptake is important when the weight of the material (i.e., in transportation
applications) is important. In addition to gas adsorption, MOFs with accessible open metal cites
have been used in catalytic applications3®.

What makes MOFs attractive for different applications is a combination of the high surface
areas that can be achieved as well as the tunable size and functionality that can be introduced to
the pore. This is important because these features make it possible to tailor MOFs for specific
applications. Furthermore, since the materials are traditionally crystalline, it is easy to determine
a structure-property relationship.

1.3 Designing of MOFs

One of the goals of MOF chemistry is to enable researchers to design the topology and pore
properties (shape, size, aperture, and functionality) by judiciously choosing the SBU, ligand, and
functional group that present into the pore. It is the combination of the geometry of the SBU as
well as that of the organic ligands that indicates the topology and pore structure of the framework
and ultimately the properties of the resultant MOFs. By strategically selecting ligands and SBUs,
MOFs with controlled pore functionality, shape, and size can be made. This approach introduced
by Yaghi and colleagues, which is known as "reticular synthesis”, allows for the synthesis of
various MOF structures through the modification of the ligand or SBUs.3” Once SBUs are formed
with fixed linking geometries, predesigned ligands assembly to the SBUs will result in the
construction of MOFs with ideally predicted structural topologies. In summary, the ultimate

framework topology is defined by the combined effect of the both likers and the SBUs.



1.3.1 Influence of SBU and ligand on the MOF topology

PCN-222
Figure 1.6 Schematic representation of selected examples showing construction of MOFs from some

SBUs and ligands. Crystal structure of representative MOFs are shown on the right side of each example.
Figures adapted with permission from references 19 and 18, Copyright (2014) and (2016) Royal Society
of Chemistry, reference 38, 39 and 40, Copyright (2015), (2012), and (2001) American Chemical Society,

reference 41, Copyright (2010) Taylor & Francis, and reference 42 Copyright (2012) Wiley.
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Different metal ions as well as different reaction conditions can produce SBUs of varied geometry
and connectivity.*® Therefore, change in SBU geometry, while the ligand is unchanged, leads to
different topologies. For example, MOF-5 is the product of the solvothermal reaction between zinc
nitrate and H.BDC. However, when at room temperature, a mixture of zinc nitrate and H2BDC in
N,N-dimethyl formamide (DMF):toluene mixture, which is exposed to slow vapor diffusion of
triethylamine (TEA), yields prism-shaped crystals of MOF-2 (Figure 1.6b).** The difference
between the topologies of these two MOFs originates from the square planar dizinc paddlewheel
that has four points of extension in MOF-2 as opposed to the octahedral SBUs that has six points
of extension in MOF-5. In MOF-5, as is shown in Figure 1.3b, four ZnZ*ions form a cluster around
an oxygen atom to form ZnsOS%* units. These four zinc atoms are bridged by six carboxylates to
form the SBU component of the MOF. This SBU is in the form of an octahedral-directing node
and the points of extension, that are the carbon atom of the carboxylate, lie on the corners of this
octahedron. Itis the combination of this octahedral-directing node and the linear BDC?- ligand that
construct the cubic framework of MOF-5. In principle, it would be possible to make such cubic
framework with any linear ditopic ligand and any SBU that the points of extension are on the edges
of an octahedral. Other examples presenting the effect of the change in SBU on MOF structure are
shown in Figure 1.6 d and e. Therefore, the geometry of SBU, that depends both on the nature of
the metal ion and the synthesis conditions, has an important effect on the topology of the MOF.
While SBUs are one method of changing thetopology of the MOF, ligands are traditionally
the method that is investigated first.1® This is because SBUs are generated in situ so that the
geometry and composition of the SBU are not always predictable. Hence, the geometry,
connectivity, and length of the organic ligand, which are at the synthetic control of the chemist,

are more wildly investigated in designing MOFs. Therefore, designing organic likers is critical to
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obtain MOFs with desired functions. For example, when using tritopic
1,3,5-benzenetricarboxylic acid (HsBTC) instead of H,BDC, HKUST-1%>whichis a 3-D MOF can
be formed with the node in Figure 1.6¢ (4-connected square planar dicopper paddlewheel); this
contrasts with H2BDC, which forms a 2-D MOF (MOF-2) with the same node. Thus, it is very
easy to see how new topologies can be investigated by simply changing the number of types of
connection groups on the ligand.

1.4 Mesoporous MOFs

The majority of MOFs made are microporous.® As categorized by International Union of Pure and
Applied Chemistry (IUPAC), micropores are pores that are less than 2 nm. MOFs with pores larger
than 2 nm are of interest to chemists.*® In applications such as catalysis and separation, mass
transfer through the micropores hinders the application of MOFs. Inadditionto these applications,
if larger pores MOFs could be made, then inclusion of enzymes or nanoparticles inside the pore of
these MOFs can enable new applications of catalyst-based MOFs. For these new applications,
rational design and synthesis of mesoporous MOFs (pore size 2-50 nm) are important. Extending
the MOF network can be achieved by choosing longer organic ligands. However, making MOFs
with large pore size and big enough apertures for the inclusion and passage of large molecules is
challenging. Attempts to extend the pore size by choosing larger ligands usually yield
interpenetrating structures, thereby largely reduces the size of the pores. In some other cases, using
extended ligands may cause the formation of fragile frameworks prone to collapse and
disintegration upon removal of solvent molecules.*¢ Since the first report of mesoporous
IRMOF-16, which was made utilizing H2TPDC,*” new mesoporous MOFs have been continuously
reported. There are various methods of making mesoporous MOFs, among which some of the

relevant examples selected and included here.
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IRMOF-1 (MOF-5) IRMOF-10 IRMOF-16

Figure 1.7 A series of isostructural MOFs made of Zn,0% SBU and extension of the linear ditopic ligand
BDC?. The spheres show the empty space of pores. Reprinted with permission from reference 48,

Copyright (2019) American Chemical Society.

Y@ @ oy

H3BTC H,BTB H,BTE H,BBC

Figure 1.8 Some tritopic linkers used in the synthesis of MOFs.

IRMOF-16 that was reported by Yaghi and co-workers in 2002 was the first 3-D
mesoporous MOF.#” This MOF was made by extending the ligand length of the prototype MOF-5
by employing H2TPDC instead of H2BDC (Figure 1.7). This breakthrough example proved that
reticular chemistry can be employed in the realm of fully ordered mesoporous MOFs. However,
no further information regarding the N2 adsorption of the IRMOF-16 was reported. As previously

mentioned, a common issue in designing large-pore MOFs by extending the ligand length is
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interpenetration. However, if linkers and nodesthat create non-interpenetrated topologies are used,
then this problem can be avoided.*® For example, the topology formed between tritopic linkers
such as H3BTC and the prototypical ZnsO%*" SBU cannot interpenetrate. With that in mind,
researchers have used longer tritopic linkers (Figure 1.8) to form non-interpenetrated MOFs.*
MOF-177, MOF-180, and MOF-200 (Figure 1.9) are examples of such isostructural frameworks
that are made of ZnsO%* as SBU and 4,4',4"-benzene-1,3,5-triyl-tribenzoate (BTB®), 4,4',4"-
[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate (BTEZ3-), and 4,4',4"-[benzene-1,3,5-triyl-
tris(benzene-4,1-diyl)]tribenozate (BBC?-)as ligand respectively. These MOFs are on the border
of mesoporous frameworks, with cage sizes as large as 18x28 A and Brunauer-Emmett-Teller
(BET) surface areas as high as 4530 m2/g.

To further pursue the goal of mesoporous MOFs, it has been shown that tritopic linkers can
be used in combination with ditopic linkers ina mixed ligand strategy to make non-interpenetrated
mesoporous MOFs with high surface area. For example, Yaghi and co-workers made MOF-210
(Figure 1.9) by linking Zns0O®%* SBUs with a mixture of BTE®- and BPDC?" as ligand.*® The largest
pore size in this MOF is 30x48 A. The highest record of specific surface area for a MOF to date
belongs to DUT-60 (Figure 1.9) with BET surface area of 7800 m2/g;>° this MOF contains ZnsO%*
SBUs linked via tritopic BBC3 ligand and the bridging ditopic ligand
1,4-bis-p-carboxylatephenylbuta-1,3-diene (BCPBD?#). The resultant MOF has two kinds of
mesopores with dimensions of 37x42 and 15x27 A. In MOF-210 and DUT-60 examples, the
ditopic ligands act as auxiliary ligands that cross-link between the large pores and prevent

interpenetration as well as the collapse of the framework upon activation.
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MOF-210

Figure 1.9 Crystal structure of some selected examples of MOFs made of Zn,0% SBU and triangular
tritopic ligands. The spheres show the empty space of pores. Figures reprinted with permission from
reference 19, Copyright (2014) Royal Society of Chemistry, reference 51, Copyright (2015) Wiley, and

reference 52, Copyright (2020) Nature.

Mesoporous MOFs with 1-D channels can be synthesized using rod-packing SBUs.53 An
example of a MOF with rod-packing SBU that forms 1-D channels is M-MOF-74 (Figure 1.5) and
its derivatives.>* M-MOF-74 is composed of dicationic metal centers linked to one another by
dihydroxy-BDC, which is deprotonated on the carboxylic acid as well as the hydroxyl units to
make the tetra-anionic 2,5-dioxido-1,4-benzene-dicarboxylate. It has been shown that by
increasing the length of the ligand, it is possible to make a series of isostructural non-

interpenetrating frameworks with pore sizes up to 98 A. As shown in Figure 1.5a, connecting
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points on the SBU are spaced so close from each other that coordinating organic ligands, which
are aligned perpendicular to the rod-packing SBU, form a tightly packed wall. The small space
between the parallel ligands is insufficient to allow another ligand to start a secondary framework.
This enables the formation of mesopores without the danger of forming interpenetrated

frameworks.

Figure 1.10 Crystal structure of NU-1000 made of 8-conneded Zr, SBUs and TBAPy* ligands. SBUs are
at the vertices and the ligands form the sides of the hexagons or trigons. Adapted with permission from

reference 55, Copyright (2013) American Chemical Society.
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There is a handful of MOFs with 1-D mesopores that are made using tetratopic ligands and
versatile connectivity of Zre clusters.1® Pyrene-based ligands are among the most explored ligands
in this field. NU-1000 is an iconic MOF with 1-D channels (31 A hexagonal mesopore channels
and 12 A trigonal micropore channels. Figure 1.10) and high surface area (2300 m?/g).5® This MOF
is composed of 8-connected Zres cluster (Figure 1.2c) and tetratopic ligand 1,3,6,8-tetrakis(p-
benzoate)pyrene (TBAPy#*) (Figure 1.11). As expected, larger pyrene-based ligands (Figure 1.11)
give MOFs isostructural with NU-1000 such as NU-1003, NU-1004, NU-1005, NU-1006, and

NU-1007 among which NU-1007 has the widest hexagonal channel of 67 A.56

o OH HQ o 0 0
2 O 2 O
vay, vae.
< O 2
© OH HO ° Q O
H,TBAPy on Hd

(NU-1000) (NU-1003)

O H,Py-PTP HO
(NU-1005) (NU-1006) (NU-1007)

Figure 1.11 Some tetratopic pyrene-based linkersused in the synthesis of Zr-based MOFs with1-D
channel hexagonal pores. Labels in parentheses show the MOF in which the associated linkeris used.
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Figure 1.12 Crystal structure of NU-1103 made of 12-conneded Zrs SBUs and Py-PTP* ligand. SBUs are

shown in green at the vertices and the ligands form the sides of the cube. Purple spheres show the smaller
pore, and the blue sphere shows the larger pore. Reprinted with permission from reference 57, Copyright

(2015) American Chemical Society.

Pyrene-based ligands can also be used for making MOFs with 3-D mesopore cages. The
versatile connectivity regimes of Zre cluster provides the opportunity of synthesis of different MOF
topologies with the same building blocks. For example, MOFs with a cubic structure (Figure 1.12)
can be made using tetratopic pyrene-based ligands (Figure 1.13) and 12-connected Zrs cluster
(Figure 1.2a). This isostructural series of MOFs (NU-110x series = NU-1106,°8 NU-1100,%° NU-
1101, and NU-1103°") have increasing larger pore sizes. Among these MOFs, NU-1103 that uses
4,4' 4" 4"-((pyrene-1,3,6,8-tetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne-2,1diyl))tetrabenzoic
acid (H4Py-PTP) as linker is mesoporous with two types of pores (Figure 1.12), the larger one is

22.7 A and the smaller one is 12.7 A.
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H4Py-PTP

(NU-1103)

Figure 1.13 Some tetratopic pyrene-based linkersused in the synthesis of Zr-based MOFs with 3-D cubic

cage pores. Labels in parentheses show the MOF in which the associated linker is used.

1.5 Rigid macrocyclic ligands for the synthesis of MOFs

Oy OH

PEM Porphyrin Phthalocyanine

Figure 1.14 Macrocyclic ligands used in MOF synthesis. Phthalocyanine, m-phenylene ethynylene

macrocycle (PEM), and porphyrin are selected examples representative of these families of ligands.

Macrocyclic ligands are bulky, therefore when used in MOF synthesis, these ligands can

potentially make MOFs with large pores without interpenetration. However, the macrocycle used
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for this purpose needs to be rigid as well for the MOF to have a robust structure. The rigid
macrocyclic ligands that have been used so far in MOF synthesis are m-phenylene ethynylene
macrocycle (PEM),80-61 porphyrins,®2 and phthalocyanines (Pc)®2 (Figure 1.14).

1.5.1 m-phenylene ethynylene macrocycle-containing MOFs

(a) (b)

Figure 1.15 Crystal structure of Zn-MCMOF. (a) Stack of PEM coordinated to the Zn; SBU. (b) 1-D
aperture in the structure with 20 A size. Atoms are color codes as Carbon: grey, Oxygen: red, and Zn:

blue. Reprinted with permission from reference 60, Copyright (2015) Royal Society of Chemistry.

Miljanic and co-workers synthesized and used PEM ligand for the first time in MOF synthesis.5%
61 This ligand is a shape-persistent molecule that has a cavity of 8.6 A. In their first report of using
this ligand in MOF synthesis, they made a mesoporous MOF, Zn-MCMOF, that is composed of
PEM as ligand and Zns cluster as SBU (Figure 1.15).50 In the structure of this MOF, every two
PEMs are [n-n] stacked with a distance of 3.64 A and the MOF has 3-D channels that are connected

to each other. The largest aperture of these channels is around 20 A. Although the expected surface
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area based on the crystal structure of this MOF is calculated 4203 m?/g, the experimental value is

only 518 m?/g that is attributed to the collapse of pores in the activation process.

(a) (b)

Figure 1.16 Crystal structure of Zr-MCMOF. (a) Stack of PEM coordinated to Zrs SBU. (b) 1-D channel
(in yellow) in the structure with 9 A aperture size. Atoms are color coded. Zr is shown as purple
polyhedral, Carbon: grey, and Oxygen: red. Reprinted with permission from reference 61 Copyright

(2017) Wiley.

In the second report by Miljanic and co-workers, using PEM as linker and 3-connected Zrs
cluster as SBU resulted 3-D framework microporous Zr-MCMOF (Figure 1.16) that has 1-D
channels with 9 A aperture and BET surface area of 317 m2/g.%1 In this MOF, it is the macrocycle
void size that acts as a predesigned pore and dictates the 1-D channel aperture size. Similar to Zn-
MCMOF, the ligands are [r-n] stacked with a distance of 3.45 A. this stacking force the Zrs cluster
to form layered structure. Interestingly, single crystal X-ray reveals that only one oxygen of each
carboxylate group is coordinated to the Zrse SBU; as a result, this MOF shows less chemical

stability compared with what is expected from a Zr-based MOF.
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1.5.2 Porphyrins as macrocyclic ligands

Porphyrins are a class of highly conjugated N-heterocyclic macrocycles that can be found in
nature. This can be in the form of the visible light active site molecules in chlorophyll that is
involved in photosynthesis, in the active units of other enzymatic systems such as in cytochromes
that perform oxidative reactions, vitamin B12 that is active in metabolism, or hemoglobin as oxygen
carrying entity.%2 Porphyrins are one of the attractive macrocyclic ligands forthe synthesis of large-
pore MOFs because of their bulky and rigid character, as well as the versatile functionality of the
porphyrin molecule.?* As such, there are many reports of porphyrinic MOFs, where porphyrin is
incorporated as a building block in MOF structure, with a wide range of applications such as in
photocatalysis, bio-mimetics catalysis, electrocatalysis, biomedicine, and sensing.62. 65 66
Considering catalytic applications of porphyrinic MOFs, when incorporated as ligand in the MOF
structure, the porphyrin molecules are isolated as discreet units. Thus, every single porphyrin
molecule would be ideally available as a catalyst site. The resultant MOF catalyst is a heterogenous
system with a higher efficiency compared with direct use of porphyrin where there is a high risk
of aggregation of porphyrin molecules. Additionally, the well-defined pores of the MOF can act
as a microreactor environment for the catalyst that potentially reducing side reactions. A further
advantage of the heterogeneous chemistry of MOFs is that the MOF can be easily separated and

recovered after the completion of the reaction.
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Figure 1.17 Selected examples of porphyrin-based linkers used in MOF synthesis.

Synthetic tunability of the porphyrin ligand is another aspect that makes this molecule

attractive to MOF chemists. As such, free-base and metallo-porphyrins with different topicity,
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donor groups, and geometries have been used for the synthesis of MOFs. Figure 1.17 includes
some of these porphyrin-based linkers, among which tetrakis(4-carboxyphenyl)porphyrin
(H4TCPP) is the most popular linker. Much like other MOFs, when neutral ligands such as pyridyl-
based porphyrins are used to coordinate to metal ions,®7-69 although the resulting framework can
have large channels, the MOF loses its crystallinity upon solvent removal. On the other hand,
carboxylate-based porphyrin ligands make stronger bonds and therefore more stable MOFs.
Achieving more robust frameworks is feasible by using hard Lewis-acid metal cations such as
AR Fe3* and Zr** when carboxylate-based porphyrins (hard Lewis-base) are used as ligand.®
Enhanced stability of the resultant coordinating bonds can lead to the development of water stable
porphyrinic MOFs suitable for use in catalysis applications such as in aqueous media with a wide

range of pH.

Lx

Figure 1.18 Crystal structure of AI-PMOF shown from two different directions. Grey octahedra represent

Al atoms. Reprinted with permission from reference 70, Copyright (2012) Wiley.

One of the first examples of a water stable porphyrinic MOFs is microporous AlI-PMOF
that is made of TCPP# and rod-packing infinite AI(OH)Oa4 chains (Figure 1.18) that has a BET

surface area of 1400 m?/g.”® This MOF is stable in water in pH upto 5and is used for visible light
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photocatalysis for hydrogen generation from water. Similarly, a series of MOFs named as
PCN-600 (M) (where M is the metal center of HsTCPP. M = Fe, Co, Ni, Cu) is formed when six-
connected Fes SBU clusters in trigonal prismatic geometry (Figure 1.2h) are connected to the
tetratopic TCPP#- ligand.2° These MOFs have BET surface areas up to 2350 m?/g and 1-D channels
with sizes of up to 31 A with hexagonal cross-section shape (Figure 1.19). Moreover, PCN-600

has good stability in a wide range of pH (1-12).
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Figure 1.19 Crystal structure of PCN-600. Red octahedra are Fe3* atoms of the trinuclear SBU. Blue:
nitrogen atoms of TCPP*, Grey: carbon. Reprinted with permission from reference 20, Copyright (2014)

American Chemical Society.

Compared with other hard Lewis-acid cations, Zr-based porphirinic MOFs gained more
attention because of their higher stability and the variety of Zr SBUs. As such, there are many
reports of Zr-based porphyrinic MOFs and their application in different fields such as
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photocatalysis, electrocatalysis, biomimetic catalysis, biomedical, and sensing.”* For example,
MOF-545 (also known as PCN-222 and is isostructural with NU-1000) is a mesoporous
porphyrinic MOF that is made of TCPP# and 8-connected Zrs cluster.*? This MOF has 1-D
hexagonal-shaped channels of 36 A diameter, as well as triangular 1-D micropore channels of 8 A
size and BET surface area of 2260 m?/g (Figure 1.20a). Without changing the linker, and by only
taking advantage of the various connectivity regimes of the Zr-based node, as well as the different
structures of these nodes, different MOF topologies can be synthesized. For example, when the
same inorganic and organic precursors (Zr** and TCPP#") for the synthesis of MOF-545 are used
under different reaction conditions, MOF-525 is formed.3® MOF-525 is isostructural with
NU-110x series and has a cubic structure (Figure 1.20b) with 3-D cage pores that are made of
12-connected Zrg cluster rather than 8-connected SBU (which is in MOF-545). The pore diameter
of MOF-525 is 20 A and its BET surface area is reported as 2620 m?/g. In MOF-545 the benzoates
of the linker are in an angle (54°) with respect to the core porphyrin ring (Figure 1.20c),*2 while in
MOF-525 the peripheral phenyl rings on porphyrin (benzoates) have to be in the plane of the
central porphyrin ring to fulfill the connection angle requirements between the carboxylate groups
and the 12-connected Zrs oxocluster (Figure 1.20d). However, the steric effect because of the
repulsion between hydrogens of the core porphyrin ring and hydrogens of phenyl forces the
peripheral phenyl ring to rotate, while rotation of the carboxylate group is not favorable regarding
the destruction of the aromaticity of the system.38.56 Therefore, the porphyrin ligands in MOF-525
are under torsion stress when the peripheral benzene rings are fixed in the plane of the porphyrin

ring.
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MOF-545 also known as MOF-525
PCN-222

HO OH OOH OOH
(0]

Figure 1.20 (a) Crystal structure of MOF-545 (PCN-222) (b) Crystal structure of MOF-525 (c)
and (d) H,TCPP conformation from two perspectives in MOF-545 and MOF-525 respectively.

Reprinted with permission from reference 39, Copyright (2012) American Chemical Society.
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Increasing the size of the porphyrin, by extending the length of the peripheral groups has
been proved to be a successful strategy for making non-interpenetrated mesoporous MOFs with
exceptionally high surface area.38 57 Besides, by extending the length of the peripheral groups of
the porphyrin, the inner peripheral phenyl rings can rotate to minimize the steric effect mentioned
above while the outermost benzoate can stay in the plane of the porphyrin core to fulfill the
connection angle requirement to the 12-connected Zrs SBU. This makes the porphyrin-based
ligands with longer peripheral groups to be incorporated in the MOF structure with less torsion
stress compared with H4TCPP. 3857 As such, all the reported carboxylate-based porphyrinic
Zr-based MOFs with extended ligand (these ligands are shown in Figure 1.21) are isostructural
and have cubic networks with 12-connected Zrs SBU (NU-1102 (CPM-99),5": 72 PCN-228,3
PCN-229,38 NU-1104,5" and PCN-230%). PCN-230 has the largest porphyrin ligand among all the
reported porphyrinic MOFs. This MOF has BET surface area of 4455 m?/g and cubic cage pore
with the size of 38 A and is reported stable in a wide range of pH (0-12), which is attributed to the
high connectivity of the 12-connected Zrs cluster. This is in contrast with PCN-222, which is made

of 8-connected Zrs and is reported to be only stable under acidic conditions.
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Figure 1.21 Porphyrin-based linkers with extended length used in the synthesis of porphyrinic MOFs.

Labels in parentheses show the MOF in which the associated linker is used.
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1.5.3 Phthalocyanines as macrocyclic ligands

(a

)
R R R
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Figure 1.22 (a) Structure of phthalocyanine showing the nitrogen atoms and phenyl rings compared with

(b) structure of porphyrin.

Phthalocyanines (Pcs) are conjugated macrocyclic molecules with some structural similarity to
porphyrins. However, phthalocyanines have differences with porphyrins and are not found in
natural systems.”> Compared with porphyrins, Pcs have four extra nitrogen atoms in the core
aromatic (porphyrin-like) ring and four arenes fused to the exterior of the core (Figure 1.22);
therefore, Pcs have higher thermal stability than porphyrins.”* Besides, Pcs absorb longer
wavelength radiation in the red region.” 76 Additionally, compared with porphyrins, the larger
conjugated system of Pcs causes stronger stacking that results in aggregation and reduces their
solubility that can limit their applications.”* Using Pcs as linkers in the synthesis of MOFs to make
Pc-based MOFs (PcMOF), similar to porphyrinc MOFs, is an approach to take advantage of the
chemistry of Pcs in amicro/nano reactor environment while preventing aggregation. Just like with
PEMs and porphyrins, the macrocyclic and rigid character of Pc makes this molecule an attractive

choice as ligand for the synthesis of large-pore MOFs.
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Figure 1.23 Phthalocyanine-based linkers used in the synthesis of PcMOFs.

Compared with the vast group of porphyrinic MOFs, there aren’t many examples of
PcMOFs reported. Additionally, the coordinating groups on these Pc ligands are limited to diamino
and catechol (in symmetrically substituted Pcs). With unsymmetrical ones, however, there are
three reports,’’-"® but no crystal structure is reported for these MOFs. Figure 1.23 shows all the Pc
ligands used in the synthesis of PCMOFs. A brief review of PCMOFs is discussed below. It is
noteworthy that reports in which Pc is not a building block of the MOF (encapsulated or partially

anchored examples) are not included. A list of all the reported PcCMOFs, with their corresponding

application is shown in Table 1.1.
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Table 1.1 Reported PcCMOFs.

Entry | Linker Node SSA® Pore Size Application Ref.
A)

1 CuPc-1 Cu 358 14 Cathode for Li-ion battery 80

2 NiPc-2 Ni 593 - Electrochemical OERP 81

3 CuPc-1 | Fe, Co, Nj, 412 (Co) 15 Electrochemical ORR® and cathode for | 82

Cu Zn-air battery

4 FePc-1 Fe 206 14 Superparamagnetic properties 83

5 CuPc-1 | Fe, Ni, Zn - - Cathode forNa-I» battery 84

6 NiPc-3 Ni, Cu 174 (Ni), 267 - Chemiresistive sensing of NO, NH3, 85

(Cu) andH2S
7 NiPc-1 Ni, Cu 101 (Ni), 284 - Chemiresistive sensing of NO, NH3, 85
(Cu) and H»>S

8 CuPc-1 Cu, Zn 378 (CuPc-1, 14 Electrochemical COz reduction 86
ZnPc-1 Zn2*SBU)

9 CuPc-2 Ni 659 15 Supercapacitorelectrode material 87

10 CoPc-2 Cu 349 (Co), 628 - Electrochemical COz reduction 88
NiPc-2 (Ni)

11 CoPc-1 Cu 582 (Co), 421 - Electrochemical COz reduction 88
NiPc-1 (Ni)

12 H2Pc-2 Cu 181 - Electrochemical CO; reduction 88

13 H2Pc-1 Cu 364 - Electrochemical CO; reduction 88

14 NiPc-1 Ni 180 12 Electrochemical CO; reduction 89

15 NiPc-2 Ni 172 17 Electrochemical CO; reduction 90

16 NiPc-2 Ni 543 - Electrochemical nitrite sensing 91

17 NiPc-2 Ni - 12.3 Chemiresistive sensing of water and 92
CuPc-2 VOCs¢

18 CoPc-1 Fe 1471 10.7,14.6 Electrochemical CO; reduction 93

19 FePc-4 Fe - - Electrochemical sensing of vanillin 79

20 CoPc-4 Zr - - Visible light photocatalytic oxidation 78
NiPc-4 of anthracene

21 ZnPc-5 Zr 1789 10.8 Visible light photocatalytic oxidation 77

of naphtholsto naphthoquinones

aspecific surfacearea

b oxygen evolution reaction
¢ oxygen reduction reaction

dvolatile organic compound

The first PcMOF was reported by Nagatomi et al. in 2018 where they used CuPc-1 as the

linker and Cu?* as the linking node (Figure 1.24).89 This MOF has a 2-D structure where the 2-D

layers are stacked through n-m interactions that form 1-D square channels. Because of the large

delocalized m-conjugated system of Pc, combined with the Pc electroactive nature of the bond

between catecholate and metal node, the formed 2-D MOF is electrically conductive. As such,

mixed with carbon black, this MOF can be used as active material for the cathode of Li-ion battery.

Inall of the reported PcMOFs when MPc-1, MPc-2, and MPc-3 are used as linkers (Figure 1.23),
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and the node is a single metal ion that can form square planar complexes with the linker, the
synthesized PcMOF has a 2-D structure similar to Figure 1.24.81-92 One of the most important
characteristics that makes this series of PCMOFs attractive is their conductivity; therefore, it is not
surprising that almost all the applications of these 2-D PcCMOFs (except for one report, see Entry

4 in Table 1.1) is investigated in electrochemical or electron conductive applications.

(a) (b)

X=0,NH

Figure 1.24 (a) Structure of PcMOF with M;Pc-1 or M;Pc-2 linker and M?*node. (b) PcMOF with NiPc-1
linker and Cu?*node showing stacked structure of the MOF. Reprinted with permission from reference 85,

Copyright (2019) American Chemical Society.

The first and only 3-D PcMOF, MOF-1992, that has a well-defined crystal structure was
reported by Yaghi and co-workers in 2019.%3 Linker in this MOF is CoPc-1 and the SBU is Fe3*
trimer Fe3(-C202-)s (OH2)2 that provides 6-connection points along its axis (Figure 1.25). Although
Pc ligands in this MOF are isolated from each other in a 3-D framework with no #n-w interaction,
both the catecholate-iron bondsand the Pc ligand have electron conductive properties; therefore,

MOF-1992 is the first electrically conductive 3-D MOF that has molecular catalyst in its structure
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(CoPcis known for its CO2 reduction catalytic activity). Asaresult, MOF-1992 mixed with carbon

black shows high electrocatalytic activity towards CO2 reduction to CO in aqueous solution.

Figure 1.25 Crystal structure of MOF-1992 made of CoPc-1 and Fe®* trimer. (a) Fe3(-C,0,-)s (OH,), SBU
(b) 3-D framework of MOF-1992 showing 3-D pores. Atoms are color coded. Fe is shown in blue,
Carbon: grey, Nitrogen: green, Co: orange, and Oxygen: red. Reprinted with permission from reference

93, Copyright (2019) American Chemical society.

The first report of using carboxylate-based Pc ligand in MOF synthesis was in 2020 by Yu
and co-workers.”® Mixed ligand strategy is used for the synthesis of this MOF in which CoPc-4 is
mixed with H3BTB and ZrCls to yield PCN-135(Co-TCPC). BTB? forms 2-D metal organic layers
(Figure 1.26a) by coordinating to hexagonal planar 6-connected Zre cluster (SBU is shown in
Figure 1.2d). These coordinatively unsaturated Zrg clusters in the mentioned 2-D layers are pillared
by CoPc-4 to make the PcMOF Figure 1.26b. However, there is no single crystal structure
characterization reported for this MOF. Considering the well-known photocatalytic activity of Pcs,
PCN-135(Co-TCPC) is used as heterogenous photocatalyst for the oxidation of anthracene under

visible light. In 2020, Peng et al. reported the use of FePc-4 as linker along with
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[FesO(OOCCH3)sOH]*2H20 as the meal source to make a PcMOF.7® Although no surface area
and MOF structure characterization except for scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images is reported, the synthesized PCMOF is used as a

porous electrocatalyst for the detection of vanillin.

(a) (b)

Figure 1.26 (a) Structure of 2-D metal organic layer showing BTB? coordinated to Zrs SBU. (b)
schematic illustration of PCN-135(Co-TCPC) showing 2-D metal organic layers pillared by CoPc-4.

Reprinted with permission from reference 78, Copyright (2020) Wiley.

The last report of using carboxylate-based Pc ligand in MOF synthesis is was 2020 by Wu
and co-workers where they used ZnPc-5 mixed with H2BPDC as linkers and ZrCls as the metal
source to make UiO-67-ZnPc.”” This MOF is formed by the partial replacement of BPDC? with
ZnPc-5 in the UiO-67 structure (Figure 1.27a). UiO-67 is a Zr-based MOF that is composed of
BPDC? ligand and 12-connected Zre SBU (Figure 1.27b). BPDC? and ZnPc-5 have different
coordination modes; therefore, it is likely that UiO-67-ZnPc has structural defects. However,
powder X-ray diffraction (PXRD) and SEM analysis indicate that UiO-67-ZnPc has the same
structure and morphology (octahedron microcrystals) as that of UiO-67. Although no crystal

information is reported to prove that ZnPc-5 is incorporated as a part of the MOF backbone, even
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distribution of elements in the UiO-67-ZnPc which is evidenced by energy dispersive X-ray
spectroscopy (EDX) analysis is used as a proof to show that ZnPc-5 is not trapped or aggregated
in the UiO-67. Finally, light-induced generation of singlet oxygen from ZnPc-5 ligand in the
UiO-67-ZnPc is used for the photocatalytic oxidation of naphthols under visible light and in the
presence of O2.

(a) (b)

Figure 1.27 (a) Crystal structure of UiO-67 showing BPDC? ligand coordinated to 12-connected Zrg.
Atoms are color coded as Zirconium: red, Oxygen: blue, Carbon: gray, and Hydrogen: white. (b)
Schematic illustration of UiO-67-ZnPc showing incorporation of ZnPc-5 in UiO-67 structure. Zirconium
is shown in blue. Reprinted with permission from reference 32, Copyright (2008) American Chemical

Society and reference 77, Copyright (2020) Elsevier.
1.6 Conclusion
The large variety of choices for inorganic and organic constituents, when further combined with
varying reaction conditions, lead to an extensive array of MOF structures to make. As new MOFs
with new structural and functional diversity are being discovered, many new applications for these

materials in different technologies such as gas storage, catalysis, and sensing are reported.
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Interestingly, the variable parameters in MOFs synthesis can be tuned not only towards
application, but also towardsunderstanding the structure-property relationship. This understanding
gives the chemist a high degree of insight regarding what structure factors are responsible for the
properties being studied. Therefore, engineering MOFs through a judicious design of the
framework structure, to gain structural and compositional control, is an important endeavor.

In this thesis we investigate the synthesis of macrocyclic rigid linkers that can be used for
the design and synthesis of mesoporous MOFs. Among the rigid macrocyclic linkers, PEM and Pc
are my interest. These linkers are poorly explored in comparison to other macrocyclic linkers such
as porphyrins. Furthermore, these linkers can be functionalized, and their size can be extended,
making them an ideal platform for new chemistry with these linkers. Therefore, with these new
linkers, there are opportunities to introduce numerous new MOFs and their associated applications

to the field.
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2 Synthesis of m-phenylene ethynylene macrocycle

2.1 Introduction

Figure 2.1 Hexamer m-phenylene ethynylene macrocycle.

As stated in Chapter 1, to make large-pore MOFs that have stable structure (i.e., does not collapse
upon removal of guest molecules from the pore) and non-interpenetrated structure, thereby
providing as much pore volume as possible, one approach is to use ligands that are both large and
rigid. Shape-persistent macrocycle scaffolds (e.g., PEM shown in Figure 2.1), provide such an
opportunity.6% 94 These molecules have very few degrees of conformation freedom that should
result in a more stable structure and are sufficiently large to prevent interpenetration. In Figure 2.1,
Rn can be a desired coordinating group that provides connectivity to the nodes. In addition to
having a rigid structure and large size, PEMs can be used to synthesize MOFs where we can
guarantee that there is an opening (pore aperture); this is because the cavity of the PEM is around
9 Ain size,%0.61 which is sufficient to allow most gases to enter the pores. Therefore, PEMs are an
interesting class of molecules to consider as ligands in MOFs. However, despite these interesting
characteristics, PEMSs have not been explored in the MOFs chemistry, except for two reports,50 61

there aren’t other reports of using such linkers in MOF synthesis.
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Synthesis of PEMs can be achieved through different methods. In the following sections
we have categorized these methods into three groups with a short literature review and examples
for each.

2.1.1 Single pot synthesis of macrocycle

Single pot method of forming a PEM can be accomplished in several ways. Generally, this process
requires intermolecular coupling that starts by forming oligomers and subsequently undergoes an
intramolecular ring closure. There are several methods that this reaction can be accomplished. For
example, as shown in Figure 2.2a, alkyne metathesis in which exchange of substituents occurs can
result in the desired product.®® 96 It has been shown that this reaction can result in as high as 77%
yield using a single monomer component.® Given the fact that this reaction is a single pot reaction,
and it provides the potential to form polymers rather than a macrocycle, 77% yield is considered
to be excellent. The challenge with this work is that only a single R group can be installed in the
periphery of the molecule. As such, derivatization is an all or nothing methodology.

To address the limitations of a single component one-pot reaction, chemists have explored
the ability to form these macrocycles using two different precursors.®”: 28 Although this method is
prone to the formation of a mixture of different products and oligomers, controlling the reaction
conditions can produce the desired product. For example, two monomer methods have been
attempted by Gleiter and co-workers®® by tuning the solubility of the precursors and controlling
the addition rate (5 mL/h) of a dilute solution (4 mM) of precursors to the catalyst mixture

(Pd(PPh3)4 and Cul) over several hours to produce the macrocycle in Figure 2.2b with 23% vyield.
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Figure 2.2 One-pot synthesis of PEMSs. (a) alkyne metathesis. (b) two-monomer approach.

2.1.2 Cyclization (double cross-coupling) between two precursors

In another approach to the synthesis of PEMs, first two halves of the macrocycle are synthesized
separately through intermolecular coupling, then the macrocycle is synthesized through coupling
reactions between the two halves that require two new bonds to form.?8-103 The precursors are
usually reacted in dilute solutions (1-10 mM) to decrease the chance of oligomer and polymer
formation. For example, Huang and co-workers synthesized the macrocycle shown in Figure 2.3a
with 32% yield by the reaction between 1 mM solutions of precursors at the presence of Pd2(dba)s
as catalyst and Cul as co-catalyst.1! Likewise, Yamasaki et al. synthesized the macrocycle in
Figure 2.3b by slow addition (0.054 mL/h) of a solution (10 mM) of precursor to the catalyst

(Pd(CH3CN)2Cl2) to make the macrocycle in Figure 2.3b with 24% yield.10?
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Figure 2.3 Synthesis of PEM with cyclization between two precursors. DEG = (CH,CH,0),CH,CHs.

2.1.3 Ring-closure of a single component

Another method for the synthesis of PEMs is the ring-closure of a pre-assembled precursor.104-106
This is accomplished by slow addition of a solution of the precursor to the catalyst. The precursor
is synthesized in a sequential approach by intermolecular coupling with the desired length and
functionality. Intramolecular ring closure is done thorough a Sonogashira cross-coupling reaction
that entails the formation of one new bond; therefore, compared with the other methods that was
discussed in the previous sections, ring-closure is achieved in good yield, however synthesis of the
precursor needs many steps. For example, Moore and co-workers synthesized the macrocycle in
Figure 2.4a where R = tert-butyl with 75% yield by slowly adding (2.5 mL/h) a 11 mM solution
of the precursor to the catalyst mixture (Pd(dba)2 and Cul).1% In this example, synthesis of the
precursor involves 10 steps with 51% total yield. Although these yields are acceptable for such
cyclization reactions, it seems like that this is not always the case. For example, Miljanic and co-
workers used a similar method to synthesize the macrocycle in Figure 2.4a where R = COOCEt3

with 21% yield.1% They used slow addition (0.5 mL/h) of a 25 mM solution of the precursor to the
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catalyst mixture (Pd(PPhs)s and Cul). In this example, synthesis of the precursor involves 13 steps
with 24% total yield to achieve the final product needed for cyclization.

Stepwise synthesis of the precursor makes it possible to synthesize a macrocycle with not
only the desired functional groups but also with the desired size. For example, Moore and co-
workers synthesized the macrocycle in Figure 2.4b with 70% yield by slow addition (2.5 mL/h) of
a 5 mM solution of the precursor to the catalyst mixture (Pd(dba)2 and Cul).1% In this example,
stepwise synthesis of the precursor involves 12 steps with 35% total yield to achieve the final

product needed for cyclization.

Figure 2.4 Ring-closure of a pre-assembled precursor for the synthesis of PEM.
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With the different methods identified for the synthesis of phenylene ethynylene
macrocycles, we turn our attention to the synthesis of macrocycle and the required precursors.
Here we aimed at hexamer PEM ligand (Figure 2.4a) where R = -COOH groups.

2.2 Results and discussion

2.2.1 Synthesis options for making the PEM ligand

Among the discussed methods in the previous sections, as options for the synthesis of PEM ligand,
alkyne metathesis is ruled out because we can't control the position of R group. The one-pot
method based on two monomers (Figure 2.5) is not an optimal approach either. Although the
synthesis is simple, it is prone to oligomerization and polymerization because it needs five

intermolecular couplings before the final intramolecular reaction to close the ring.

Os-OH

Figure 2.5 One-pot synthesis of PEM followed by hydrolysis to make the PEM ligand.

As an alternative approach (Figure 2.6), the precursor 5 can be synthesised in five steps.
Using this precursor, synthesis of the macrocycle needs two inter- and one intra-molecular
coupling reaction. Although still simple with seven steps in total and lower risk of side product
and polymerization compared with the one-pot option in Figure 2.5, there is still risk of

polymerization with this method.
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Figure 2.6 Stepwise synthesis of precursors for the synthesis of PEM ligand.

Asdiscussed in the introduction section, ring-closure of a single component is a potentially
viable approach for the synthesis of PEMs with good yield. It is clear from Figure 2.7 that making
the macrocycle needs only one intra-molecular coupling; therefore, there is a lower risk of side
products formation and polymerization compared with the previous options. However, starting
from compound 2-4 (in Figure 2.8) but using a similar procedure reported by Miljanic and co-

workers, it requires 12 steps to make the ligand.

Figure 2.7 Ring-closure of a single component for the synthesis of PEM ligand.

The final option is cyclization between two precursors. As is shown in Figure 2.8, this

method needs seven steps to make the PEM ligand; therefore, this option is comparable with the
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method in Figure 2.6, but with lower risk of polymerization because it needs formation of two new

bonds, one inter- and one intra-molecular coupling to close the cycle.

O8O0

Figure 2.8 Synthesis of precursors and cyclization between two precursors (2-3 and 2-6) for the synthesis

of PEM ligand (2-7).

Comparing these options, we chose the cyclization between two precursors
(Figure 2.8) to place three carboxylic acid groups in a symmetrical fashion on the macrocycle
(compound 2-7). This method for the ligand synthesis is shorter than other options (seven steps,
can be done in five pots) and theoretically the cyclization can be donewith relatively lower chance
of side-products formation while the synthesis done by Miljanic and co-workers requires 14 steps
in 14 pots to make the same PEM ligand (compound 2-7). In the following sections we will first
discuss the synthesis of precursors needed for the final cross-coupling reaction, then we elaborate

on the cyclization reaction.
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2.2.2 Synthesis of precursors

2.2.2.1 Synthesis of 2-2

\\Q O, O\/
Oy OH  EtOH,95°C,24h Oy O~ NH, ®

S - o So
Br H2804 Br B

]
Br Pd(PPhs)s, Cul, TEA NH, NH,
THF, 70 °C, Ny, 24 h

Y

241 2.2
Figure 2.9 Two-step synthesis of 2-2. First step is esterification of 3,5-dibromobenzoic acid to make 2-1,

and the second step is Sonogashira cross-coupling between 2-1 and 3-ethynylaniline.
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Figure 2.10 *H-NMR (300 MHz, CDClI;) of compound 2-2.

The synthesis of 2-1 can be achieved in 92% yield under standard reaction conditions. Sonogashira

cross-coupling reaction on 2-1 was done by using 3-ethynylaniline as reagent (Figure 2.9). Asit is

46



common in the Sonogashira cross-coupling reactions,'°” we used Pd(PPhs)s as the PdO catalyst,
Cul as co-catalyst, TEA as the base, and the reaction was performed under inert (N2) atmosphere.
Under these conditions, the product 2-2 was obtained in high yield of 81% as a beige powder.
IH-NMR spectrum of the product is shown in Figure 2.10 with the chemical shifts of the assigned
protons and the correlated integrations. Figure 2.11 shows a comparison of the TH-NMR spectrum
to those of the starting materials. This comparison indicates that the obtained product has protons
with chemical shifts different from those of the starting materials; therefore, the desired product is

synthesized successfully.
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Figure 2.11 *H-NMR (300 MHz, CDCI;) of compound 2-2 (top) in comparison with the spectrum of

starting material (middle and bottom).
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2.2.2.2 Synthesis of 2-3
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Figure 2.12 Synthesis of 2-3 from 2-2.
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Figure 2.13 *H-NMR (300 MHz, CDCIs;) of the product 2-3 (top) compared with the starting material 2-2

(bottom).
As it is shown in Figure 2.12, synthesis of 2-3 from 2-2 goes through two steps of one-pot
reactions. The first step is the formation of a diazonium intermediate by reacting 2-2 with a cold

solution of sodium nitrite and hydrochloric acid. The second step is the substitution of the
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diazonium groups with the iodo groups by treating the reaction mixture with a cold solution of
potassium iodide. This procedure resulted in 2-3 with 44% yield as a light-yellow solid. *H-NMR
spectrum of 2-3 and its comparison with the starting material 2-2 is shown in Figure 2.13. Itis
clear from Figure 2.13 that the peak correlated to the amine protons of 2-2 at chemical shift of 3.7
ppm donot exist in the spectrum of 2-3. Additionally, due tothe electronegative iodo groups, there
is a considerable shift of Hq, Hr, and He proton resonances, which are deshielded, as expected,
relative to the starting material 2-2. Moreover, peaks integration correlated to the assigned protons
of the molecule show the expected values. Thus, we conclude that 2-3 was synthesized

successfully.

2.2.2.3 Synthesis of 2-5

(0] ° (0] //@\\
EtOH, 95°C, 24 h z R
vy - ey
Pd(PPhs),, Cul, TEA

Br H2804 Br
THF, 60 °C, N5, 7 h

24 2-5
Figure 2.14 Two-step synthesis of 2-5. First step is esterification of 3-bromo-5-iodobenzoic acid to make

2-4, and the second step is Sonogashira cross-coupling between 2-4 and 1,3-diethynylbenzene.

After the synthesis of 2-4 that was achieved in 81% yield, synthesis of 2-5 was carried out in a
similar fashion to the synthesis of 2-2 using Sonogashira reaction (Figure 2.14). Although
compound 2-4 has both the iodide and bromide groups, Sonogashira cross-coupling reaction on
the iodide side of the molecule proceeds much faster;1%7 therefore, when 1,3-diethynylbenzene is
the limiting reagent, the main product is 2-5. *H-NMR spectrum of 2-5 is shown in Figure 2.15
with the assigned peaks and the correlated integrations. Figure 2.16 shows the comparison between
the 'H-NMR spectrum of the product with the starting materials. This comparison clearly shows

that compound 2-5 is synthesized successfully.
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Figure 2.15 *H-NMR (300 MHz, CDCI;) of compound 2-5 (top) and comparison with the spectrum of

starting materials (middle and bottom). The signal at 7.26 ppm is the solvent residual peak.

2.2.2.4 Synthesis of 2-6

2-6

2.5 2-5-1
Figure 2.16 Synthesis route of 2-6 from 2-5.

As it is shown in Figure 2.17, synthesis of 2-6 from 2-5 needs cross-coupling reaction of
trimethylsilylacetylene with 2-5 to make 2-5-1. Finally, the desilylation of the trimethylsilyl

groups on 2-5-1 gives the product 2-6. Here we describe each step separately with more details.
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Figure 2.17 Synthesis of 2-5-1 from 2-5 with Sonogashira cross-coupling reaction between 2-5and

trimethylsilylacetylene.

Synthesis of 2-5-1 (Figure 2.18) proceeds in a way similar to the previous Sonogashira
reactions already discussed in this thesis. Synthesis of 2-5-1 was accomplished in high yield (96%)
and the product was obtained as a light-yellow solid that was purified by column chromatography.
IH-NMR spectrum of the compound 2-5-1 along with the spectrum of the starting material 2-5
with the assigned peaks and the correlated integrations are shown in Figure 2.19. The presence of
the strong peak at 0.26 ppm chemical shift that corresponds to the protons of the trimethylsilyl
groups of the compound 2-5-1. Additionally, the observed changes in the chemical shift of all the
peaks related to the phenyl protons compared with those of the starting material 2-5 illustrate that
the product 2-5-1 is successfully synthesized.

Although synthesis of both 2-5 and 2-5-1 were achieved in high yields (86 and 96%
respectively), based on our experience, making 2-5-1 starting from 2-4 in a one-pot procedure
(Figure 2.20) eliminates extra workups. This makes the synthesis of 2-5-1 easier by doing the
workup only in the last step. For this purpose, the procedure discussed in Section 2.2.2.3 and
Figure 2.14 for the synthesis of 2-5 from 2-4 was followed and subsequently
trimethylsilylacetylene and TEA were added tothe reaction mixture (no more catalyst was added).
This procedure resulted in 2-5-1 with higher yield (94%) compared with the two-pot method (83%

total yield).
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Figure 2.18 *H-NMR (300 MHz, CDCI;) of compound 2-5-1 (bottom) compared with the spectrum of the

starting material 2-5 (top).
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2-4
Figure 2.19 One-pot synthesis of 2-5-1 from 2-4. The first step is done by Sonogashira cross-coupling
between 2-4 and 1,3-diethynylbenzene. The second step is done by adding trimethylsilylacetylene and

TEA to the reaction pot containing 2-5 and catalysts from the first step.

52



TBAF

THF, room temp., 1 h

2-51 2-6
Figure 2.20 Synthesis of 2-6 by desylilation of 2-5-1 using TBAF.
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Figure 2.21 *H-NMR (300 MHz, CDCI;) of compound 2-6 (top) compared with the spectrum of the

starting material 2-5-1 (bottom).

As illustrated in Figure 2.21, the synthesis of 2-6 was achieved through desilylation of
2-5-1 with tetrabutylammonium fluoride (TBAF) that resulted in 2-6 as a white solid with 55%
yield. 'H-NMR spectrum of compound 2-6 along with the spectrum of the starting 2-5-1 with the
assigned peaks and the correlated integrations are shown in Figure 2.22. It can be seen that the

peak at 0.26 ppm corresponding to the trimethylsilyl groups of the starting material 2-5-1 cannot
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be found in the spectrum of the product 2-6. Instead, as expected, a new peak at 3.16 ppm
corresponding to the acetylene proton is observed in the spectrum of the product 2-6. Besides,
phenyl protons of the product 2-5 are slightly shifted compared with the starting material 2-5-1.
All of this evidence, as well as the relative peak integrations, indicate the successful synthesis of
the compound 2-6.

With the successful synthesis of the starting materials 2-3 and 2-6 that are required for the
synthesis of the PEM ligand, as illustrated in the general scheme in Figure 2.8, we proceeded to
the more challenging step which is the synthesis of the macrocycle through coupling between these

two precursors.

2.2.3 Synthesis of the macrocycle 2-6-1

2-3 2-6 2-6-1
Figure 2.22 Synthesis of macrocycle 2-6-1 with cross-coupling and cyclization between two precursors

2-3 and 2-6.

As it was discussed in Section 2.2.1, our strategy for the synthesis of PEM is the cross-coupling
betweentwo precursors. For this purpose, we synthesized compounds 2-3 and 2-6 as the precursors
of PEM. Sonogashira cross-coupling between these two compounds was carried out to make the
PEM. For this purpose, we slowly added a solution of compound 2-6 to a mixture of the catalyst

and a solution of compound 2-3.
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Figure 2.23 *H-NMR (500 MHz, CDCI;) of 2-6-1.

The synthesis was performed under N2 and the cyclization reaction was performed under
reaction conditions similar to literature (temperature, concentration range, and use of a syringe
pump for the slow addition of the precursor).98: 101,102,105, 106 \n/jth these measures, compound
2-6-1 was obtained as a white solid (purified with column chromatography) in 19% vyield.
'H-NMR spectrum of 2-6-1 is shown in Figure 2.24 and illustrates the assigned protons with the
corresponding integrations. Comparison between the *H-NMR spectrum of one of the macrocycles
synthesized by Moore and co-workers!%® (Figure 2.4a where R = tert-butyl) and our PEM shows
that the spectrum of both molecules contains peaks with the same coupling patterns for the phenyl
protons. Likewise, comparing the *H-NMR spectrum of the macrocycle synthesized by Miljanic

and co-workers!% (Figure 2.4a where R = COOCEt3) with our PEM shows that the peaks
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correlated to the phenyl protons of both molecules have chemical shifts similar to each other.
Furthermore, the order of these proton resonances with the correlated integrations are the same as
our synthesized compound 2-6-1. Figure 2.25 shows the tH-NMR spectrum of the PEM compared
with the spectrum of the precursors. It can be seen that the chemical shifts of the proton resonance
of the product are different from those of the precursors used in the reaction. All these pieces of

evidence point to the formation of the expected PEM.

MJML i

2-6

TR DU N
2-6-1
82 81 80 79 78 77 76 75 74 72 71 70 44 4332 31 1.4

Chemical Shift (ppm)

Figure 2.24 *H-NMR (500 MHz, CDCI;) of the macrocycle 2-6-1 (bottom) compared with the *H-NMR

(300 MHz, CDCIs) spectrum of the starting materials 2-6 (middle) and 2-3 (top).

2.3 Conclusion
We synthesized a macrocyclic molecule (2-6-1) from which a macrocyclic linker (2-7) can be
made. This macrocyclic linker can be used for the synthesis of large-pore MOFs in which
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interpenetration is avoided, therefore larger pores and high surface area can be achieved. The
overall yield for the synthesized macrocycle molecule (2-6-1) is 6% which is comparable to the
overall yield (5%) for a similar molecule (Figure 2.4a, R = COOCEts) previously reported by
Miljanic and co-workers. However, our method involves 8 steps and can be achieved in total of 6
pots while synthesis reported by Miljanic is done in 13 steps and 13 pots. Therefore, with our
approach, synthesis of the macrocyclic linker 2-7 can be achieved in a more facile way compared
with work reported by Miljanic. While the goal of the project was to deprotect 2-6-1 and utilize it
as a linker in MOF synthesis, shortly after our synthesis of 2-6-1 was complete, Miljanic and co-
workers published two reports of the use of the deprotected macrocycle as a linker were reported
with the nodes that we were interested in exploring.8% 61 Although the surface areas obtained are
lower than what is expected which is, as reported by the authors, due to collapse of the framework
in the case of Zn-MCMOF and incomplete activation in the case of Zr-MCMOF, it could be possible
that the stacking of PEM itself dictates the SBU connectivity and therefore the structure of the
resultant MOF. This suggest that there is still room for improvement by the synthesis of a
substituted PEM linker to prevent aggregation and obtain a different MOF topology with
potentially higher surface area. However, with regard to the low yield of the PEM (2-6-1) we
synthesized in this thesis and the two MOF reports by Miljanic and co-workers, we opted to focus
on another linker system.

2.4 Experimental details

2.4.1 General procedures, materials, and instrumentation

Reagents and solvents were purchased from commercial sources and used without purification.
IH-NMR spectra were recorded on a Bruker 300 MHz AVANCE Il or Bruker AVANCE

500 MHz spectrometers using CDClz as the NMR solvent.
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2.4.2 Synthesis of 2-1

O OH “
? CH3CH,0H, Hys0, OO

Br Br 95°C, 24 h Br/é\Br
21

4.46 g 3,5-dibromobenzoic acid (15.5 mmol) and 110 mL anhydrous ethanol, along with a
magnetic stir bar were added to a 250 mL round-bottom flask (RBF). The solid was dissolved by
stirring the mixture then 2.0 mL of concentrated sulfuric acid was added to the flask and the
solution was heated under reflux for 24 h. After cooling down to room temperature, 100 mL
deionized water was added to the flask and the product was extracted from the mixture by
dichloromethane. The collected dichloromethane extracts were washed with 3x50 mL of aqueous
solution of 2.0% sodium carbonate (made by dissolving 5.0 g Na2COs in 250 mL deionized water)
then the organic solution was dried with MgSQO4, and the solvent was evaporated using rotary
evaporator to obtain 4.37 g product 2-1 as an off-white solid (14.2 mmol, 92% yield. 'H-NMR
(300 MHz, CDCls) 8 8.11 (d, J = 1.8 Hz, 2H), 7.84 (t, J = 1.8 Hz, 1H), 4.39 (g, J = 7.1 Hz, 2H),
1.40 (t, J = 7.1 Hz, 3H).

2.4.3 Synthesis of 2-4

OsOH o) o(
? CH3CH,OH, H,S0, \I’
Br I 95 °C, 24 h Br |

14.8 g 3-bromo-5-iodobenzoic acid (43.9 mmol) and 250 mL anhydrous ethanol, along with a
magnetic stir bar were added toa 500 mL RBF. The solid was dissolved by stirring the mixture
then 5.6 mL of concentrated sulfuric acid was added to the flask and the solution was heated under

reflux for 24 h. Aworkup procedure similar to what was done for the synthesis of 2-1 was followed
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to obtain 12.6 g product 2-4 as an off-white solid (35.5 mmol, 81% yield). *H-NMR (300 MHz,
CDCls) 5 (t, J = 1.5 Hz, 1H), 8.13 (t, J = 1.6 Hz, 1H), 8.03 (t, J = 1.7 Hz, 1H), 4.38 (q, J = 7.1 Hz,
2H), 1.40 (t, J = 7.2 Hz, 3H).

2.4.4  Synthesis of 2-2

R & : NH, ®
JE(:L - o "o
Br Br Pd(PPhs)4, Cul, TEA

THF, 70 °C, 24 h NH; NH;

21 2-2
1.23 g of 2-1 (4.00 mmol), 91.7 mg Pd(PPhs)4 (0.0794 mmol), and 16.1 mg Cul (0.0845 mmol)
along with a magnetic stir bar were added toa 20 mL vial. The vial was sealed with a crimpable
septa-containing cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needle was pierced through the septa to vent the gas. In a second 20 mL vial was
added 1.1600 g (around 1100 uL) 3-ethynylaniline (9.90 mmol) and 2.2 mL of dry TEA. The vial
was crimped and sealed with a septa-containing cap. Using a canula, approximately 15 mL of dry
tetrahydrofuran (THF) was transferred to the vial using N2 gas to pressurize the transfer. Once
dissolved, the contents of this vial were then transferred to the first vial using a cannula transfer
using N2 as the carrier gas and thereby ensuring that the sealed vial was under an inert atmosphere.
The vial was then heated and stirred in an oil bath at 70 °C for 24 h using a hot plate equipped with
a temperature probe. The reaction was followed by TLC (hexanes:ethyl acetate 7:3). After cooling
down to room temperature, the vial contents were poured into 100 mL deionized water in a beaker
and the product was extracted from the mixture with dichloromethane. The collected
dichloromethane extracts were further washed with 3x50 mL deionized water then the organic
solution was dried with MgSOa, and the solvent was evaporated using rotary evaporator to obtain

1.45 g crude product 2-2 as a beige solid. The crude product was further purified by column
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chromatography as follows. The crude product 2-2 was dissolved in minimum amount of
dichloromethane then it was mixed with 4.5 g silica to absorb on it and left for dichloromethane
to evaporate. The absorbed material on silica was dry loaded into a column then using eluent
gradient of hexanes:ethylacetate (1:1-1:2), and subsequent solvent evaporation resulted in 1.23 g
product 2-2 as an off-white solid (3.23 mmol, 81% yield). 'H-NMR (300 MHz, CDCl3) 8 8.12 (d,
J=1.6 Hz, 2H), 7.82 (t, J = 1.6 Hz, 1H), 7.15 (t, J = 7.8 Hz, 2H), 6.95 (dt, J = 7.7, 1.2 Hz, 2H),
6.87 (dd,J = 2.3, 1.4 Hz, 2H), 6.69 (ddd, J= 8.0, 2.5, 1.0 Hz, 2H), 4.41 (q, J = 7.1 Hz, 2H), 3.72
(s, 4H), 1.42 (t, J = 7.1 Hz, 3H).

2.4.5 Synthesis of 2-5

O8O0
I/E\Br TEA, Pd(PPhs),, Cul, Ny

THF, 60 °C, 7 h

2-4 2-5
2.434 g of 2-4 (6.86 mmol), 81.2 mg Pd(PPh3)s (0.0701 mmol), and 20.4 mg Cul (0.107 mmol)
along with a magnetic stir bar were placed in a 20 mL vial The vial was sealed with a crimpable
septa-containing cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needle was pierced through the septa to vent the gas. In a second 20 mL vial was
added 393 mg (around 405 pL) 1,3-diethynylbenzene (3.02 mmol), and 1.172 g (around 1.7 mL)
of dry triethyamine. The vial was crimped and sealed with a septa-containing cap. Using a canula,
approximately 15 mL of dry THF was transferred to the vial using N2 gas to pressurize thetransfer.
Once dissolved, the contents of this vial were then transferred to the first vial using a cannula
transfer using N2 as the carrier gas and thereby ensuring that the sealed vial was under an inert
atmosphere. The vial was heated and stirred in an oil bath at 60 °C for 7 h using a hot plate equipped

with a temperature probe. The reaction was followed by TLC (hexanes:ethylacetate 2:1) . After
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cooling down to room temperature, the vial contents were poured into 100 mL deionized water in
a beaker and the product was extracted from the mixture by dichloromethane. The collected
dichloromethane extracts were further washed with 3x50 mL water then the organic solution was
dried with MgSQ4, and the solvent was evaporated using rotary evaporator to obtain 1.50 g product
2-5 as a yellow solid (2.59 mmol, 86% yield). *H-NMR (300 MHz, CDCl3)$ 8.15(t, J = 1.7 Hz,,
2H), 8.12 (t, J = 1.5 Hz, 2H), 7.85 (t, J = 1.7, Hz, 2H), 7.72 (t, J = 1.7 Hz, 1H), 7.56 — 7.49 (m,
2H), 7.38 (t , J = 7.6 Hz, 1H), 4.41 (q, J = 7.1 Hz, 4H), 1.42 (t, J = 7.1 Hz, 6H).

2.4.6 Synthesis of 2-3

Oy O Oy O
O 1) HCI, NaNOy, -5 °C, 1 h O
Z X >~ Z 7N
< e )
NH, NH, 1 1
2-2 2-3

385 mg 2-2 (1.01 mmol) was added to a 250 mL RBF containing 10 mL 20% HCI solution (made
by diluting 12.4 mL concentrated HCI to 25.0 mL) and a magnetic stir bar, then the mixture was
stirred. The flask was placed in an ice bath containing NaCl. The initial temperature of the salt
bath was -10 to -5 °C. To the RBF was added 0.30 g NaNO2 (4.3 mmol) dissolved in 3 mL ice-
cold 20% HCI solution. This solution was added dropwise to the first RBF in a fume hood while
stirring the mixture (the mixture foams and gradually turns into a clear brown solution). Stirring
the mixture in the ice bath was continued for 1 h. Subsequently, 0.97 g KI (5.8 mmol) was
dissolved in 3 mL ice-cold water. This solution was added dropwise to the RBF in the ice bath,
and it was stirred for 30 min. Then a solution of 183 mg NaHSOs in 2 mL deionized water was
added to the RBF at room temperature and it was stirred; this reacted with any formed I..
Subsequently, 100 mL deionized water was added to the flask and the product was extracted with

dichloromethane. The organic solution was dried with MgSQ4, and the solvent was evaporated
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using rotary evaporator. The crude product (dark brown sticky substance) was purified by column
chromatography using hexanes:ethylacetate with the ratio of 1:0 then 95:5 as eluent. Finally, the
solvent was evaporated using rotary evaporator to give 269 mg product 2-3 as a light-yellow solid
(0.447 mmol, 44% yield). *H-NMR (300 MHz, CDCl3) 8 8.14 (d,J = 1.6 Hz, 2H), 7.91 (t, J = 1.7
Hz, 2H), 7.82 (t,J = 1.6 Hz, 1H), 7.70 (dt, = 8.0, 1.4 Hz, 2H), 7.50 (dt, J= 7.7, 1.3 Hz, 2H), 7.11
(t, J=7.9 Hz, 2H), 4.42 (g, J = 7.1 Hz, 2H), 1.43 (t,J = 7.1 Hz, 3H).

2.4.7 Synthesis of 2-5-1

J

TMS—=

(0]
N
hesa - g
Br

TEA, Pd(PPh3),, Cul, N,

0
=
/\O O =
Br 24 h, THF, 70 °C

2.5 2-5-1

2.03 g of 2-5 (3.50 mmol), 91.8 mg Pd(PPhs)4 (0.0795 mmol), and 16.3 mg Cul (0.0855 mmol)
along with a magnetic stir bar were placed in a 20 mL vial The vial was sealed with a crimpable
septa-containing cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needle was pierced through the septa to vent the gas. In a second 20 mL vial was
added 1.21 g (around 1840 pL) trimethylsilylacetylene (12.1 mmol) and 2.2 mL of dry TEA. The
vial was crimped and sealed with a septa-containing cap. Using a canula, approximately 15 mL of
dry THF was transferred to the vial using N2 gas to pressurize the transfer. Once dissolved, the
contents of this vial were then transferred to the first vial using a cannula transfer using N2 as the
carrier gas and thereby ensuring that the sealed vial was under an inert atmosphere. The vial was
heated and stirred in an oil bath at 70 °C for 24 h using a hot plate equipped with a temperature
probe. The reaction was followed by TLC (hexanes:ethylacetate 6:1). After cooling down toroom
temperature, the vial contents were poured into 100 mL deionized waterin a beaker and the product

was extracted from the mixture by dichloromethane. The collected dichloromethane extracts were
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further washed with water then the organic solution was dried with MgSOa, and the solvent was
evaporated using rotary evaporator to obtain a brown sticky crude product. The crude product was
purified by column chromatography using hexanes:ethylacetate (1:12) as eluent. The solvent was
evaporated using rotary evaporator to obtain 2.06 g product 2-5-1 as a light-yellow solid
(3.35 mmol, 96% yield). H-NMR (300 MHz, CDCls) & 8.13 (t, J = 1.6 Hz, 2H), 8.08 (t, J = 1.6
Hz, 2H), 7.80 (t, J= 1.6 Hz, 2H), 7.71 (t, J = 1.6 Hz, 1H), 7.54 — 7.48 (m, 2H), 7.36 (t,J = 7.6 Hz,
1H), 4.40 (q, J = 7.1 Hz, 4H), 1.42 (t, J = 7.2 Hz, 6H), 0.27 (s, 18H).

2.4.8 One-pot synthesis of 2-5-1

" TEA, Pd(PPhs), Cul, N,
THF, 60 °C, 7 h

2-4
3.246 g of 2-4 (9.14 mmol), 108 mg Pd(PPh3)s (0.0935 mmol), and 27.2 mg Cul (0.143 mmol)
along with a magnetic stir bar were placed in a 20 mL vial, The vial was sealed with a crimpable
septa-containing cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needle was pierced through the septa to vent the gas. In a second 20 mL vial was
added 524 mg (around 540 pL) 1,3-diethynylbenzene (4.02 mmol), and 1.562 g (around 2.2 mL)
dry triethyamine. The vial was crimped and sealed with a septa-containing cap. Using a canula,
approximately 15 mL of dry THF was transferred to the vial using N2 gas to pressurize thetransfer.
Once dissolved, the contents of this vial were then transferred to the first vial using a cannula
transfer using N2 as the carrier gas and thereby ensuring that the sealed vial was under an inert
atmosphere. The vial was heated and stirred in an oil bath at 60 °C for 7 h using a hot plate equipped
with a temperature probe. The reaction was followed by TLC (hexanes:ethylacetate 2:1). After

cooling down to room temperature, 2.2 mL dry TEA and 2.1 g (around 3.2 mL)

63



trimethylsilylacetylene (21 mmol) was added to the vial through the septa seal using syringe and
needle. The vial was then backfilled with N2 and heated and stirred in an oil bath at 70 °C for
24 h. The reaction was followed by TLC (hexanes:ethylacetate 6:1). After cooling down to room
temperature, the vial contents were poured into 100 mL of a saturated aqueous solution of NH4Cl,
and the product was extracted from the mixture by dichloromethane. The collected
dichloromethane extracts were further washed with deionized water then the organic solution was
dried with MgSO4, and the solvent was evaporated using rotary evaporator. The crude product was
purified by column chromatography using hexanes:ethylacetate (1:12) as eluent. The solvent was
evaporated using rotary evaporator to obtain 2.32 g product 2-5-1 as a light-yellow solid

(3.77 mmol, 94% yield based on 1,3-diethynylbenzene).

2.4.9 Synthesis of 2-6

TBAF

2-5-1 2-6
307.7 mg of 2-5-1 (0.5004 mmol) along witha magnetic stir bar was added toa 100 mL RBF, then
33 mL THF was added to dissolve the solid. 1.5 mL of 1.0 M of TBAF solution was added
dropwise to the flask. Upon addition of TBAF solution, the reaction solution turns into a light-
brown clear solution. The solution was stirred for 1 h at room temperature and the reaction was
followed by TLC (hexanes:ethylacetate 4:1). Subsequently, 100 mL deionized water was added to
the reaction mixture in a beaker and the product was extracted from the mixture with
dichloromethane. The organic solvent was evaporated using rotary evaporator to obtain 266.0 mg

dark brown sticky substance. The crude product was purified using column chromatography with
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silica gel as stationary phase (the crude product was dry-loaded into the column) and
hexanes:ethylacetate (8:1) was used as eluent. The solvent was evaporated using a rotary
evaporator to obtain 130.0 mg product 2-6 as a white solid (0.2763 mmol, 55% vyield).
IH-NMR (300 MHz, CDCl3) § 8.17 (t, J = 1.6 Hz, 2H), 8.12 (t, J = 1.6 Hz, 2H), 7.81 (t, J = 1.6
Hz, 2H), 7.73 (t, J = 1.7 Hz, 1H), 7.55-7.49 (m, 2H), 7.37 (t, J = 7.6 Hz, 1H), 4.41 (q, J = 7.1 Hz,
4H), 3.16 (s, 2H), 1.42 (t, J = 7.2 Hz, 6H).

2.4.10 Synthesis of 2-6-1

O8O0

®

Z X

Y

®

Pd,(dba)z 2.5 mol%, Cul 11 mol %, PPh3

Toluene:TEA 1:1, 60 °C, N5, 90 h

2-6

64.7 mg of 2-3 (0.107 mmol) was dissolved in 10 mL dry toluene, thenthis solution was transferred
to a 500 mL RBF along with a magnetic stir bar. 5.2 mg Pd2(dba)s (0.0054 mmol, 5.0 mol%),
4.4 mg Cul (0.022 mmol, 21 mol%), and 11.4 mg PPhsz (0.0435 mmol) were added to the 500 mL
RBF. Then the flask was evacuated and filled with N2 gas for three cycles. 70 mL dry toluene was
transferred to the flask using a syringe through the septa on the flask. Around 130 mL dry TEA
(from the original sure-sealed bottle) was transferred to a preheated and dry 250 mL RBF using
cannula transfer. Then TEA was transferred from the 250 mL RBF to the 500 mL RBF using
cannula transfer. 45.6 mg of 2-6 (0.0969 mmol) was dissolved in 60 mL dry toluene, then this

solution (1.62 mM) was taken to a 60 mL syringe (inner diameter 29.2 mm) under N2 atmosphere.
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The 500 mL RBF was gently heated and stirred using a mantle and stirrer plate with a thermometer
showing 60 °C for the solution inside the flask while a continuous flow of N2 gas was maintained
though the flask. After the temperature was stabilized, the solution in the 60 mL syringe
(containing 1.62 mM 2-6) was added to the 500 mL RBF through a stainless steel canula (fit into
the syringe) using a programmable syringe pump with the flow of 46.3 pL/min (this setting delivers
around 4.5 pmol 2-6 per hour and 60 mL is delivered in around 22 h). The solution in the 500 mL
RBF was further stirred for 70 h at 60 °C. After cooling to room temperature, 200 mL deionized
water was added to the flask and the product was extracted with dichloromethane. The organic
solvent was evaporated with a rotary evaporator then the solid was dissolved in minimum amount
of dichloromethane followed by adding methanol to precipitate the product. The obtained
suspension was filtered to obtain 77 mg of a grey solid. The crude product was purified using
column chromatography with silica gel as stationary phase and dichloromethane:hexanes gradient
as eluent (started with 7:3, finished with 100% dichloromethane). After evaporating the solvent,
15.1 mg product 2-6-1 was obtained as a white solid (0.0185 mmol, 19% vyield). 1H-NMR (500
MHz, CDCl3) § 8.17 (d, J = 1.6 Hz, 6H), 7.88 (t, J = 1.6 Hz, 3H), 7.75 (td,J = 1.7, 0.6 Hz, 3H),
7.55 (dd,J = 7.7, 1.6 Hz, 6H), 7.39 (ddd, J= 8.1, 7.4, 0.6 Hz, 3H), 4.44 (g, J = 7.1 Hz, 6H), 1.45

(t, J = 7.1 Hz, 9H).
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3 Synthesis of phthalocyanine linkers

3.1 Introduction

As stated in Chapter 1, one of the ways to prevent interpenetration is to utilize sterically crowded
ligands. Macrocyclic ligands like phthalocyanines (Figure 3.1) provide such an opportunity. Pcs
share similar structural properties with porphyrins.”-76 Just like their porphyrin counterparts, the
ability to incorporate a wide range of metals at the center of the Pc makes them an ideal choice for
examining metal-based catalysis and photochemistry, but with a different chemical/electronic
environment (Figure 3.1). Despite all these characteristics, with the exception of a few reports of
PcMOFs since 2018 (Chapter 1), Pcs as ligands for MOF building blocks have not been well-
explored. However, if similar ligand features can be designed for Pc as in the existing porphyrin
literature, then it should be possible to access PCMOFs with similar structural characteristics to

porphyrinic MOFs.

R

Figure 3.1 (a) structure of porphyrin showing the common substitution points. (b) Pc showing the

common substitution points.

The challenge with Pcs, relative to porphyrins, is that their planarity and larger conjugated
system cause stronger stacking, and subsequent aggregation, through n-m interaction.’”* This is
problematic in some applications (e.g., catalysis and photochemistry-related applications) because
only the surface of the aggregate can be addressed. Although Pcs are synthetically more attainable

than porphyrins, they have lower solubility in common organic solvents.’# 18 This makes
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purification and characterization of these molecules difficult, further limiting their applications. In
Pc chemistry, aggregation can be greatly reduced by introducing solubilizing groups onto the
periphery of the core (R groups in Figure 3.1). This introduces a synthetic demand that limits the
ability to use these positions as a method of introducing other necessary functionality to the core.
The detriment of Pcs can, in principle, be removed by incorporating Pcs in a MOF framework.
Much similar to porphyrinic MOFs, the inclusion of these macrocycles into a porous structure
enables researchers to take advantage of the chemistry of Pcs in a micro/nanoreactor environment.
This produces a high density of active sites with large pores and a high surface area for various
applications while preventing aggregation.

Despite the rationale for using Pc’s in MOFs, as Chapter 1 indicates, there is not a lot of
PcMOFs. Comparatively, porphyrinic MOFs have been widely adopted by many research groups
for applications in photocatalysis, electrocatalysis, biomimetic catalysis, biomedical, and
sensing.2 The challenge here is in the symmetry of Pc vs. porphyrins, coupled with the structural
features necessary for a good MOF linker are not as readily available in Pcs (Figure 3.1). Itis not
to say that PcMOFs have not been made, but they are mostly limited to diamino and catechol-
based Pcs (Chapter 1). With a focus on MOFs, an ideal Pc linker would contain carboxylic acids
(or other MOF-based metal coordination groups) substituted around a core in a highly symmetric
fashion. Additionally, for the linker to be adopted by the MOF community, the core of the structure
has to offer the ability to (a) easily install longer linkers or linkers with different carboxylic acid
substitution patterns (Figure 3.2c) and (b) easy add-in functional groups for different chemistry;
the diamino and catechol-based Pcs do not easily offer these features.

Looking at Figure 3.2, it is easy to see why porphyrins are so readily available for MOF

synthesis. A simple reaction between pyrrole and an aldehyde can easily result in the Cs-symmetric
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porphyrin. Similarly, it is easy to see how para-substituted on the meso-carbons of the porphyrins
can generate the ideal C2-symmetric porphyrin with the other two groups used to add functionality
to the structure. Looking at Pc, it is more difficult to see the pathway to a similar Cs4 or Cz
symmetric linker. Substitution on one of the carbon atoms may yield the Pc in Figure 3.2b, but it
may also result in one of three other isomers, at least two of which are not ideal for MOF synthesis.
In contrast, the related porphyrin would produce just one isomer (Figure 3.1a). Thus, for PcMOFs
to reach their full potential, we must first determine a synthetic pathway that offers all the features

that make porphyrin MOFs popular, without any of the isomer challenges that come with Pcs.

(a)4 - R @ Q\Nrmp é
a i, =
Aot

Figure 3.2 (a) Synthesis of a porphyrin. (b) synthesis of a metal-free Pc linker for MOFs. (c) potential R

groups to use as metal attachment points.

3.1.1 Synthesis of Phthalocyanines

There are two general methods for the synthesis of peripherally substituted Pcs. One method is to
utilize electrophilic aromatic substitution chemistry on existing Pcs (Figure 3.3a).19° The challenge
with this approach is that the low solubility of unfunctionalized Pcs and the number of available
substitution sites leads to a complex mixture of products. The second method relies on the
tetracyclization reaction to form the Pc (Figure 3.3b).108.109 |n this method, the substitution pattem
on the aryl ring can be synthetically tuned prior to the formation of the Pc. In comparison with the

first method, this enhances the solubility of the reagents while also reducing the number of
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potential isomers that can be formed. Furthermore, as shown in Figure 3.3b, there are lots of
precursors that can be used to directly form the desired Pc or can be converted to other reagents
that can directly form Pc. Thus, the synthetic landscape to access the desired product is rich with
opportunities. For this method, tetracyclization of phthalonitriles is one of the most common
methods. In this synthesis, usually a high boiling alcohol like 1-pentanol is used as the solvent. As
shown in Figure 3.4, an excess amount of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) is used to
deprotonate the alcohol and form the alkoxide (RO-).110 The formed alkoxide initiates the
cyclization by nucleophilic attack to the phthalonitrile, forming  monomeric
alkoxyiminoisoindolenine.'! This isoindolenine goes on a sequence of nucleophilic attacks with
phthalonitrile molecules to make dimeric, and trimeric indolenine intermediates. Tetrameric
indolenine can form by either the attack of a trimeric intermediate to a phthalonitrile molecule or
by self-condensation of two dimeric indolenine. Finally, the tetrameric intermediate goes through
a nucleophilic attack of the imide group to the aryl ether, which necessitates a two-electron
reduction reaction of the ring upon ring-cyclization to yield 18w electron Pc and formation of
aldehyde (from the leaving ether) as the oxidation product. In the presence of a metal ion,
coordination by the indole nitrogen at any time can lead to a desirable template effect that brings
the reactants in close contact with each other in the right orientation to form a metalated

phthalocyanine (metallophthalocyanine, MPc).112
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Figure 3.4 Mechanism of the formation of metal-free and metalated (not shown) phthalocyanine from

1

phthalonitrile. The addition of a metal cation can lead to a template effect from molecule 3 onward.
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Although the cyclization reaction is the preferred method for producing Pc/MPc, it can still
form a mixture of isomers (Figure 3.5). However, compared with the electrophilic substitution that
leads to 16 positions for substitution with only a limited number of accessible substituents, the
cyclization reaction offers more diversity with fewer isomers. If the precursor of the cyclization
reaction is symmetrically substituted, then the tetracyclization reaction provides synthetic
flexibility to make a single isomer. With a focus on MOF ligands, the tetracyclization of nitriles,
where the isoindole ring contains one carboxylic acid for MOF formation, can lead to four potential
isomers. In principle, linkers with Dsnh and D2nh symmetry (Figure 3.5) have the potential to form
MOFs due to their higher symmetry, but the other two isomers are likely not ideal for MOF
synthesis. This requires the separation of the low-solubility isomers, and the formation of wasteful
undesired products.

With the different methods for the synthesis of substituted phthalocyanine identified, we

turn our attention to making a phthalonitrile that has the necessary features for MOF chemistry
without the possibility for isomers.
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Figure 3.5 Isomeric mixture in the synthesis of tetrasubstituted carboxylate phthalocyanine from

cyclization reaction.
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3.1.2 Design of the target linker
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Figure 3.6 Phthalocyanine ligand with symmetrical R substituted. Examples of R groups are presented but
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are not limited to these groups.

To circumvent the mentioned problems associated with the phthalocyanine linker, we need the
product of the cyclization reaction to not only make one Pc/MPc with symmetric carboxylic acid
distribution but to also allow for synthetic modification to make longer linkers, or linkers with
additional functionality; this enables future development of the field of PcMOFs by enabling the
tailorability of the linker. To achieve this, we chose a linker where the structure of the substituted
Pc ligand would have a five-membered ring fused to the indole ring of the Pc. Five membered
heterocyclic rings (e.g., pyrrole, indole, thiophene, and imidazole) would result in a symmetric Pc
that would not yield isomers. Ultimately, imidazole (Figure 3.6) was chosen for this work as it is
synthetically more amendable for the desirable chemistry by enabling the central carbon to be
modified to introduce carboxylic acids or even left unfunctionalized to make imidazolate-based
MOFs. If left unfunctionalized for metal coordination, the R group (Figure 3.6) can be used to
introduce functionality to the pore of the MOF. If functionalized with the focus of installing a
carboxylic acid-containing group in the R position, then the imidazole nitrogens can be further

functionalized, even post MOF formation, to introduce functional groups to the pore.
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The present chapter will explore the synthesis and purification pathways to the formation
of the Pc core in Figure 3.6. The particular focuswill be on the design and synthesis of two families
of Pc linkers. The first family occurs when R = H. In this case, the metal nodes of the MOF can
only be coordinated via the imidazole nitrogens. Imidazole-based MOFs have been well-explored
with simple imidazoles (i.e., imidazole, nitroimidazole, methyl imidazole), but complex
imidazoles such as Pc-imidazole (Figure 3.6 where R = H) have not been explored. MOFs that rely
on imidazoles as the metal connection points are knownas zeolitic-imidazolate frameworks (ZIFs)
due to the similar M-imidazole-M bond angles (145°) to that of M-O-M angle in zeolites (where
M is the metal ion).113. 114 In the second family of MOFs, the R group will be a benzoic acid (R =
-CsH4COOH). In this family of MOFs, the carboxylic acid can coordinate to the metal ion. For
this to work, the chosen metal has to prefer to bind to oxygen donor groups rather than nitrogen
donor groups.

3.2 Results and discussion

3.2.1 General synthesis route to the Pc ligands

Figure 3.7 gives a general scheme of the routes that were explored for the synthesis of Pc ligands
in this thesis. As it is shown in this figure, two pathways (pathway A and pathway B) were explored
to reach 3-3. Pathway A first focuses on the synthesis that results in the desired imidazole and
subsequently introducing the necessary cyanide groups that would be necessary to form the desired
Pc. The advantage of this method is that the synthetic work to form the desired imidazole can be
explored at the start, and once the reaction conditions are optimized, the cyanide groups can be
installed via existing chemistry. This also opens up the potential to focus on some of the other
precursors outlined in Figure 3.3b. The disadvantage is that the cyanation reaction condition is

harsh, which may result in a low yield. Pathway B, on the other hand, aims to first make
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4,5-diaminophthalonitrile  (3-2) and subsequently introduce the necessary imidazole. The
advantage here is that once 3-2 is formed, it can be used to introduce many different imidazole

substitutions without having to go through the cumbersome cyanation reaction and workup.
H Br
R-<f\‘:'©(5r
PathwayA/ 3-1 \
H,N Br “ ;t'\ ":C(
HQNQBF R-<[\\j CN \ / \ I

Pathway B
HZN]@ECN
HoN CN

3-2

Figure 3.7 General synthesis route to phthalocyanine ligand with symmetric coordination sites.

In brief, after many attempts for the synthesis of 3-3 using pathway A, the difficulties
associated with the extraction of 3-3, and the low purification yield, pathway A was eventually
abandoned. While disappointing, the chemistry that was learned in pathway A was directly
amendable in pathway B. Pathway B resulted in the formation of 3-3 that was easier to extract
from the reaction mixture in a shorter time with a higher yield. Finally, phthalocyanine linker 3-4
was synthesized from cyclotetramerization of 3-3. The following sections will discuss details of

each pathway and the synthesis of 3-4 from 3-3.

75



3.2.2 Synthesis of benzimidazophthalonitriles using pathway A

(a) (b)
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N Br

3-1-1 ,

o N328205 / - +
H,N Br 120°C, 2 h (@] C H Qo C SO3'Na
)@( (0) (6] (0] O

HoN Br

wil 4h 35
/ » [ H
T O,

3-1-2

Figure 3.8 (a) Synthesis of benzimidazole derivatives (b) synthesis of the bisulfite adduct.

As discussed in the previous sections, benzimidazole derivatives are good candidatesas precursors
for the synthesis of symmetrical Pc ligands. Since we were aiming to make two families of Pc
ligands, one with imidazole group and the other one with carboxylate group as the node-ligating
moieties, we needed to make two kinds of benzimidazole precursors. With the commercially
available 4,5-dibromobenzene-1,2-diamine and well-known synthetic procedures, we synthesized
3-1-1 and 3-1-2 (Figure 3.8a). Details of the synthesis of each are discussed accordingly.
3.2.2.1 Synthesis of 3-1-1
Condensation of o-phenylenediamine or its derivatives with aldehydes or carboxylic acids is
among the most common method in the synthesis of benzimidazoles.11% 116 Here we synthesized
3-1-1 with 77% yield through a condensation reaction between 4,5-dibromobenzene-1,2-diamine
and glacial acetic acid, which acts as both solvent and reagent. This reaction was complete in 2 h
at 120 °C as reported for these condensation reactions. To work up the reaction, the contents of
the reaction were poured into dichloromethane. Subsequently, a 0.5 M aqueous solution of

NaHCO3swasadded tothe mixture and stirred to neutralize the excess acetic acid. The product was

extracted with dichloromethane resulting in a yellow-orange powder obtained in a 77% yield. The
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product was characterized by *H-NMR (Figure 3.9). The NMR of 3-1-1 is consistent with what
we would expect. A new resonance at 2.48 ppm is consistent with the formation of a methyl
imidazole, the aromatic protons are deshielded as would be expected, and a broad resonance at

12.48 ppm is present for the N-H proton of the imidazole.
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Figure 3.9 *H-NMR (300 MHz, DMSO-ds) of 3-1-1 (bottom) and comparison with starting material (top).

The peak at 2.50 ppm is due to the solvent residual peak.

3.2.2.2 Synthesis of 3-1-2

In contrast with 3-1-1, which was a simple condensation reaction between a carboxylic acid and
o-phenylenediamine, the condensation reaction between aldehydes needs to be carried out under
oxidative conditions and often require bubbling air (oxygen) or using copper(ll) acetate as an

oxidant.115-117 While these methods are efficient, the separation of the reduced copper species from
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a coordinating imidazole or the experimental setup for bubbling air is unnecessarily challenging
or cumbersome. Instead of these methods, we utilized a previously reported method that produces
a stable bisulfite (3-5 in Figure 3.8b).118-121 The bisulfite can be easily formed from the appropriate
aldehyde. Thus, as long as the desired aldehyde can be synthesized, then it is expected that the
desired bisulfite can be utilized for this chemistry. This enables the researcher to easily introduce

other aldehydes into the MOF-linker-synthesis manifold.

—8.33
—8.16
—8.09
—7.95

3.94

CH
Ho, Ha y Ho .
0 N Br
\Y
H;C-0 N Br
Hc Hd Hb
Hd Hc
Hb Ha
i |
o JwL‘_
2.0 2.0 0.9 1.0 3.0
< o~
< =
Yo} <
|
Ha H
HoN Br 2
HoN Br
Ha
NH,
N S
HA 4
2.0 2.1

835 825 8.15 8.05 7.95 7.857.05 6.95 6.85  4.60 4.50 4.40 4.30 4.204.00 3.9C
Chemical Shift (ppm)

Figure 3.10 *H-NMR (300 MHz, acetone-d¢) of 3-1-2 (top) and comparison with the starting

material (bottom).
Preparation of the bisulfite adduct (3-5) from methyl 4-formylbenzoate was done at room
temperature in high yield (94%) via the reaction between an ethanolic solution of
methyl-4-formylbenzoate and an aqueous solution of sodium metabisulfite (Figure 3.8b). The

reaction forms an immediate precipitate that can be easily isolated by filtration; the product was
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not characterized due to its limited solubility in common NMR solvents. With the 3-5 in hand, we
synthesized 3-1-2 by reacting 3-5 and 4,5-dibromobenzene-1,2-diamine in DMF at 120 °C with
stirring for 4 h. The product was precipitated via the addition of water to the cold solution. The
product was filtered and washed with water and ethanol to produce a pale-yellow solid with a 71%
yield. The resultant product was characterized by *H-NMR shown in Figure 3.10.

Figure 3.10 shows the stacked H-NMR of the purified product 3-1-2 and starting material
in deuterated acetone. It is clear from the comparison that the product of the reaction is not simply
unreacted starting material. In acetone, Ha and Hy peaks are broad but resolved from those of Hc
and Hg; the integration gives the expected integration of 3-1-2. We further explored the *H-NMR
of 3-1-2 in DMSO-ds that is shown in Figure 3.11 (bottom). This spectrum shows integration of
the product peaks yields the 10 protons, but the aryl region is difficult to interpret. In the aryl
region, we see three regions. For Hc¢ and Hq protons, we expect an AB NMR spectrum of doublets.
However, the less shielded protons at 8.13 ppm integrate to 3 rather than 2 and do not produce the
expected AB spectrum. Meanwhile, the proton on the benzimidazole portion (Haand Hp) integrates
to one proton rather than two. This suggests that the two benzimidazole protons are chemically
inequivalent, with one of the two protons coincidently overlapping with the 8.13 ppm peak of the
AB spectrum for Hc and Hq. This observation is comparable to the tH-NMR spectrum of 3-1-2 in
deuterated acetone (top spectrum in Figure 3.11), where two broad peaks associated with Ha and
Hp at 7.95 and 8.09 ppm are observed, but the AB spectrum for Hc and Hq is reserved. To further
explore this, we repeated the tH-NMR with a drop of D2S04 to enable the rapid exchange of the
N-H protons. As shown in the middle stack of the spectrum, Ha and Hp protons coalesce into a

single sharp peak at 8.32 ppm downfield relative to the acid-free spectrum. Furthermore, the AB
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spectrum of the benzoic acid component is restored. Therefore, these H-NMR spectrum verify the

formation of 3-1-2. Thus, we turned our attention to the dinitrilation of these two compounds.
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Figure 3.11 *H-NMR (300 MHz) of 3-1-2 in acetone-d; (top), DMSO-ds+one drop D,SO, (middle), and

in DMSO-ds (bottom). H. and H,, overlap at 8.13 ppm in the bottom spectrum.

3.2.2.3 Nitrilation reaction

For the synthesis of Pc with the method shown in Figure 3.7, we need a phthalonitrile derivative
as our precursor (3-3 in Figure 3.7). One of the most common methods to produce a phthalonitrile
is via the Rosenmund-Von Braun reaction.?2: 123 Under the conventional reaction conditions,
CuCN and a high boiling polar solvent such as DMF is usually used to convert dibromobenzene
derivatives to phthalonitrile derivatives. Encouraged by Onal et al. work,'2* who reported on the

synthesis of benzimadzophthanitriles from the dibromo-derivatives of this compound, we
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investigated this reaction for the synthesis of 3-3-1 and 3-3-2 from 3-1-1 and 3-1-2, respectively

(Figure 3.12). We will discuss each of these reactions with further details accordingly.

CuCN H

H Br N CN )
— > — Failed
N Br N CN
NMP, Ny, 190 °C, 1 h
3-1-1 3-3-1

CuCN / H
¢ o der - e
NMP, Nj, 190 °C, 1 h
3.1-2 3-3-2

Figure 3.12 Nitrilation reaction on dibromobenzimidazole derivatives.

Onal et al. used microwave irradiation for converting dibromobenzimidazoles to
benzimidazophthalonitries instead of direct heating,'2* which is conventionally employed in the
Rosenmund-Von Braun reaction. They claimed that Rosenmund-Von Braun reaction fails under
conventional conditions, as reported by others too,'22 but when microwave is used, the desired
product is obtainable. Despite this report, we aimed to explore the dinitrilation reaction on 3-1-1
and 3-1-2 using conventional heating, but under other conditions similar to those reported by Onal
et al. Unfortunately, the reaction for making 3-3-1 failed under these conditions. Following the
reaction by TLC showed that the starting material was fully consumed, but no sign of product
formation was observed in the tH-NMR. The *H-NMR indicated a complex mixture of materials
formed.

Apart from the work by Onal et al., which is the only report on the dinitrialtion of
benzimidazole derivatives that are not substituted on the nitrogen atom, the literature is not rich
when it comes to Rosenmund-Von Braun reaction on molecules bearing benzimidaloe.
Pardo et al. reported that the synthesis of 1H-benzimidazole-5,6-dicarbonitrile (B in Figure 3.13)

from 5,6-dibromo-1H-benzimidazole A fails.12® Instead, the mono-nitrilated product,
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5-bromo-1H-benzimidazole-6-carbonitrile, C, was isolated in 70% vyield. No explanation is
provided on why dinitrilation of A is not possible. Interestingly, the authors reported that
dinitrilation was successful, with 57% vyield, when N-substituted compound D is used instead of

A.
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Figure 3.13 Some of the nitrilation reactions reported in reference 123 on dibromo benzimidazoles.

Interestingly, our initial reactions on the dinitrilation of 3-1-2 gave a small amount of
3-3-2 that was just enough for characterization by *H-NMR. *H-NMR (top spectrum in
Figure 3.14) shows that the Ha protons peak were shifted downfield with respect to the parent
material with considerably less shifting of Hy and Hc (as expected). This indicated that the
extracted solid was the desired product 3-3-2; however, the yield was negligible. We used the
original workup procedure reported by Onal et al. to separate the product. This workup involves
treating the crude product mixture with 16% ammonia solution for 3 h, filtering, and then
extracting the solid with dichloromethane using Soxhlet overnight. Either the synthetic pathway
or the workup was insufficient as only a few milligrams, just enough for *H-NMR analysis could
be obtained. Attempts to improve the workup by using different solvents for the Soxhlet and
extracting for longer times improved the yield to 13% (acetone for 15 h) and ultimately 25%
(acetone for 48 h). The yield was deemed too low for the success of the project, but the 1H-NMR

proved that the extracted solid is 3-3-2. Therefore, this synthesis shows that despite the negative
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reports, it is possible to do dinitrilation with Rosenmund-Von Braun reaction on at least some
benzimidazole derivatives with conventional heating, but the bottleneck might be the
workup/extraction of the product. However, for our purpose of the synthesis of large quantities of
Pc ligands, we needed higher yields and reproducible results from the dinitrilation reaction
(synthesis of 3-3-1 failed while the maximum yield for 3-3-2 was 25% in 18 tries). Therefore, we

shifted from pathway A to pathway B to see if the alternate pathway was more reliable with better

yields.
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Figure 3.14 *H-NMR (300 MHz, DMSO-d;) of 3-3-2 (top) synthesized using pathway A, and

starting material 3-1-2 (bottom). One drop D,SO, was added to the solvent.
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3.2.3 Synthesis of benzimidazophthalonitriles using pathway B
As shown in Figure 3.15, the first step of pathway B is the dinitrilation of the parent
4,5-dibromobenzene-1,2-diamine compound to form 3-2. Given the challenges with the
dinitrilation step on dibromo benzimidazoles in pathway A, this approach puts the more
challenging chemistry as the first step, and once 3-2 is in hand, then the existing chemistry, which
was demonstrated to work for pathway A, can be applied.
/ H
) O~
o)'_©_( 3-3-2

NMP, Ny, 120 °C, 5 h

H2N: : :Br CuCN HZN: : :CN
HoN Br NMP, Ny, 140 °C, 17h  HeN CN
3-2 Ny, 100 °C, 90 min

HCOOH H CN
X
N~ e

3-3-3
Figure 3.15 Alternative route for the synthesis of benzimidazophthalonitriles.

In our early attempts, Rosenmund-Von Braun reaction on
4,5-dibromobenzene-1,2-diamine was performed in DMF at 140 °C for 15-17 h based on a
previously reported method.12% 126 Workup of the crude product reported by Faust and co-workers
requires washing the mixture with 9% ammonia solution to remove the copper ions.12> The
ammonia was necessary as it had to substitute any 3-2 that was acting as a ligand on the copper
ions. The reaction for making 3-2 (Figure 3.15) was attempted several times with yields ranging
from 4-41%, with the best yield (recrystallized) as high as 25%. This observation is not surprising
based on the existing literature for the Rosenmund-Von Braun reaction on

4,5-dibromobenzene-1,2-diamine. One of the challenges that result in the low yield is the long and
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tedious workups. The workup requires that the reaction product be poured into a 9% ammonia
solution followed by filtering and washing the solid with ammonia until the filtrate is colorless.
This is followed by washing the solid with acetone, which dissolves the product and causes
additional losses. Given that this first step is key for the success of the project, finding a synthetic
methodology that results in a consistent yield is critical.
H,N Br SOCI,, EtsN CuCN NaBH4 HoN CN
HZN@Br 66% Q 66% @ 53% HZN@CN
Figure 3.16 Dinitrilation of 4,5-dibromobenzene-1,2-diamine reported by Faust and co-workers in

reference 127.

Faust and co-workers report a reliable and consistent 23% total yield over three steps for
the dinitrilation of 4,5-dibromobenzene-1,2-diamine (Figure 3.16).127 Alternatively, Y oungblood
reported a 55% yield from Rosenmund-Von Braun reaction.t?® In their procedure, the
4,5-diiodobenzene-1,2-diamine is used instead of 4,5-dibromobenzene-1,2-diamine. However,
from our experience with the Rosenmund-Von Braun reaction, the limiting factor is the workup of
the material rather than the actual chemical transformation (although we can’t rule out the
improvement  of diiodo groups over dibromo groups). Youngblood  used
ethylenediaminetetraacetic acid trisodium salt (NasEDTA) to chelate the copper salts while
bubbling oxygen into the reaction to oxidize any copper(l) back to copper(l1). Given this, we opted
to utilize Youngblood’s synthetic pathway on the dibromo staring material. Using
N-Methyl-2-pyrrolidone (NMP) rather than DMF as the reaction solvent (as in the Youngblood’s
report) and air (Youngblood used oxygen) to oxidize the copper(l) to copper(ll) followed by
chelation using NasEDTA, we could obtain yields ranging 53-79% (based on six tries). This

procedure is consistently better than previous work on the Rosenumnd-Von Braun reaction.125-1%7
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Figure 3.17 shows 'H-NMR of 3-2 and a comparison

reaction was successful.

—7.04

5.37

Ha

HoN CN
HoN CN

Ha

with the starting material indicating the

NH,
|
Ju A
2.0 2.8
< o
a s
O <
| |
Ha
HoN B
H : '
HoN Br
Ha
NH,
2.0 2.0

71 7.0 69 6.8 6.7

57 56 55 54 53

52 48 47 4.6 45 4.4 43 4.2

Chemical Shift (ppm)

Figure 3.17 *H-NMR (300 MHz, acetone-dg) of 3-2 (top) and comparison with starting material (down).

With 3-2 in hand, we were able to synthesize 3-3-2 using the existing chemistry described

in section 3.2.2 for the synthesis of 3-1-2. A workup procedure similar to that of 3-1-2 was

performed on the crude product 3-3-2 to give a light-yellow solid. Over 10 tries, ayield of 55-79%

was observed for this reaction (Figure 3.15 top). Figure 3.18 shows *H-NMR of 3-3-2 synthesized

using the pathway B method. The 'H-NMR spectrum in Figure 3.18 shows the same peaks with

the corresponding integrations and chemical shifts as the spectrum obtained from 3-3-2

(Figure 3.14 top spectrum) that was synthesized with pathway A. These results show that the

synthesis of 3-3-2 in pathway B was successful and with a good yield.
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Figure 3.18 H-NMR (300 MHz, DMSO-d;) of 3-3-2 synthesized using pathway B. One drop D,SO, was

added to the solvent.

3-3-3 was synthesized by the reaction between 3-2 and formic acid that acts as both the
reagent and solvent (Figure 3.15 bottom). To workup the crude product, the cold reaction mixture
was poured into 0.8 M NaHCO3 solution to neutralize the excess formic acid. This caused the
product to precipitate. The resulted suspension was filtered and finally washed with water to give

3-3-3 as a beige solid in 51% yield. Figure 3.19 shows 'H-NMR of 3-3-3.
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Figure 3.19 *H-NMR (300 MHz, DMSO-ds) of 3-3-3.

3.2.4 Pc synthesis and characterization
With the successful synthesis of 3-3-2 and 3-3-3 in modest yields, we turned our attention to the
synthesis of the requisite metalated Pcs. High yields pave the way for the synthesis of MPcH and
NiPc2 ligands that belong to the imidazophthalocyanines family (Figure 3.20). However, due to
the mentioned difficulties in the synthesis and purification of precursors (3-2 and 3-3), there are
not many examples of imidazophthalocyanines synthesis.123.124,128-134

The synthetic pathway used in this work for MPcH is shown in Figure 3.20a and involves
two steps. The first step is tetracyclization of 3-3-2 to form MPc1. The second step is the basic
hydrolysis of MPcl followed by acidification of the carboxylate salt in the mixture to form

carboxylic acid Pc (MPcH). Synthesis of NiPc2, on the other hand, involves only one step, which
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is shown in Figure 3.20b. Here we first discuss the synthesis of MPc1 and MPcH followed by

NiPc2.
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Figure 3.20 Synthesis of imidazophthalocyanine ligands with (a) O-donor in carboxylic acid (b) N-donor

in imidazole bearing groups.

3.2.4.1 Synthesis of NiPcl

Our initial tries for the cyclization of 3-3-2 that were carried out in regular 1-pentanol at the
presence of Cu(CH3COQ)2¢xH20 or Cu(CH3COQO)2 and DBU failed (9 tries, no strong color,
indicative of the formation of Pc was observed). Since the role of DBU is the formation of
alkoxides in situ, we rationalized that the presence of water in the solvent or in the reagents was
the cause of failures. Therefore, the rest of our efforts for the synthesis of Pcs was conducted using

freshly dried starting materials (dried in a vacuum oven), anhydrous NiClz and CoClz (we didn’t
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use copper salts due to their propensity to be hygroscopic), fresh 1-pentanol, fresh DBU, and
preheated glassware that was cooled under a nitrogen gas flow. As a result of these measures, a
dark green mixture that is indicative of the formation of a Pc was observed. NiPcl formation was
observed in the reaction vial after 14 h. To isolate the Pc, we developed a purification procedure
for the product by using different organic solvents to remove impurities. This procedure was
developed based on trial and error to find a solvent system that could dissolve the impurities. This
made the separation of the insoluble product by centrifuging easy. In brief, the product was
separated from the reaction mixture by adding DMF to the crude product mixture followed by
sonicating the mixture, and then ethyl acetate was added to the solution to precipitate the green
product; and then the precipitate was separated by centrifuging. This procedure was repeated until
the decanted solution from the centrifuging step was colorless. Finally, the dark green product was
washed with hexanes and then with 1M HCI solution (to dissolve any nickel-containing particles).
Therefore, under the mentioned reaction conditions, and after purifying the sample by washing
with organic solvents, 48-87% vyield (10 tries) for NiPcl as a shiny black solid was achieved.
UV-Vis spectrum of Pcs is one of their most characteristic features.124 128, 129, 135141
Because of their extended 18 electron m-conjugated system, Pcs have a high molar extinction
coefficient (10° mol/L. cm) and show strong absorption in the UV (around 300-450 nm) and far-
red region (600-750 nm) of the spectrum. These two regions are known as the B- and Q-bands,
and the structure of the adsorption peak is telling about the Pc structure. The position of the Q-
band depends on various factors such as the central metal in Pc, peripheral substituents, and
solvent. The symmetry of the Pc molecule can affect the shape of the Q-band. For example, metal-
free Pcs show a split Q-band, while the equivalent metalated Pc appears as a single peak. Peripheral

substitution of the Pc macrocycle can also affect the splitting of the Q-band. For instance, if the
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metalated Pc macrocycle is asymmetrically substituted, then even the metalated Q-band might also
appear as a split peak. Furthermore, aggregation of Pc molecules causes broadening of the Q-band,
while isolated Pc molecules result in a sharp Q-band. Aggregation of Pc molecules and the
associated effectson the adsorption spectrum occurs from the electronic interactions betweenrings
of Pc molecules, which causes perturbation of the electronic structure. Thus, a lot can be learned
from the UV-Vis of Pcs.

UV-Vis spectrum of NiPcl measured in chloroform and concentrated sulfuric acid is
shown in Figure 3.21. In chloroform (Figure 3.21a), broadening of the Q-band is evident. UV-Vis
spectrum of the same compound dissolved in concentrated sulfuric acid (Figure 3.21b) shows a
sharp and single Q-band peak. Comparing these two UV-Vis spectra, we can conclude that
broadening of the Q-band in chloroform is a result of aggregation. Additionally, observation of a
single peak in the Q-band region is indicative of a symmetric and metalated Pc which is expected
from the synthesis of NiPcl.

Another feature of the acid-dissolved NiPc1 is that the Q-band shifts to longer wavelength
(lower energy). This is a result of the protonation of the meso-nitrogens of the porphyrazin ring,
as well as the nitrogens of imidazoles. The shift of Q-band to lower energy has been previously
reported for imidazophthalocyanins. The molar extinction coefficient for the Q-band calculated
from spectrum in Figure 3.21 is 1.1x10° mol/L. cm, which is in good agreement with the typical
values for Pcs. Therefore, from the UV-Vis investigation, and comparing the spectrum with the
most similar Pc molecules in literature,24 we conclude that the measured spectrum for NiPc1 is
consistent with what would be expected from a pure sample of NiPcl. With these results, we are

confident that we have a pure material that can be hydrolyzed to make the MOF linker (NiPcH).
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We will again discuss further characterization of NiPcl and other products in Figure 3.20 after

discussing the MPcH synthesis.
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Figure 3.21 UV-Vis spectrum of NiPclin (a) chloroform (b) H,SO,.

3.2.4.2 Synthesis of MPcH
Deprotection of NiPcl was performed under the mentioned reaction conditions in Figure 3.20. In
brief, deprotectionwas performed in KOH:THF mixture followed by acidification by HCI to make
NiPcH. We used our slightly modified washing protocol for NiPcl to separate and purify NiPcH
from the reaction mixture. Assuch, we obtained NiPcH as a shiny black solid with 33-41% yield
(8 tries).

Given the washing protocol we developed for the separation and purification of MPc1 and

MPcH is long and identical, subsequent synthesis of MPcH occurred with deprotection of the
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crude MPcl. This synthesis was done by adding KOH:THF mixture to the reaction mixture from
the first step (Figure 3.20a) and heating under reflux for 24 h followed by introducing excess HCI
solution to the flask and stirring at room temperature for 24 h. As such, the overall yield for one-
pot synthesis of NiPcH was 38-61% (three tries). Therefore, the one-pot method resulted in NiPcH
with a higher yield (minimum 38%) with considerably less workup compared with the two-pot
synthesis that resulted in a maximum 36% yield and significantly longer workup. To synthesis
CoPcH, we used the one-pot synthesis procedure as that of NiPcH (but with CoCl; instead of
NiCl2) and the same purification protocol that resulted in CoPcH as a black solid with 26% yield
(one try).

3.2.4.3 Synthesis of NiPc2

Synthesis of NiPc2 involves only one step. This reaction goes through the same reaction conditions
as that of NiPcl (Figure 3.20b), and the green color was observed after 22 h in the reaction flask
that is an early indication of the formation of a Pc. During the wash proced ure using our protocol,
we noticed that NiPc2 had lower solubility in DMF than other Pcs in this thesis; this led to a faster
workup. In brief, DMF was added to the crude reaction mixture, followed by adding hexanes,
centrifuging, and decanting. The dark green solid was washed with acetone and treated with 1 M
HCI to dissolve the remaining nickel/nickel compound particles. However, we noticed that the
solid was completely dissolved in 1 M HCI after 1 h of stirring to give a dark green solution. We
rationalized that because NiPc2 can protonate through the four imidazole nitrogens and it is a
smaller molecule than NiPcl, the resulted charged molecule made NiPc2 soluble dissolved in

1 M HClwhile NiPcl was insoluble under the same conditions. The green solution was neutralized
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with KOH solution to precipitate a green solid. Ultimately, NiPc2 was obtained as a black solid
with 73% vyield.

3.24.4 FTIR analysis of NiPcl and NiPcH

Perhaps unsurprising, despite all our efforts, we couldn’t characterize MPcl and MPcH with
IH-NMR. We tried to use both NMR 300 MHz and NMR 500 MHz, different solvents (CDCls,
acetone-ds, and DMSO-ds), add a few drops of pyridine (to prevent aggregation), and adding drops
of D2S04, but none of these measures could help to acquire a sensible *H-NMR spectrum. This
issue has been previously reported by Onal et al. for the structurally similar
tetraimidazophthalocyaniens.1?* We attribute this to the aggregation and the low solubility of
tetraimidazophthalocyanines.'4! This is likely one of the primary reasons why this class of Pcs
have received considerably less attention in the literature. The only reports of IH-NMR for
tetraimidazoPcs that have the closest similarity to NiPc1 are for diamagnetic Zn, Mg, and free base
tetraimidazoPcs with either propyl N-substituted imidazoles or pentyl substituted on the imidazole
carbon.123. 128,131 |n all these cases, it is the role of substituents and the central metal atom that
increase the solubility, reduce the aggregation, and make observing the H-NMR spectrum
possible.

In order to obtain more details about the structure of the synthesized Pc, characterization
of NiPcl was further carried out with attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy. We used FTIR primarily to identify if all of the methyl carboxylate
ester groups in NiPcl are hydrolyzed to carboxylic acid groups in NiPcH. This characterization is
important, because for the synthesis of PCMOFs, the Pc linker should have four carboxylic acids
to form the desired MOF structure (similar to tetracarboxyl porphyrinic MOFs). Therefore, it is

critical to develop a characteristic method to precisely identify a fully deprotected Pc before using
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the synthesized material in MOF synthesis. ATR-FTIR spectrum of NiPcl, NiPcH, and a sample
of partially deprotected (partially hydrolyzed to carboxylic acid) are shown in Figure 3.22. In the
ATR-FTIR spectrum of NiPcl (the blue spectrum), we observed one band assigned to the C=0
stretching at 1710 cm™L, and two bands for the C-O stretching; one at 1269 cm-! for the C-O of the
carboxylate, and the other one at 1105 cm! for the C-O of the methoxy group. Additionally,
stretching vibrations of sp® hybridized C-H from the methyl group of the ester are clearly showing
in the 2850-2953 cm-! region. Comparing the spectrum of NiPcl with NiPcH (green spectrum in
Figure 3.22), the most obvious difference between these two are the absence of C-H bands in the
2850-2953 cm! region and the absence of the C-O band at 1269 and 1105 cm-* in NiPcH spectrum.
Inasample thatis partially deprotected (partially hydrolyzed to acid, red spectrum in Figure 3.22),
sp® C-H stretching in the 2850-2953 cm-1 region, and C-O stretching at 1269 cm-* are still observed.
Therefore, this sample (and any sample with these diagnostic peaks) is not appropriate to be used
for MOF synthesis. Another feature that can be elucidated by comparing the ATR-FTIR spectra in
Figure 3.22 is a slight shift of the C=0 stretching from 1710 cm-! in NiPcl, which contains an
ester, to 1695 cm* in NiPcH, which contains a carboxylic acid, and a shift of the C-O stretching
from 1269 cm™ in NiPcl to 1223 cm in NiPcH. This shift is expected for carboxylic acids

compared with esters.
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Figure 3.22 ATR-FTIR spectrum of NiPc1 (blue), NiPcH (green), and partially hydrolyzed sample (red).

The marked regions show 2850-2953, 1710, 1695, 1269, 1223, and 1105 cm.

3.2.4.5 Mass spectrometry analysis of MPcH, and NiPc2

In this thesis, electrospray ionization mass spectrometry (ESI-MS) and laser desorption mass
spectrometry (LD-MS) was performed on MPcl, MPcH, and NiPc2. Mass spectrum of NiPcH
(Figure 3.23) was measured using laser desorption as ionization source (no matrix used) in positive
mode. For NiPcH an exact mass of 1210.2 is expected (neutral species). As such, the signal at
m/z = 1210.0 is due to the molecular ion [M*]*. What is interesting in the mass spectrum shown in
Figure 3.23 is that we were able to observe successive fragmentation of the carboxylic acid groups.
The signals at 1166.0, 1123.0, 1077.9, and 1033.9 were correlated to the loss of one, two, three,

and four carboxylic acids from NiPcH molecule, respectively (Table3.1).
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Figure 3.23 LD-MS spectrum of NiPcH. This spectrum shows the molecular ion signal at m/z =1210.0 as

well as signals for sequential loss of carboxylic acid groups from NiPcH at 1166.0, 1123.0,1077.9, and

1033.9.

Table 3.1 Fragmentation pattern observed in LD-MS spectrum of NiPcH.

ion Observed mass Exact mass
[MT* 1210.0 1210.2
[M+H-COOH* 1166.0 1166.2
[M*+2H*-2COOHT* 1123.0 1122.2
[M+3H"-3COOHT" 1077.9 1078.2
[M*+4H*-4COOHT* 1033.9 1034.2
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For the ESI-MS analysis on NiPcH (Figure 3.24), it was determined that negative ion mode
would be the ideal method to ionize NiPcH since it could rapidly lose one proton from the ligand.
However, it was necessary to set the skimmer voltage at higher thannormal (-100 V while a typical
analysis is done at -20 V) to get a signal. Indeed, when electrospray ionization was performed in
negative mode, a predominant ion signal at m/z = 1209.2, consistent with the [M-H*]" ion was
observed. The signal at m/z = 1231.17 was correlated to [M-2H*+Na*]- (exact mass = 1231.17).
Due to the high electrospray voltage, some fragmentation was also observed. As such, the signal

at m/z = 1164.19 was correlated to [M-H*-COOH‘]"- (exact mass = 1164.19).
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Figure 3.24 ESI-MS (in negative mode) spectrum of NiPcH. This spectrum shows the [M-H*] ion signal

atm/z =1209.19.

For CoPcH, an exact mass of 1211.2 is expected. Therefore, the signal at m/z = 1211.6 in
the LD-MS spectrum in Figure 3.25 corresponds to the molecular ion [M*]*. Similar to NiPcH, we
can observe a fragmentation pattern for CoPcH that can be correlated to the successive loss of the

carboxylic acid groups (Table3.2).
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Figure 3.25 LD-MS spectrum of CoPcH. This spectrum shows the molecular ion signal at m/z =1211.6
as well as signals for sequential loss of carboxylic acid groups from CoPcH at 1167.6, 1123.5,1079.5,

and 1035.4.

Table 3.2 Fragmentation pattern observed in LD-MS spectrum of CoPcH.

ion Observed mass Exact mass
[MT* 1211.6 1211.2
[M+H*-COOH* 1167.6 1167.2
[M*+2H*-2COOH* 1123.5 1123.2
[M+3H*-3COOHT* 1079.5 1079.2
[M+4H-4COOHT* 1035.4 1035.2

For NiPc2, an exact mass of 730.1 is expected. LD-MS spectrum of NiPc2 in Figure 3.26

shows the molecular ion [M]* signal as the predominant peak. Compared with NiPcH,
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significantly less fragmentation was observed, which is expected from NiPc2 owing to its smaller

size and less labile bonds.
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Figure 3.26 LD-MS spectrum of NiPc2. This spectrum shows the molecular ion signal at m/z =730.0.

3.3 Conclusion

We synthesized tetraimidazophthalocyaniens that can be used as rigid linkers for MOFs synthesis.
These linkers can have different metal cations coordinated in the cavity of the Pc molecule;
therefore, different functionality can be introduced to the target MOF. We showed synthesis of
two family of these Pc-based linkers. The first one is designed to have four imidazole groups as
the coordinating groups to the metal ions that makes the MOF. This provides the opportunity for
the synthesis of the first class of ZIFs that have imidazophthalocyanines as linker. The second

family has four carboxylate groups in symmetrical fashion on the Pc core. With this linker the
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carboxylic acid can coordinate to the metal ion. This provides opportunity for the synthesis of
carboxylate based PcMOFs which are already lacking in the MOF field.

3.4 Experimental Details

3.4.1 General procedures, materials, and instrumentation

Reagents and solvents were purchased from commercial sources and used without Purification.
IH-NMR spectra were recorded on a Bruker 300 MHz AVANCE Il spectrometer using
acetone-ds, CDClz, DMSO-ds, or DMSO-ds + 1 drop of D2SO4 as the NMR solvent. DMSO-ds
was used as the lock solvent for the latter.

LD-MS was recorded on a Bruker ultraflexTOF/TOF mass spectrometer.

ESI-MS was recorded on a Bruker Apex-Qe 9.4T FTICR. The sample was dissolved in 65%
methanol / 35% water with 0.5% ammonium hydroxide.

UV-Vis absorption spectra were recorded using a Cary 6000i spectrophotometer.

ATR-FTIR spectra were recorded using a Bruker Tensor 27 FT-IR equipped with a ZnSe MIRacle
crystal.

3.4.2 Synthesis of 3-5

[OX10) (O10)
S NaZS2O5 S
—>
> -+
j HO” S0; Na
3-5

A 250 mL round bottom flask (RBF) was charged with 5.34 g methyl 4-formylbenzoate
(32.5 mmol) and a magnetic stir bar. 100 mL 95% ethanol was added to the flask and stirred to
completely dissolve the solid. In a separate beaker, 3.2 g sodium metabisulfite (Na2S20s)
(17 mmol) was dissolved in 20 mL deionized water. Sodium metabisulfite solution was added

dropwise to the stirring solution in the RBF. Upon addition of Sodium metabisulfite solution, the
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Solution in the flask turns cloudy and a white precipitate gradually forms. Finally, 50 mL more
ethanol was added to the white precipitate in the flask and it was stirred. The RBF was placed in a
fridge. The RBF contents was suction filtered and was washed with 180 mL cold ethanol. The
white solid was left on filter paper to dry. When dry, 8.23 g product 3-5 was obtained as a white
powdery solid (30.7 mmol, yield = 94%).

3.4.3 Synthesis of 3-1-2

SN
- 4
HO™SO;3Na
35
Br)CENHZ Brj@[N : o]
o Br N 9]
Br NH2 DMF, 120°c,4n H !

3-1-2
A 50 mL RBF was charged with 940 mg bisulfite adduct 3-5 (3.50 mmol), 832 mg
4,5-dibromobenzene-1,2-diamine (MW = 265.94 g/mol, 3.13 mmol), 10 mL DMF, and a magnetic
stir bar. The RBF was capped with septa then heated in an oil bath at 120 °C for 4 h using a hot
plate equipped with a temperature probe. The flask was removed from the oil bath and left to cool
to room temperature. Once cooled, deionized water was added to the yellow mixture in the reaction
RBF until it was filled. Using suction filter, the yellow mixture was isolated as a yellow solid on
filter paper, which was washed with 50 mL of deionized water. The yellow solid was left to dry
on the suction filter and further dried in a vacuum oven at 80 °C overnight. Once dry, 1.027 g
yellow solid was obtained. The dry yellow solid was further purified by pouring 100 mL hot
ethanol in a beaker containing the yellow solid then it was stirred with stirring rod. After being
chilled, the mixture was suction filtered, and the obtained light-yellow solid was finally dried in a

vacuum oven at 80 °C overnight. Once dried, 905 mg product 3-1-2 was obtained as a yellow solid
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(2.21 mmol, yield = 71%). H-NMR (300 MHz, acetone-ds) & 8.34 (d, 8.9 Hz, 2H), 8.17 (d,
8.9 Hz, 2H), 8.09 (s, 1H), 7.95 (s, 1H), 3.94 (s, 3H).

3.4.4 Synthesis of 3-1-1

Brj@NHz CH3COOH :j@b_

Br NH», 120°C. 2 h H

3-1-1

An 8 mL vial was charged with 427 mg 4,5-dibromobenzene-1,2-diamine (1.61 mmol), 2.5 mL
glacial acetic acid (44 mmol), and a magnetic stir bar. The vial was sealed with a crimpable septa-
containing cap. The vial was then heated in an oil bath at 120 °C using a hot plate equipped with
a temperature probe. The reaction was followed by TLC (ethyl acetate: methanol 9:1). After2 h,
the vial was removed from the oil bath and it was left to cool down to room temperature. Then the
vial content was poured into 50 mL dichloromethane then 100 mL NaHCOs3 solution (made by
dissolving 15 g NaHCO3in 350 mL deionized water) was added to the mixture followed by stirring
until foaming stopped. The mixture was poured into a separatory funnel and the product was
extracted with dichloromethane. The combined organic layers were washed twice with water then
it was dried over MgSO4 followed by gravity filtering. Finally, the solvent was removed using
rotary evaporator to obtain 360 mg product 3-1-1 as a yellow-orange powder (1.24 mmol,
yield = 77%) compound. *H-NMR (300 MHz, DMSO-ds) 5 12.48 (s, 1H), 7.85 (s, 2H), 2.48 (s,

3H).

3.4.5 Synthesis of 3-2

H2N:©:Br CuCN H2N:©:CN
HoN Bl \wmPp 140°C,17h N, 2N CN
3-2
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In a batch synthesis approach, eight 20 mL dry vials were all individually charged with 1.298 g
4,5-dibromobenzene-1,2-diamine (4.881 mmol), 1.817 g CuCN (20.29 mmol), 13 mL NMP (that
was previously sparged with N2 for 15 min), and a magnetic stir bar. The solution in these vials
were stirred and subjected to sonication. The vial was sealed with a crimpable septa-containing
cap, and subsequently sparged using a needle punctured through the septa with N2;a second needle
was pierced through the septa to vent the gas. Finally, these vials were heated in an oil bath at
140 °C for 17 h. The vials were removed from the oil bath and cooled to room temperature. Before
opening the seals, as a precaution, the vials were vented with a syringe needle in the fume hood to
help release any built-up pressure inside the vial. Contents of all vials were mixed in a 500 mL
beaker and diluted with 120 mL of DMF. Two 1 L Erlenmeyer flasks each containing 60 g
NasEDTA, and 300 mL deionized water, were heated while stirring on two hot plates until all
solids dissolved. The diluted reaction solution was separated into two equal fractions which were
decanted into the each of the 1 L Erlenmeyer flasks containing hot NasEDTA solution. The
mixtures were heated while stirring vigorously on hot plates equipped withtemperature probe with
the solution temperature set on 95 °C. Meanwhile, air was bubbling into the solutions using an
aquarium air pump (air flow was split to bubble in both flasks at the same time). After 2 h,
100 mL of hot deionized water was added to each flask and the heating/stirring /bubbling was
continued, for another 2 h. After this, the hot plates were turned off and the reaction mixture left
overnight in the fume hood. The solution component of both flasks was decanted into a large
beaker. 100 mL ethyl acetate was added to the solid component in each 1 L Erlenmeyer flask and
sonicated with manual stirring to dislodge the solid. The solid was then isolated with suction
filtration. The filtrate was retained to potentially retrieve more product and added to the large

beaker. The combined solution was extracted with ethyl acetate in seven batches using a 1 L
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separatory funnel (3x50 mL ethyl acetate used for each batch). These combined organic layers
were washed with 7x150 mL of deionized water and then with 5x90 mL of saturated NaCl
solution, or until an aqueous fraction was colorless. The organic fraction was then dried over
MgSQO4and filtered to remove solid impurities. The organic phase was concentrated under reduced
pressure with rotary evaporation. The resulting solid was further dried in a vacuum oven at 80 °C
overnight to give 3.27 g product 3-2 as a beige powder (20.7 mmol, yield = 53%). H-NMR
(300 MHz, acetone-ds) 8 7.04 (s, 2H), 5.37 (s, 4H).

3.4.6 Synthesis and workup of 3-3-2

0504

- +
HO”“SO3 Na
3-5

NCJCENHZ _ NC. N 0
NC NH, NC : N : P

NMP, 120 °C, 5 h, N,

3-2 3-3-2
Four dry 20 mL vials each were charged with 914 mg 3-2 (5.78 mmol), 1.76 g bisulfite adduct
3-5 (6.56 mmol), 11.5 mL NMP, and a magnetic stir bar. The vials were sealed with a crimpable
septa-containing cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needle was pierced through the septa to vent the gas. The vials were heated in an oil
bath at 120 °C using a hot plate equipped with temperature probe. The reaction was monitored by
TLC (hexanes: ethyl acetate 3:7). The vials were removed from the oil bath after 5 h and left to
cool to room temperature. Before opening the seals, the vials were vented carefully with a syringe
needle in the fume hood. The vial content (light brown solution containing yellow precipitate) was
emptied into a 500 mL beaker then 300 mL deionized water was added to the mixture with stirring

and finally the mixture was centrifuged. The yellow solid collected from the centrifuge tubes were
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suction filtered and washed with portions of 200 mL ethanol: water (1:1). The yellow solid left on
the suction filter to dry, then placed in vacuum oven at 80 °C overnight to give 4.12 g product
3-3-2 as a light-yellow powder (13.6 mmol, yield = 59%). 1H-NMR (300 MHz, DMSO-ds) § 8.50
(s, 2H), 8.39 (d, 8.8 Hz, 2H), 8.17 (d, 8.8 Hz, 2H), 3.91 (s, 3H).

3.4.7 Synthesis of 3-3-3

NH, HCOOH NC

NC N
XX - K
NC NH, NC N

100 °C, 90 min, N, H

3-2 3-3-3

A dry 8 mL vial was charged with 255 mg 3-2 (1.61 mmol), 3.2 mL formic acid (85 mmol), and a
magnetic stir bar. The solution in this vial was stirred and subjected to sonication, The vial was
sealed with a crimpable septa-containing cap, and subsequently sparged using a needle punctured
through the septa with N2; a second needle was pierced through the septa to vent the gas. The vial
was then heated in an oil bath at 100 °C using a hot plate equipped with a temperature probe. The
reaction was followed by TLC (hexanes: ethyl acetate 3:7). After 90 minutes, the vial was removed
from the oil bath and it was left to cool down to room temperature. Before opening the seal, the
vial was vented carefully with a syringe needle in the fume hood. The vials contents were decanted
into 150 mL NaHCOg3 solution (made by dissolving 10 g NaHCO3s in 150 mL deionized water).
The resulted mixture was suction filtered. The solid on the filter paper was dried further in a
vacuum oven at 80 °C overnight to obtain 137 mg product 3-3-3 as a beige powder (0.815 mmol,

yield = 519%). tH-NMR (300 MHz, DMSO-ds) § 8.72 (s, 1H), 8.47 (s, 2H).
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3.4.8 Synthesis of NiPcl

*Q Jj
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3-3-2

NiPc1
A dry 20 mL vial was charged with 660 mg 3-3-2 (2.18 mmol), 160 mg NiCl> (1.23 mmol),
11 mL 1-Pentanol, and a magnetic stir bar. The solution in this vial was stirred and subjected to
sonication. The vial was sealed with a crimpable septa-containing cap, and subsequently sparged
using a needle punctured through the septa with N2; a second needle was pierced through the septa
tovent the gas. The vial was then heated in an oil bath using a hot plate equipped with a temperature
probe for 10 min at 145 °C, then the vial was carefully vented with a syringe needle in the fume
hood to release the pressure. 1090 uL of DBU (7.3 mmol) measured by a micropipette was injected
into the vial using a syringe and needle. After heating the vial at 145 °C for 66 h, the vial was
removed from the oil bathand it was left to cool down to room temperature. The vial was vented
with a syringe needle before opening the seal, and its contents were emptied into a centrifuge tube
and 15 mL of DMF was added. The centrifuge tube was sonicated then 8 mL of ethyl acetate was
added to the solution to precipitate out phthalocyanines as a green solid. This green solid was then
isolated from the mixture by centrifugation. The addition of DMF, sonication, adding ethyl acetate,
and centrifugation was repeated until the decanted solution was colorless or was very light brown
in color. Next, the solid was washed with 3x30 mL hexanes, centrifuged, and decanted, followed

by the addition of 35 mL 1 M HCl to the green solid, followed by stirring the mixture overnight at
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room temperature to dissolve any remaining nickel particles. The next day, this mixture was
centrifuged, and solution was decanted. The remaining solid was washed three times with
deionized water and centrifuged. Then water was decanted and the solid was dried in a vacuum

oven at 80 °C overnight to obtain 330 mg NiPcl as a dark solid (0.260 mmol, yield = 48%).

3.4.9 Synthesis of NiPcH from NiPcl
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A 100 mL RBF was charged with 330 mg NiPc1 (0.260 mmol), 25 mL THF, 25 mL 2 M KOH,
and a magnetic stir bar. Then the RBF was heated in an oil bath with refluxing at 85 °C for 24 h.
Aftercooling downto room temperature, 30 mL DMF was added to the brown mixture in the RBF
followed by stirring the mixture and adding 15 mL ethyl acetate. The mixture was centrifuged and
decanted, then the solid was transferred into a 100 mL RBF. 75 mL of 1 M HCI was added to the
solid in the RBF and it was stirred at room temperature overnight. The next day, the mixture was
centrifuged and decanted before adding 15 mL DMF to the solid in the centrifuge tube. The
centrifuge tube was sonicated, then 8 mL ethyl acetate was slowly added to precipitate the
phthalocyanine as a green solid. The procedure of adding DMF and ethyl acetate, followed by
centrifugation and decanting was repeated until the decanted solution was colorless. The solid was

washed three times with deionized water and centrifuged. The water was then decanted and the
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solid was dried in a vacuum oven at 80 °C overnight to obtain 130 mg product NiPcH as a dark
grainy solid (0.107 mmol, yield = 41%).

3.4.10 One-pot synthesis of NiPcH from 3-3-2

Os.0~ HN N
N
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7 N, .7 N
“NH

' N Ni N
N -N, \N \
1-pentanol, DBU, 145 °C, N,, 3 days N X
N NH
NC CN L NH N
HO OH
3-3-2 (0] NiPcH o

Five 20 mL dry vials each were charged with 740 mg 3-3-2 (2.45 mmol), 179 mg NiClk
(1.38 mmol), 12.2 mL 1-Pentanol, and a magnetic stir bar. The solution in these vials were stirred
and subjected to sonication. The vials were sealed with a crimpable septa-containing cap, and
subsequently sparged using a needle punctured through the septa with N2; a second needle was
pierced through the septa to vent the gas. The vials were heated in an oil bath using a hot plate
equipped with temperature probe for 10 min at 145 °C, then the vials were vented carefully with a
syringe needle in the fume hood to release the pressure. 1225 uL of DBU (8.207 mmol) was
measured by micropipette and injected into each vial using a syringe and needle. Heating continued
for 66 h at 145 °C. The vials were removed from the oil bath and left to cool to room temperature,
then vented with a syringe needle before opening the seal. All five vials content were transferred
into a 500 mL RBF. 60 mL THF and 130 mL 2 M KOH was added to the RBF. The mixture was
heated in an oil bath under reflux at 85 °C for 24 h. After this, the condenser was removed, heating
continued for another 1 h to evaporate THF, and the reaction flask was left stirring overnight at a

reduced temperature of 40 °C. The resulting brown mixture was transferred into a 1 L Erlenmeyer
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flask, then 300 mL 1 M HCI added to the flask and stirred at room temperature for 24 h. The
mixture was then centrifuged to separate the crude phthalocyanine product. Centrifuge tubes
containing dark brown solution were decanted, and the solids were collected and emptied into a
single centrifuge tube. The collected solid was washed with a few solvents followed by
centrifuging with the mentioned order: three times with deionized water. Methanol: water 4:1.
Methanol: water 3:1. Many times methanol: water 1:1. The solid was dried in vacuum oven at
80 °C overnight. Dry solid was washed withacetone and centrifuged. The collected solid was dried
in a vacuum oven at 80 °C overnight to give 2.25 g product NiPcH as a dark grainy solid (1.86
mmol, yield = 61%).

3.4.11 One-pot synthesis of NiPcH from 3-3-2 (smaller scale, modified workup)
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@ DBU, NiCl, KOH/THF, 85 °C, 24 h HCI, 24 h

v

1-pentanol, DBU, 145 °C, N,, 3 days

£, {@( *@

3-3-2 NiPcH

A dry 20 mL vial was charged with 740 mg 3-3-2 (2.45 mmol), 179 mg NiCl> (1.38 mmol),
12.2 mL 1-Pentanol, and a magnetic stir bar. The solution in this vial was stirred and subjected to
sonicationThe vial was sealed with a crimpable septa-containing cap, and subsequently sparged
using a needle punctured through the septa with N2; a second needle was pierced through the septa
to vent the gas. The vial was heated in an oil bath using a hot plate equipped with a temperature
probe for 10 min at 145 °C, then the vial was vented carefully with a syringe needle in the fume

hood to release the pressure. 1225 uL of DBU (8.207 mmol) measured by micropipette was
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injected into the vial using a syringe and needle. After heating at 145 °C for 66 h, the vial was
removed from the oil bath and it was left to cool to room temperature. The vial was then vented
with a syringe needle before opening the seal. The vial contents were transferred into a 100 mL
RBF. Then 12 mL THF and 26 mL 2 M KOH was added to the RBF. The RBF was then heated in
an oil bath under reflux (at 85 °C) for 24 h. The condenser was removed after 24 h with continued
heating for 1 h toevaporate THF. The brown mixture was transferred into a 250 mL RBF, followed
by subsequent addition of 75 mL of 1 M HCI. The mixture was then stirred at room temperature
for 24 h. The brown mixture was then centrifuged to separate crude product. The dark brown
solution was decanted, followed by addition of 15 mL of DMF to the isolated crude solid. The
centrifuge tube was sonicated, then 8 mL ethyl acetate was slowly added to the solution to
precipitate the product as a green solid, which was isolated by centrifugation. The process of
adding DMF, sonicating, adding ethyl acetate, and centrifuging was repeated many times until the
decanted solution was colorless or very light brown in color. Finally, the solid was washed three
times with deionized water, centrifuged, and decanted. The solid was dried in a vacuum oven at
80 °C overnight to obtain 285 mg product NiPcH as a dark grainy solid (0.235 mmol,
yield = 38%).

3.4.12 One-pot Synthesis of CoPcH from 3-3-2

L L
v

-~ 4
N“"NH =N" N
1-pentanol, 145 °C, Ny, 4 days N7
N NH
o \Q* &Qr

3-3-2 o} CoPcH

@ |
050~ HN N
N
DBU, CoCl, KOH/THF, 85 °C, 24 h HCI, 24 h N /‘N X
(4

Y

Z

O/ \
pel

z

111



A dry 20 mL microwave vial was charged with 740 mg 3-3-2 (2.45 mmol), 179 mg CoClk
(1.38 mmol), 12.2 mL 1-Pentanol, and a magnetic stir bar. The solution in this vial was stirred and
subjected to sonication, followed by N2 sparging, before being sealed and finally the vial was
flushed and filled with N2 The vial was heated in an oil bath using a hot plate equipped with a
temperature probe for 10 min at 145 °C, then the vial was vented carefully with a syringe needle
in the fume hood to release the pressure. 1.3 mL DBU (8.7 mmol) was added via syringe into the
vial using a syringe and needle. After heating the vial at 145 °C for 4 days, the vial was removed
from the oil bath, and cooled to room temperature. Pressure built during the reaction was vented
with a syringe needle before opening the seal. The vial content was transferred into a 100 mL RBF,
after which 12 mL THF and 26 mL 2 M KOH was added to the flask. The RBF was heated in an
oil bath under reflux at 85 °C for 24 h. After 24 h the condenser was removed, but heating was
continued for another 3 h to evaporate THF. The brown mixture was transferred into a 250 mL
RBF, then 75 mL 1 M HCl was added to the flask and it was stirred at room temperature for 24 h.
The brown mixture was then centrifuged to separate the crude product. Dark brown solution was
decanted, followed by addition of 15 mL DMF to the isolated solid. The centrifuge tube was
sonicated, then 8 mL ethyl acetate was slowly added to the solution to precipitate a green solid,
which was isolated by centrifugation. The process of adding DMF, sonicating, adding ethyl
acetate, and centrifuging was repeated until the decanted solution was colorless or very light brown
in color. Finally, the solid was washed three times with water, centrifuged, and decanted. The solid
was dried in a vacuum oven at 80 °C overnight to give 196 mg product CoPcH as a dark grainy

solid,) of dark grainy solid (0.162 mmol, yield = 26%).
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3.4.13 Synthesis of NiPc2

HN=

r_N
HN N
N
R DBU, NiCl
HN"SN 2 N |N
/ 4 \
> N Nii N
° =N N
NC CN 1-pentanol, 145 °C, Ny, 3 days S
NH
N ()

73 % “NH

7 N\

\,

/

NiPc2

An 8 mL dry vial was charged with 110 mg 3-3-3 (0.654 mmol), 49 mg NiCl. (0.38 mmol),
3.3 mL 1-Pentanol, and a magnetic stir bar. The solution in this vial was stirred and subjected to
sonication, The vial was sealed with a crimpable septa-containing cap, and subsequently sparged
using a needle punctured through the septa with N2; a second needle was pierced through the septa
to vent the gas. The vial was heated in an oil bath at 145 °C using a hot plate equipped with
temperature probe for 10 min. The vial was carefully vented with a syringe needle in the fume
hood to release the pressure. 331 uL. DBU (2.22 mmol) measured by micropipette was injected
into the vial using a syringe and needle. After heating the vial at 145 °C for 3 days, the vial was
removed from the oil bath and cooled down to room temperature. The vessel was vented with a
syringe needle before opening the seal. The vial contents were emptied into a centrifuge tube,
followed by a subsequent addition of 15 mL of DMF. The centrifuge tube was sonicated, then
8 mL hexanes was slowly added to the solution to precipitate a green solid, which was isolated by
centrifugation. The solid was further washed with 2x15 mL acetone followed by centrifuging and
decanting. Then 30 mL 1 M HCI was added to the solid in the centrifuge tube followed by stirring
for 1 h. The resulting green solution was emptied into an RBF and neutralized with 2 M KOH until
pH was neutral as indicated by litmus paper. This precipitate was washed two times with 2x30 mL

deionized water, followed by centrifugation and decanting. Then the solid was dried in a vacuum
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oven at 80 °C overnight to obtain 86.9 mg product NiPc2 as a dark grainy solid (0.119 mmol,

yield = 73%).
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4 Synthesis of phthalocyanine-based MOFs

4.1 Introduction

In Chapter 3, we demonstrated that two Pc ligands can be synthesized with the necessary
coordination chemistry installed to allow for the formation of porous materials. With these ligands
in hand, we can now attempt the daunting task of synthesizing and characterizing MOFs formed

from these ligands.

Figure 4.1 Schematic representation of MOF formation from nodes (red balls) and ligands (blue bars).

In the simplest way (Figure 4.1), MOFs are prepared by combining metal ions (nodes) and
organic ligands (linkers) at elevated temperatures until the process of nucleation and crystal growth
occurs resulting in a 3-D crystalline and porous material. Often, the marks for a successful
synthetic procedure are the reproducible diffraction pattern and gas adsorption properties.
Furthermore, an ideal synthetic procedure would be flexible enough that slight changes in reaction
conditions do not drastically affect the results. Anecdotally, there are several procedures that
struggle outside of the originating lab; this is likely due to changes in reaction conditions that are
not included (or known) in the original procedure (i.e., reaction container size, oven heating
method, water content in the solvent, etc.). While the process of synthesizing new MOFs may seem
simple, the reality is that determining the reaction conditions can be a challenging endeavor. It is

true that the ligand charge and the node charge will often balance one another (i.e., leave no cations
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or anions in the pore). However, this does not mean that simply mixing the node and ligand in this
ratio is sufficient to make the desired MOF. The synthesis of MOFs requires the careful balance
of kinetics to allow the formation of a crystalline product of a single phase. If the metal-ligand
bonds form quickly and irreversibly, then it is more likely that an amorphous phase which may
still be of interest forms.142.143 With this in mind, the synthesis of MOFs requires that the formed
M-L bonds can also be broken so that the chemistry can make and break bonds until the
thermodynamic product (ideally a porous MOF) can form. To accomplish this, MOF chemists tune
reaction conditions such as solvent choice, metal:ligand ratio, addition of additives, temperature,
concentration of the reaction, and workup conditions, to try to synthesize MOFs. The challenge is
that for every new ligand and/or metal that is being attempted, the conditions may be drastically
different. For example, the addition of small amounts of acid (1-2 drops in 10-20 mL of solvent)
can help optimize the kinetics of crystal growth but large amounts of acids (1 mL in 10-20 mL of
solvent) would be viewed as detrimental. For Cu/Zn MOFs (and likely others), this statement
would be true. However, fora Zr-MOF like UiO-66, large amounts of acid are necessary and often
lead to rapid formation of a single phase of the desired MOF.144

Just as NMR and mass spectrometry are used as a guide for the synthesis of small
molecules, X-ray diffraction and gas adsorption isotherms are used to guide the successful
synthesis of porous materials. Only once a reproducible gas adsorption isotherm with a consistent
diffraction pattern, which may be amorphous, is formed, we can assume that a procedure is
successful. With this in mind, the following sections of the introduction will briefly introduce
MOFs synthesis and some background information on the factors that are often considered in the
synthesis of MOFs and the roles they play. Lastly, wewill cover the basic characterization methods

that help guide the synthetic approach towards MOF synthesis.
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4.1.1 Synthesis

MOF synthesis methods can be classified as conventional and unconventional.*® The conventional
method places the reagents in a sealed vial/Teflon reactor vessel with a polar high boiling solvent.
The vessel is then heated at elevated temperatures for anywhere between hours to days.
Unconventional methods have been developed to reduce the amount of organic solvent used in the
synthesis or to completely replace it. In some cases, these unconventional methods also shorten
the synthesis time. Some common unconventional synthesis procedures include microwave
heating,4> electrochemical synthesis,}4® mechanochemical synthesis,’4” and ultrasonic
synthesis.148 Given that the work herein has focused on conventional methods, the remaining
discussion will focus on conventional MOF synthesis.

There are many factors that affect the synthesis of MOFs such as temperature, reactant
solubility, pH, concentrations of metal salt, ligand, and modulator, metal-ligand ratios, and even
the counterions associated with the precursor metal salt.*3 149 The following sections address some
of these parameters.
4.1.1.1 Solvent
The prototypical solvent that is used in the large majority of MOF syntheses is DMF, while other
solvents like  N,N-diethylformamide (DEF), N,N-dimethylacetamide (DMA), and
dimethyl sulfoxide (DMSO) have also been used.1®0-15 These solvents are chosen because most
starting materials are soluble in them, and they are relatively stable solvents at elevated
temperatures. For the focus of incorporating Pc linkers into MOFs, this work primarily utilizes
DMF. DMF is a high boiling point (153 °C) and highly polar solvent. This means that it should
have the ability to dissolve most ligands and node precursors while also offering a wide

temperature range to explore the parameter space of MOF synthesis. In the case of DMF and DEF,
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the solvent slowly breaks down at elevated temperature. While this may seem detrimental, it is
critical in the synthesis of MOFs by serving an additional purpose. As shown in Equation 4.1, the
formation of a MOF from an acid ligand precursor (HmL) and a Lewis-acidic metal precursor
(MXn) produces an acid (HX) as a product. This acid can break the node-ligand bonds in the MOF
leading to a dynamic equilibrium. As the DMF is heated, it decomposes to dimethylamine, a base,
and formic acid (Equation 4.2). The dimethylamine can subsequently react with the produced acid
from the MOF synthesis and shift the equilibrium to favour MOF formation as a function of how
fast DMF is decomposed. Modulating the rate of DMF decomposition allows us to control the rate
of crystal formation, and in turn the quality and size of the formed crystals. Thus, controlling the
rate of decomposition of DMF favours product formation and leads to crystalline, porous

structures.

MX, + Hpl “+M—L + HX Equation 4.1

o o]
N + H0o —> A + HN= Equation 4.2
|

4.1.1.2 Temperature

The range of temperature used in MOF syntheses is typically 80-150 °C. Over this temperature
range, nucleation and crystal growth rates can be controlled.’®3 To achieve high crystallinity,
dissociation/association rates in the MOF formation need to be properly balanced. In addition, by
slowly cooling the reaction mixture, the critical nucleation concentration can be exceeded, and
crystal growth takes place. The structure of synthesized MOFs can also be altered by varying the
temperature of the reaction medium. As such, temperature can be manipulated for kinetic and
thermodynamic control of the formation of MOFs. For example, Oliveira et al. made MOFs with

same empirical formula but different structures by controlling the temperature.t>* They used
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butanedioic acid and Tm3* at two different temperatures (100 °C and 180 °C) and showed that
because ligand flexibility causes different conformations, different coordination modes of the
ligand at different temperatures provides opportunity to form two different MOF structures.
4.1.1.3 Modulator

In MOF syntheses, when many nucleation sites are formed and grow rapidly, this leads to the
formation of smaller crystals. Therefore, controlling the rate of nucleation vs. crystal growth is
vital for the formation of larger MOF crystals. A modulator is a non-structural, monotopic ligand
(such as benzoic acid and acetic acid) which is added to the reaction mixture.1®> Modulators
coordinate to the metal node and compete with the organic ligands, in turn, allowing MOF crystal
size and morphology to be controlled. For example, Kitagawa and co-workers synthesized
HKUST-1 with different crystal sizes ranging from nanometer to micrometer by using different
concentrations of n-dodecanoic acid as modulator.1%6 This study showed that the synthesized MOF
has improved crystallinity (sharper PXRD peaks) and nitrogen adsorption (compared with non-
modulated synthesis). In another study, Kitagawa et al. showed that morphology design of
HKUST-1 is also feasible by controlling the modulator concentration. They showed that increase
in n-dodecanoic acid concentration changes the HKUST-1 morphology from octahedron to
cuboctahedron and then to cube.!®” Use of modulators in the synthesis of Zr-based MOFs have
also been investigated.144 1%8-164 For example, Behrens and co-workers showed that increasing the
amount of modulator (benzoic acid or acetic acid with respect to ZrCls) in the reaction mixture
improves crystal size, crystallinity, and surface area of UiO-66 and UiO-67.161 In the case of
UiO-67, when 30 equivalent of benzoic acid (with respect to ZrCls) were used, the authors could

even obtain octahedral single crystals (Figure 4.2) and reported increase of the specific surface
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area from 270 m?/g for the non-modulated synthesized UiO-67 to 3000 m?/g for the 30 equivalent

benzoic acid modulator.

Figure 4.2 SEM image of UiO-67 showing change in crystal sizes and morphology by change in the
amount of benzoic acid modulator with respect to ZrCl,. (a) 0 equivalent (b) 3 equivalent (c) 30

equivalent. Reprinted with permission from reference 161 Copyright (2011) Wiley.

The examples discussed above show that the synthesis of MOFs can be very sensitive to
the reaction parameters. Often there is a complex relationship between these parameters. As such,
for the discovery of most MOFs, systematic exploring of the mentioned parameters is necessary.
In saying this, with enough work; synthetic procedures that are tolerant to moderate changes in
reaction conditions can be discovered.44
4.1.2 Activation
Activation is a term used to describe the removal of impurities residing inside the pores of a MOF
such as residual solvent molecules and node/linker precursors which are trapped in the pores of
the framework.165 To utilize MOFs for a targeted application, it is critical to find the appropriate
conditions to remove these undesirable guest molecules while leaving the structure intact. In many
ways, determining the optimum parameters for the activation of a MOF can be as challenging to
determine as the synthetic conditions of the MOF. This is especially true for larger pore MOFs,
which are generally more sensitive to collapse. The section which follows discusses the most

common activation techniques currently used.
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4.1.2.1 Vacuum Drying

Traditional activation requires heating the as-synthesized MOF under vacuum to make the pores
of a MOF free from trapped solvent molecules. Unfortunately, in many instances, vacuum drying
cause channel collapse or blockage that result in partial or even full loss of porosity.16> This
happens because liquid- to gas-phase transformation of solvent molecules trapped in the pores
generates intense capillary action that eventually cause the framework's collapse. This
phenomenon is more pronounced when the trapped solvent has high surface tension (and high
boiling point). Therefore, gentler techniques have been developed to mitigate this problem.
4.1.2.2 Solvent Exchange

Solvent exchange is used to solve the pore collapse problem encountered with vacuum drying.16°
In this method the MOF sample is first washed with the reaction solvent (often DMF) to remove
impurities such as node precursors and non-coordinated species. Then the sample is soaked in a
solvent with lower surface tension (e.g., acetone, dichloromethane, methanol) than the reaction
solvent. This process is repeated several times to fully exchange the reaction solvent for the new
solvent. Solvent exchange is often performed overnight to ensure complete exchange. Finally,
since the pores are filled with a low boiling point and low surface tension solvent, vacuum drying
can be applied to activate the MOF with reduced risk to the framework. Although this procedure
has become popular for MOF activation, direct transition of the solvent from liquid to gas phase
can still impose capillary action and cause the partial or full collapse of the framework. For such
situations, even milder activation procedures have been developed to activate MOFs that have

rather delicate structure and are more prone to structural collapse.
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4.1.2.3 Supercritical Processing

Activation by supercritical CO2 (scCO3) is developed to address the encountered issue with the
conventional solvent exchange process.1%%: 165 166 The success of this method is based on
eliminating the liquid to gas phase transition that happens in solvent exchange and vacuum drying
methods. When drying MOFs while using scCOz2, the MOF reaction solvent is first exchanged
with a solvent such as ethanol (or other solvents that are compatible with the instrumentation and
miscible in liquid CO2). The sample is subsequently placed in a chamber in which the solvent is
exchanged with liquid CO2. Next, the temperature is increased until the pressure and temperature
are in the region of supercritical CO2 (critical point of CO2 is 73 atm at 31 °C); at this stage, the
framework is filled with scCO2. Finally, the chamber is slowly vented to leave behind the activated
sample. In this process, liquid to gas phase transformation which happen in conventional liquid-
liquid solvent exchange activation processes is completely avoided. Along with the benefit of
reduced structural damage through capillary action, scCO:z activationusually produces MOFs with
higher surface area, when compared with an identical sample activated by conventional solvent
exchange methods.166

4.1.3 Characterization

4.1.3.1 X-ray Diffraction

The product of the self assembly between node and linker is often an ordered and crystalline
material. Therefore, X-ray diffraction (XRD) is an ideal tool to elucidate the MOF structure and
monitor the crystallinity and structure and how they may change in response to changing reaction
conditions. For new MOFs, or any material whose structure needs to be determined, single crystal
XRD is the best method. In this method, the atomic connectivity of a material can be known. For

MOFs, this means that we can easily determine the pore size, shape, aperture, and other structural
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information for guiding us to understand the applications of a novel material.1>> The challenge
with single crystal XRD is that you have to grow a crystal, ideally a single domain, that is
sufficiently large enough. Typically, for MOFs, a crystal should be approximately 1 mm or larger.
While some MOFs naturally grow large single crystals, other MOFs have taken years to determine
the optimal reaction conditions to grow sufficiently large crystals. For example, UiO-66 was first
reported in 2008, but the single crystal XRD structure was not reported until 2014.167 Alternatively,
X-ray diffraction analysis can be performed on multicrystalline powder samples using PXRD.168
Depending on the quality of the powderdiffraction pattern (diffractogram), either 3-D connectivity
can be determined or the powder diffractogram can be used to fingerprint a material; the former
method was used for UiO-66. The latter method can be used to examine the crystallinity of the
material to guide chemists towards the ideal reaction conditions. Examining the breadth of the
peak can yield information about the average particle size, or even the mosaicity of the crystal.169
The relative intensities can yield information about phase purity or preferred orientation of the
crystallites. If the synthesized MOF already exists, or if the proposed structure of the MOF can be
simulated, then the peak position and intensities, to some degree, of the synthesized MOF can be
compared with that of the simulated PXRD pattern for that MOF.1%> As mentioned in the previous
sections, activation of MOFs is a challenging step of the synthesis because it might cause loss of
crystallinity or cause collapse of the framework, as such comparing PXRD pattern of the MOF
sample pre- and post- activation can be employed as a helpful characterization tool to monitor the
crystallinity after activation. In a similar fashion, chemical stability of the MOF in applications
that involves exposure of the MOF to the environments that might alter the MOF structure (such

as water, acidic and basic conditions) can be examined through PXRD analysis.
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4.1.3.2 Nitrogen Gas Adsorption Isotherms
One of the key features of MOFs is the porous structure that they produce. With that in mind, one
of the key properties that identify a MOF is the gas adsorption properties, and the associated
information that can be gleaned from them. While gas adsorption can be done with several different
gases or vapours, the most common characterization methodology is nitrogen gas adsorption at
77 K 155,170,171 Eor this experiment, activated MOF is gradually exposed to an increasing volume
of nitrogen gas and the amount of nitrogen uptake by MOF is calculated. From the obtained gas
adsorption isotherm, the surface area, pore width, pore volume, and information about the pore
aperture can be determined; these obtained metrics are invaluable for the comparison of MOFs.

Gas adsorption isotherms are a critical metric in the design of new MOFs. For example,
when the synthesis of new MOFs is being explored, similar PXRD patterns may be observed;
however, this does not mean that amorphous impurities are not present. By comparing the surface
areas obtained from different reactions, or the pore size distributions with the expected pore
information found from single crystal XRD, we can determine if there are structural defects,
species trapped inside the pores such as incomplete solvent removal, and partial collapse of the
framework. All of these affect the gas adsorption isotherm and the calculated surface area, as well
as the pore size distribution calculated from the isotherm, to be different among the samples
obtained from different reactions, and different from the expected values.

In this chapter, we take NiPcH linker that we designed in Chapter 3, and we explore how
PcMOFs can be constructed with them. Using PXRD and gas adsorption as our metric for the

quality of the material, we set out to explore MOFs with NiPcH linker and Zr-based nodes.
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4.2 Results and discussion

As stated in Chapter 1 and Chapter 3, HsTCPP and its derivatives are among the most widely used
porphyrinic linkers employed in MOF synthesis. In Chapter 3 we synthesized two tetracarboxyl
phthalocyanine linkers (NiPcH and CoPcH) as well as one Pc ligand with only the imidazole
groups as coordination sites (NiPc2). However, due to the low solubility of NiPc2, this ligand was
not explored in MOF synthesis. NiPcH and CoPcH are geometrically and chemically similar to
the H4TCPP linkers (m-conjugated, planar, and with four carboxylic acid groups). Therefore, we
would expect these linkers to act in a similar way and produce similar MOF structures to their
porphyrin counterparts. As such, we explored the synthesis of PcMOFs with different node
precursors, under various conditions with NiPcH linker. The aim was to explore the reaction space
associated with this linker to determine if, and how these MOFs can be formed. Therefore, the
synthesis of PcMOFs was explored with Zr#* salts to examine zirconium cluster-based MOFs.

Considering the hard Lewis-base character of carboxylate ligands and the hard Lewis-acid
character of high-valent metal cations such as Zr#*, the field of Zr-based porphyrinic MOFs is rich
with a large diversity of MOF structures. Some examples of these porphyrinic MOFs are discussed
in Chapter 1. Considering all these examples, we embarked on the synthesis of PCMOFs with
potentially similar structure to their porphyrinic analogues. For this purpose, we used NiPcH as
linker in our synthesis.

In this thesis, we use the PCMMOFn as the generic notation for these PCMOFs. In this
notation, M is the metal ion used as the inorganic building block, and n is a code that refers to the
synthesis condition for a given M. For example, PcZrMOF16 and PcZrMOF17 differ on the
synthesis conditions that can be found in the according table (Table 4.2 in thisexample). Since all

the MOF syntheses were performed with NiPcH, PCMMOFn refers to the NiPCMMOFN.
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4.2.1 Synthesis of Zirconium cluster-containing Pc MOFs (PcZrMOFs)

(a) (b)

OH

OH

Figure 4.3 (a) H,TCPP linker used to make PCN-222 in reference 42. (b) H, TBAPy linker used to make
NU-1000 in reference 172. (c) H,Por-PTP linker used to make NU-1104 in reference 57. (d) H,TCP-3

linker used in the synthesis of PCN-230 in reference 38.

The reaction space for the formation of zirconium-containing MOFs is extremely large. To help
narrow down where to start, we started with the synthetic procedure of some Zr-based MOFs that
utilizes tetratopic linkers like the Pc linker (Figure 4.3 and Table 4.1); we rationalized that our
linker would potentially generate topologically similar MOFs. We began by utilizing the synthetic
conditions for PCN-222.42 We subsequently explored the synthesis of NU-1000 which
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procedurally is very similar to that of PCN-222,172 then we investigated synthesis conditions of
NU-1104 which is prepared similarly to NU-1000.5 For all these MOFs, benzoic acid is used as a
modulator. Finally, we explored the synthesis conditions of PCN-230 which uses acetic acid as

modulator.38

Table 4.1 Reaction conditions for the synthesis of some Zr-based MOFs with tetratopic carboxylate

ligands.
Mod?:Zr:L Zr source [Mod., Zr, LP] | Solvent | Temp. | Time | SSA® | Ref.
Mole ratio (mM) (°C) (h) (m23/g)
PCN-222 388:5.1:1 ZrCls 2763,38,7.4 DEF 120 48 2283 42
NU-1000 381:5.2:1 ZrOCl,+8H20 2763,38,7.3 DMF 100 16 2315 172
NU-1104 490:5.0:1 ZrOCl,+8H20 613,6.3,1.3 DMF 120 48 6231 57
PCN-230 6749:6.2:1 ZrCls 2912,27,4.3 DMF 120 24 4455 38
amodulator
bligand

¢ specific surfacearea
d aceticacid is used asmodulator

As a starting point for the synthesis of PcZrMOFs, we explored the synthetic conditions used to
make PCN-222. Briefly, PCN-222 is made using ZrCls, H4TCPP, and benzoic acid, mixed in DEF
in a screw-top glass vial. The vial is sonicated to dissolve the solids and then heated in an oven at
120 °C for 48 h. Details of this procedure are presented in Table 4.1. Using this procedure with
our linker instead of H4TCPP, resulted in a product which was not porous (PcZrMOFS8 in Table
Al.l in the Appendix 1). Moving forward from these initial results, we opted to change the
parameters to see if this procedure would be better optimized through controlled variations. With
this in mind, we kept the mole ratios of benzoic acid, zirconium salt, and the ligand as per the
original PCN-222 procedure. We explored the role of two different zirconium starting materials

(ZrCls, and ZrOCl2+8H20), two different solvents (DMF and DEF), different concentration,
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different temperature (90-140 °C), and different reaction time (48-72 h). Asshown in Appendix 1

all the reaction conditions led to materials that showed no evidence of notable porosity.

Table 4.2 PcZrMOF synthesis conditions. DMF is used as solvent. ZrCl, used as Zr source unless

otherwise indicated.

SSA2 BAP:Zr:NiPcH [HCI] [NiPcH] | Temp. Time

(m2/g) mole ratio (mM) (mM) (°C) (h)
PcZrMOF16°¢ 127 381:5.2:1 - 1.8 100 16
PcZrMOF17 402 508:5.2:1 - 1.2 120 48
PcZrMOF18 180 508:5.2:1 777 1.2 120 48
PcZrMOF19 345 508:5.2:1 233 1.2 120 48
PcZrMOF20 445 508:5.2:1 - 1.2 120 72
PcZrMOF21 486 508:5.2:1 19 1.2 120 72
PcZrMOF22 795 508:5.2:1 39 12 120 72
PcZrMOF23 673 508:5.2:1 39 12 120 120
PcZrMOF24 542 508:5.2:1 39 0.40 120 72
PcZrMOF25 715 254:5.2:1 39 12 120 72
PcZrMOF26 615 00:5.2:1 39 1.2 120 72
PcZrMOF27 117 508:3.0:1 39 1.2 120 72
PcZrMOF28 1100 508:10.3:1 39 1.2 120 72
PcZrMOF29 811 1267:10.3:1 39 1.2 120 72
PcZrMOF30 622 508:10.3:1 87 1.2 120 72
PcZrMOF31d 1221 508:10.3:1 39 1.2 120 72

aspecific surfacearea

b benzoic acid

¢ ZrOCl+8H,0 used
dsonicated forone hour

Since PCN-222 synthesis procedure didn't produce porous material with our linker, we
explored a synthetic procedure that forms NU-1000. NU-1000 and PCN-222 have identical
structures, but the linkers are different (Figure 4.3a vs. b), and the synthesis procedure is slightly
different. Briefly, the synthesis of NU-1000 is as follows. ZrOCl2¢8H20 and benzoic acid are
mixed in DMF in a screw-top glass vial then the vial is sonicated to dissolve the solids. The vial
is thenplaced in an oven at 80 °C for one hour. Aftercooling downtoroom temperature, H4sTBAPy
(Figure 4.3 b) is added to the solution followed by sonicating the mixture for 10 min, finally the
vial is placed in an oven at 100 °C for 16 h. Details of this procedure are presented in Table 4.1.

Synthesis of PcZrMOF with this procedure and same mole ratio but using our linker instead of
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H4TBAPy and diluting the mixture produced a porous material (PcZrMOF16 in Table 4.2), but
the surface area was lower than expected (127 m2/g) in comparison with what was observed for
NU-1000, which uses the shorter HsTBAPYy linker (2300 m?/g).

With the observation that the procedure for NU-1000 led to our first successful gas
adsorption data, we used this as a starting point to improve our results. Looking at NU-1102 and
NU-1104 synthesis procedures that use extended porphyrinic ligands, we started to explore the
reaction space around these reaction conditions.>’ Briefly, the synthetic procedure for the synthesis
of NU-1104 is as follows. ZrOCl2+8H20 and benzoic acid are mixed in DMF in a screw-top glass
vial then the vial is sonicated to dissolve the solids. The vial is placed in an oven at 80 °C for one
hour. After cooling down to room temperature H4Por-PTP (Figure 4.3c) is added to the solution
followed by sonicating the mixture for 10 min, finally the vial is placed in an oven at 120 °C for
48 h. Details of this procedure are presented in Table 4.1. In a similar procedure, with the same
mole ratios, we used our linker and ZrCls. As shown in row 2 of Table 4.2 this procedure resulted
in a surface area of almost 400 m?/g (PcZrMOF17). With our newfound success, we continued to
explore the reaction parameters to determine if we can increase the surface area. Doing the same
reaction under acidic conditions (e.g., by adding concentrated HCI) caused a reduction in surface
area (PcZrMOF18). However, as the concentration of acid was decreased from 777 mM to
233 mM and subsequently downto 39 mM, albeit with increased reaction time, we observed an
increase in the surface area to nearly 800 m2?/g (PcZrMOF22). Further decreasing the HCI
concentration to 19 mM decreased the surface area, indicating that there is an optimal amount of
acid necessary to optimize the reaction conditions.

To explore the role of reaction time, we examined the initial reaction (PcZrMOF16) under

different reaction times. As shown in Table 4.2 by comparing PcZrMOF17 and PcZrMOF20,
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the surface area was slightly increased when the time was increased from 48 to 72 h. However,
comparing PcZrMOF23 and PcZrMOF22, where 39 mM of HClwas used and the reaction was
changed from 72 to 120 h, the surface area decreased. This suggests that there is an optimal
reaction time around 72 h.

Based on the surface areas of other Zr-based MOFs (around 2300 m?/g for PCN-222 and
NU-1000, and 6230 m2/g for NU-1104) that have tetratopic carboxylic acid-based linkers with
geometrical structures similar to NiPcH, we expect a much higher surface area than what we
obtained thus far. With that in mind, we continued to investigate the effect of changing the
synthesis parameters. While keeping other parameters constant and similar to the synthetic
conditions of PcZrMOF22, which thus far resulted in the highest surface area, we changed one
parameter at a time to see how the surface area change. Several attempts were made by decreasing
the reagents concentration (PcZrMOF24), decreasing the amount of benzoic aid (PcZrMOF25
and PcZrMOF26), and decreasing the amount of Zr salt (PcZrMOF27). However, all these
changes resulted products with lower surface areas than the original PcZrMOF22. However, the
effect of decreasing the amount of Zr salt (relative to other reagents in the reaction mixture) was
the most severe one (PcZrMOF27). This indicated that the reaction is extremely sensitive to the
amount of zirconium salt used.

In observing the importance of zirconium salt stoichiometry in the reaction conditions; we
turned our attention to exploring the optimal zirconium mole ratio. By doubling the amount of
zirconium (PcZrMOF28), a surface area of 1100 m2/g was observed. Attempts to re-optimize
these reaction conditions by increasing the amount of benzoic acid by 2.5 times, decreased the
surface area to almost 800 m?/g (PcZrMOF29). Doubling the HCI concentration to match the

increase in zirconium resulted in a decrease in surface area by almost half (PcZrMOF30). This
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suggests that the role of acid/benzoic acid is likely in proportion to the amount of linker and not to
the amount of zirconium.

One of the challenges with Pcs is that they aggregate in solution. While forming a MOF
with Pcs prevents aggregation, the act of forming the MOF requires that these aggregates are
broken up. To that end, we examined the role of increasing the sonication time on the reaction
conditions. Rather than the standard 10 minutes used up until now, we sonicated the reaction for
60 minutes. The resultant surface area for the reaction increased to almost 1200 m?2/g
(PcZrMOF31), while only a modest change, it clearly delineates the need to reduce aggregation
as much as possible.

We also investigated reaction conditions based on other porphyrinic MOFs with zirconium
based SBU procedures. One of these conditions was based on the procedure for preparing
PCN-230. Briefly, preparation of PCN-230 is as follows. ZrCls, H4TCP-3 (Figure 4.3d), acetic
acid (as a modulator), and DMF are mixed in a vial and dissolved with the aid of sonication. The
resultant mixture is heated at 120 °C for 24 h. Details of this procedure are presented in Table 4.1.
This procedure with our NiPcH linker resulted PcZrMOF35 (Table 4.3). After activating with
supercritical carbon dioxide, the surface area of the product was almost 700 m2/g. When we kept
the mole ratio as that of PcZrMOF35, but changed other parameters indicated in Table 4.3. The
result was a product (PcZrMOF34) with a slightly higher surface area of almost 750 m?/g. We
also used L-proline as amodulator (PcZrMOF36), which other researchers have had great success
with.158. 160 Alternatively, pyridine was added to the reaction mixture to prevent aggregation of
NiPcH and improve the solubility of the ligand (PcZrMOF37). We also tried an alternative
procedure to PCN-222 that involves different mole ratios than the original PCN-222 synthesis

(PcZrMOF38).42 Other research groups have had success with using DMSO as a solvent/co-
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solvent in MOF synthesis (e.g., ZIF-8, ZIF-67, HKUST-1).150-152\Vith that in mind, we tested the
solubility of NiPcH in DMSO and noticed that NiPcH stays in solution even after being exposed
to prolonged heating in the oven (under similar MOF synthesis conditions) while NiPcH dissolved
in DMF tends to aggregate under similar conditions. With this success, we utilized DMSO as a co-
solvent with DMF in PcZrMOF synthesis (PcZrMOF32 and PcZrMOF33). In every example in

Table 4.3, none of these measures gave surface area higher than 763 m2/g.

Table 4.3 PcZrMOF synthesis conditions. DMF is used as solvent and ZrCl, as Zr source unless otherwise

indicated. BA stands for benzoic acid, AA stands for acetic acid, and Pyr for pyridine.

SSA2 ModP:Zr: NiPcH | [HCI] | Other conditions | [NiPcH] | Temp. | Time
(m2/g) mole ratio (mM) (mM) (°C) (h)
PcZrMOF32 638s¢ 508:10.3:1 23 Mod. = BA 12 120 72
65% DMSO, 35%
DMF,
ZrOCl2+8H20
PcZrMOF33 632s¢ 508:10.3:1 39 Mod. = BA 12 120 72
75% DMSO, 25%
DMF
ZrOCl2+8H20
PcZrMOF34 763 724:6.4:1 - Mod. = AA 12 150 72
2% water, 1 h
sonication
PcZrMOF35 709s¢ 724:6.4:1 - Mod. = AA 4.1 120 24
PcZrMOF36 334 5.0:3.0:1 93 Mod. = L-proline 4.3 120 48
PcZrMOF37 616 508:5.2:1 - Mod. = BA 12 120 48
Pyr..:NiPcH mole
ratio
2.2:1
PcZrMOF38 435 536:7.8:1 125 Mod. = BA 5.2 120 24
PcZrMOF39 429 1267:10.3:1 87 Mod. = BA 12 120 72
PcZrMOF40 644 264:10.3:1 93 Mod. = BA 5.8 120 64
PcZrMOF41 467 381:5.2:1 117 Mod. = BA 7.3 150 21
ZrOCl2+8H20

aspecific surfacearea
b modulator
sc = activated by supercritical CO2
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To get a better understanding of the materials that were being made, we examined the gas
adsorption properties of the MOFs in more detail. While Table 4.2 and Table 4.3 contain the
experimentally determined surface area, there is considerably more that can be learned from the
isotherm data. The nitrogen gas adsorption isotherms for PcZrMOF28, PcZrMOF31,
PcZrMOF40, and PcZrMOF41 are shown in Figure 4.4. The shape of these isotherms (reaching
almost plateau in the low-pressure region but close to P/P% = 0.1) suggests the synthesized material
is microporous but it also contains larger micropores. As such, pore size distribution (PSD)
calculated from these isotherms (using density functional theory (DFT) fitted with the Tarazona
model) show the presence of two kinds of pores. Figure 4.5 shows the PSD obtained from the
isotherms of the initial success (PcZrMOF16, SSA =127 m2/g) as well as the PSD for MOFs with
intermediate surface areas (PcZrMOF21, PcZrMOF22, PcZrMOF23, and PcZrMOF36), and
the highest surface area material (PcZrMOF31, SSA = 1221 m?/g). (PSD obtained from the
isotherms of the rest of the PcZrMOFs are in Appendix 2). As it can be seen, in all these MOF
samples, there are pores of two sizes with the majority centered around 10 and 20 A. We observe
that although pore sizes are almost in the same range, both the small and the large pores are clogged
in PcZrMOF16. If we look at the intermediate values, we observe that pores are less clogged
compared with the low surface area material, but these pores are still clogged compared with the
higher surface area materials. This indicates that although isotherms for these PcZrMOFs show
different nitrogen uptakes and the MOFs have varying surface areas, the pore sizes are all very
similar but it’s the clogged pores that cause the difference between calculated surface areas. This

observation indicates that PcZrMOF samples that we synthesised probably share same structures.

133



600 + —e— PcZrMOF40  —@— PcZrMOF41

—e— PcZrMOF31 —@— PcZrMOF28

400

N, uptake (cm3/g STP)

200

0 0.2 0.4 0.6 0.8 1

Relative Pressure (P/P°)

Figure 4.4 N, gas adsorption isotherms, measured at 77 K, for some of the PcZrMOF samples.
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Figure 4.5 DFT Pore size distribution calculated for some of the PcZrMOFs.
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With all the different observed surface areas, but relatively similar pore size distributions,
we turned our attention to PXRD to look at the structural features of these MOFs. Comparison
between PXRDs of PcZrMOFs (Figure 4.6) obtained from different synthesis methods show that
all these PcZrMOF samples share similar features. This indicates that different reaction conditions
resulted a MOF with same structure, even though they have different surface areas. Thus, the
surface area problems are likely due to the presence of impurities (internal to the MOF or external
to the crystal), but not due to the formation of different MOFs/non-porous coordination polymers.

In order to investigate the effect of activation procedure (solvent exchange followed by
thermal activation) on the MOF, PXRD of PcZrMOF31 before and after thermal activation was
measured (Figure 4.7). This comparison shows that the activation does not affect the crystallinity
and the PcZrMOF structure remains intact during the activation process. This suggests that the

materials we are making are stable to thermal activation.

PczZrMOF31
PcZrMOF40

PcZrMOF41

PcZrMOF28

Intensity

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
26 (°)

Figure 4.6 PXRD of some of the activated PcZrMOFs that have different surface areas.
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Figure 4.7 PXRD of PcZrMOF31.

To further probe the nature of the X-ray diffraction pattern, we examined the PXRD of NiPcH
(i.e., the free linker). We examined the as-synthesized linker as well as the linker after exposing
the linker to the MOF reaction conditions, but in the absence of zirconium. Figure 4.8 compares
PcZrMOF40 and the PXRD of the control experiment. At first glance, it can be seen that the more
intense peaks in the diffractogramare only present in the MOF and thus represent the MOF and
not the linker. Upon closer investigation, there exists a Bragg diffraction around 27° in 20 in the
diffractogram of both MOF and linker sample. This indicates that NiPcH is present in the
PcZrMOF sample. Diffractionat this angle correlates to d-spacing of 3.3 A. This distance is within
the acceptable range for stacking of Pcs. For example, similar distances were reported in 2-D
PcMOFs.81-83. 86-90, 92 Therebefore, the MOF sample might be contaminated with stacked

aggregated NiPcH impurity.
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Figure 4.8 PXRD of PcZrMOF40 and comparison with control experiment, ligand, Paratone oil, and

NiPcH.

The fact that PXRD of PcZrMOF samples obtained from different reaction conditions share
similar features is an encouraging result and may suggest that NiPcH is more likely to make phase-
pure MOF than its porphyrin counterpart. For example, PCN-221,173 PCN-222,42 PCN-223,1"
PCN-224,175PCN-225,176 and MOF-5253%% are made of the same starting materials (HaTCPP linker
and Zr node) under very similar reaction conditions (with varying ratios of modulator:metal:ligand,
and different reaction times). However, despite all our attempts to make the target MOF, we only
see one phase. In the mentioned examples of PCN-22x (where x = 1, 2, 3, 4, 5) and MOF-525, the
structural differences that lead to the different topologies is due to the rotation of the benzoate in
TCPP# relative to the TCPP# core (Figure 1.20 in Chapterl). This feature enables multiple
structures to be formed based on the synthetic conditions. In the case of NiPcH, despite several
different reaction conditions that we attempted, the PXRD and gas adsorption data suggests that

only one phase.
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Given that the pore size distribution and the X-ray diffraction patterns illustrate that the
structure of the MOF is unchanged, it is worth comparing our data to the available MOF structures
in the literature. 1t has been shown in literature that when the tetratopic carboxylate-based pyrene
and porphyrin ligands are extended, the resultant MOFs have a cubic network (PCN-228 to
PCN-230,%8 and NU-1101 to NU-1104,%"). In these extended ligands, the benzoate is free to stay
in the plane of the core porphyrin (ligand in NU-1102 is shown in Figure 4.9 as an example) as it
is opposed to TCPP4- where the benzoate is under torsion stress if is in the plane of porphyrin, as
a result, with 12-connected Zrs SBU, formation of cubic network is more favorable with these
extended ligands, and the mentioned MOFs are obtained as the only products. This is in contrast
to TCPP# that requires energetically demanding conformation in the cubic network. Similarly,

NiPcH can make cubic framework isostructural with NU-1102.

Figure 4.9 The linker used in the synthesis of NU-1102 in reference 57 shown from two different

perspectives. This figure shows how the benzoate is free to stay in the plane of core porphyrin.

4.3 Conclusion
The synthesis of PcMOFs was explored using NiPcH as linker and two Zr** salts. We explored
the synthesis of PCMOFs under various conditions. The aim was to explore the reaction space

associated with NiPcH to determine if, and how, PcCMOFs can be formed. These conditions include
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temperature, different ligand and node precursor concentration and ratios, reaction time, use of
different modulators and the modulator concentration, use of varying concentrations of
hydrochloric acid as additive, use of different solvents and solvents mixture, and sonication of the
reaction mixture. With NiPcH linker, PXRD and N2 gas adsorption of the synthesized MOF
samples were evaluated as our metric for the quality of the material. As such, the highest BET
surface area for PCMOF was 1220 m2/g. PSD and PXRD analysis show that the synthesized
materials that were obtained under different reaction conditions share similar featuresin terms of
pore size distribution and diffraction pattern. This finding suggests that when a porous material
was obtained, the synthesis procedure could produce the same material (phase) although they have
different surface areas. Therefore, increasing the surface area of PcMOF synthesized from NiPcH
and Zr nodes requires removal of the unreacted starting materials to free the pores of the material.
4.4 Experimental Details

4.4.1 General procedures, materials, and instrumentation

Reagents and solvents were purchased from commercial sources and used without Purification.
Nitrogen gas adsorption isotherm measurements were performed at 77 K on a Micromeritics
TriStar 11 surface area and porosity analyzer. All the samples were activated before colleting
isotherm data on Micromeritics Smart VacPrep instrument.

PXRD patterns were obtained using a Rigaku XtaLAB Synergy-S X-ray diffractometer equipped
with a 4-circle Kappa goniometer, dual PhotonJet sources (Cu and Mo), a HyPix-6000HE Hybrid
Photon Counting detector,and an Oxford Cryosystems 800 Series Cryostream. Our measurements

were performed at room temperature with Cu Ko (1.54178 A) as the radiation source.
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4.4.2 Synthesis of PcZrMOFs
A general synthesis procedure is described below. Synthetic procedure for PcZrMOF31 is
provided as an example. Details for the synthesis of other PcZrMOFs is provided in Table 4.4. In
all the experiments (unless otherwise indicated in the other conditions column in Table 4.4) NiPcH
(35.2 mg, 0.0290 mmol) was used as ligand, benzoic acid as modulator, DMF as solvent, and the
synthesis was done in a 50 mL screw-top glass jar. Synthesis of PcZrMOFs that don't fit into the
mentioned categories are described separately.

ZrCls should be stored is a glovebox or desiccator. When we repeated the PcZrMOF29
synthesis with an old ZrCls sample, the product had a very low surface area of 125 m2/g.
4.4.2.1 General synthesis procedure of PcZrMOFs
Zr** salt, modulator, and solvent were added toa screw-top vessel. The mixture was then sonicated
for 10 min to give a clear colorless solution. The sealed vessel was placed in an oven at 80 °C for
1 h. Once removed from the oven, the vessel was left to cool down to room temperature, then
NiPcH was added to the solution followed by adding concentrated HCI (if indicated). The mixture
was then sonicated for 10 min (60 min for PcZrMOF31). The vessel was placed in an oven. The
vessel containing the solution and the precipitate was removed from the oven and was set aside to
cool to room temperature, then the wash procedure was done followed by the mentioned activation
method (see below for the wash and activation procedures).
Example: Synthesis of PcZrMOF31: 70.0 mg ZrCls (0.300 mmol), 1.800 g benzoic acid
(14.74 mmol), and 24.0 mL DMF were added toa50 mL screw-top glass jar. The resulting mixture
was sonicated for 10 min to give a clear colorless solution, and this solution was heated in an oven
at 80 °C for 1 h. Once removed from the oven, the jar was left to cool down to room temperature.

Subsequently, 35.2 mg NiPcH (0.0290 mmol) was added to the solution, followed by 80 uL
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concentrated HCI. The mixture was then sonicated for 1 h. This mixture was then placed in an
oven at 120 °C for 72 h. Once completed, the resulting light green solution and green precipitate
was removed from the oven and allowed to cool to room temperature, then the wash procedure
was done followed by the thermal activation (see below) to give 32.2 mg of a dark solid with a

measured BET surface area of 1221 m?/g was obtained.

Table 4.4 Synthesis conditions of PcZrMOFs. For the synthesis of all the PcZrMOFs, 35.2 mg NiPcH
was used except for those mentioned in the other conditions column. The reaction was done in 50 mL

screw-top glass jar and ZrCl, was used as Zr source unless otherwise indicated.

Zrsalt [ BA?2 HCI DMF Other conditions Temp. | Time | Mass of
(mg) | (mg) | (uL) | (mL) (°C) (h) MOF
(mg)
PcZrMOF1 35 1350 - 4.0 15 mL vial 140 120 22.5
PcZrMOF2 35 1350 - - 4 mL DEF 140 72 21.0
15 mL vial
PcZrMOF3 48 1350 - - 4 mL DEF 140 72 19.9
15 mL vial
ZrOCl*8H20
PcZrMOF4 35 1350 - - 4 mL DEF 120 72 20.4
15 mL vial
PcZrMOF5 35 1350 - 4.0 15 mL vial 120 72 27.3
PcZrMOF6 48 1350 - - 4 mL DEF 120 72 18.1
15 mL vial
ZrOCl2+8H20
PcZrMOF7 48 1350 - 40 15 mL vial 120 72 29.8
ZrOCl2+8H20
PcZrMOF8 22 845 - 22 mg NiPcH 120 48 16.0
2.5mL DEF
7 mL vial
PcZrMOF9 48 1350 - 4.0 15 mL vial 110 48 19.0
ZrOCl2+8H20
PcZrMOF10 35 1350 - 4.0 15 mL vial 90 72 24.1
PcZrMOF11 35 1350 - 8.0 15 mL vial 140 72 34.0
PcZrMOF12 35 1350 - 8.0 15 mL vial 120 120 27.9
PcZrMOF13 35 1350 - 8.0 15 mL vial 120 72 29.3
PcZrMOF14 35 1350 - 16.0 140 120 41.0
PcZrMOF15 35 1350 - 16.0 140 72 42.0
PcZrMOF16 49 1350 - 16.0 ZrOClz+8H20 100 16 34.8
PcZrMOF17 35 1800 - 24.0 ZrOClz+8H20 120 48 30.1
PcZrMOF18 35 1800 | 1600 24.0 ZrOClz+8H20 120 48 26.2
PcZrMOF19 35 1800 | 480 24.0 ZrOClz+8H20 120 48 29.7
PcZrMOF20 35 1800 - 24.0 120 72 21.9
PcZrMOF21 35 1800 40 24.0 120 72 24.4
PcZrMOF22 35 1800 80 24.0 120 72 18.4
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Zrsalt | BA?2 HCI DMF Other conditions Temp. | Time | Mass of
(mg) | (mg) | (L) | (mL) (°C) (h) MOF
(mg)
PcZrMOF23 35 1800 80 24.0 120 120 25.0
PcZrMOF24 35 1800 | 240 72.0 250mL jar 120 72 27.0
PcZrMOF25 35 900 80 24.0 120 72 29.0
PcZrMOF26 35 - 80 24.0 120 72 17.0
PcZrMOF27 20 1800 80 24.0 120 72 21.0
PcZrMOF28 70 1800 80 24.0 120 72 16.0
PcZrMOF29 70 4488 80 24.0 120 72 20.2
PcZrMOF30 70 1800 | 180 24.0 120 72 21.0
PcZrMOF31 70 1800 80 24.0 60 min sonic. 120 72 32.2
PcZrMOF32 39 720 20 35 6.5 mL DMSO 120 72 354
14 mg NiPcH
25 mL jar
ZrOCl2+8H20
PcZrMOF33 97 1800 80 6.0 18 mL DMSO 120 72 18.0
ZrOCl+8H20
PcZrMOF34 44 - - 22.8 1.2 mlacetic acid 150 72 44.3
10 drops water
1 h sonic.
PcZrMOF35 43 - - 5.8 1.2 mL aceticacid 120 24 20.6
15 mL vial
PcZrMOF36 20 - 80 10.0 167 mg L- proline 120 48 30.0
PcZrMOF37 35 1800 - 24.0 Pyridine added 120 48 26.6
PcZrMOF38 53 1898 60 5.6 Heated in Oil bath 120 24 16.2
PcZrMOF39 70 4488 | 180 24.0 120 72 17.0
PcZrMOF40 70 935 40 5.0 15 mL vial 120 64 28.1
PcZrMOF41 48 1350 40 4.0 15 mL vial 150 21 21.3
ZrOCl2+8H20
PcZrMOF42b 35 4488 80 24.0 120 72 15.3
PcZrMOF43b 35 4488 | 140 24.0 120 72 16.3
PcZrMOF44b 70 4488 40 24.0 120 72 16.7
PcZrMOF45P 35 1800 | 180 24.0 120 72 19.1
PcZrMOF46P 70 1800 80 24.0 120 48 21.1
PcZrMOF47b 97 1800 80 24.0 ZrOCl+8H20 120 72 440
PcZrMOF48b 35 - 80 24.0 120 72 45.1
PcZrMOF49b 35 - - 23.0 1 mL aceticacid 120 24 39.0

2phenzoic acid
b ligand was not fully deprotected. The product was non-porous

4.4.2.2 Synthesis procedure for other PcZrMOFs that don't fit into the described method
above

Synthesis of PcZrMOF32: 38.8 mg ZrOCl2+8H20 (0.120 mmol), 0.720 g benzoic acid

(5.90 mmol), 6.5 mL DMSO, and 3.5 mL DMF added intoa 25 mL screw-top glass jar followed

by sonication for 10 min. The jar was then placed in an oven at 80 °C for 1 h. After cooling down

to room temperature, 14.0 mg NiPcH (0.0116 mmol) was added to the solution followed by adding
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20 pL concentrated HCL. Then the jar was sonicated for 45 min. The jar containing a dark green
solution was placed in an oven at 120 °C for 72 h. The jar containing a dark green solid suspended
in the solution was removed from the oven and was set aside to cool to room temperature, then the
wash procedure was done followed by scCO:2 procedure (see below) to give 35.4 mg of a dark
solid with a measured BET surface area of 638 m2/g.

Synthesis of PcZrMOF33: 35.2 mg NiPcH (0.0290 mmol), 2.5 mL DMF, and 7.5 mL DMSO
were added intoa 15 mL vial, then 80 puL concentrated HCI was added into the vial. The vial was
sonicated for 1 h. In a separate 50 mL jar, 97.0 mg ZrOCl2+8H20 (0.301 mmol), 1.800 g benzoic
acid (14.74 mmol), 10.5 mL DMSO, and 3.5 mL were mixed followed by sonication for 10 min.
The jar was placed in an oven at 80 °C for 1 h, after which the contents of the first vial was
transferred into the second jar (while the solution was still warm). The jar was then placed in an
oven at 120 °C for 72 h. The jar containing a dark green solid suspended in the solution was
removed from the oven and was set aside to cool to room temperature, then the wash procedure
was done followed by scCO: procedure (see below) to give 18.0 mg of a dark solid with a measured
BET surface area of 632 m?/g.

Synthesis of PcZrMOF34: 43.5 mg ZrCls (0.187 mmol), 22.8 mL DMF, 35.2 mg NiPcH
(0.0290 mmol), 1.2 mL acetic acid (21 mmol), and 500 uL water were added toa 50 mL screw-
top glass jar, the mixture was sonicated for 1 h, then the jar was placed in an oven at 150 °C for
72 h. The jar containing a clear colorless solution and a dark green precipitate was removed from
the oven and was set aside to cool to room temperature, then the wash procedure was done followed
by thermal activation (see below) to give 44.3 mg of a dark solid with BET surface area of

763 m?/g.
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Synthesis of PcZrMOF35: 43.5 mg (0.187 mmol) ZrCls, 5.8 mL DMF, 35.2 mg (0.0290 mmol)
NiPcH, and 1.2 mL (21 mmol) acetic acid, was added to a 15 mL screw-top glass vial, the mixture
was sonicated for 10 min, then the vial was placed in an oven at 120 °C for 24 h. The vial containing
a clear colorless solution and a dark green precipitate was removed from the oven and was set
aside to cool to room temperature, then the wash procedure was done followed by scCO2 procedure
(see below) to give 20.6 mg dark solid with a measured BET surface area of 709 m2/g.

Synthesis of PcZrMOF36: (modified procedure reported by Gutov et. al 19) 20.3 mg ZrCh
(0.0871 mmol), 50.0 mg L-proline (0.434 mmol), and 10.0 mL DMF were added toa50 mL screw-
top glass jar, then 80 pL concentrated HC1 was added to the jar. The jar was sonicated for 5 min
then 35.2 mg NiPcH (0.0290 mmol) was added to the solution followed by 5 min sonication, then
10.0 mL DMF was added to the jar then the solution was sonicated for another 5 min before placing
the jar in 120 °C oven for 48 h. The jar containing a light green solution and a green precipitate
was removed from the oven and was left to cool to room temperature, then the wash procedure
was done followed by the thermal activation (see below) to give 30.0 mg of a dark solid with a
measured BET surface area of 334 m?/g.

Synthesis of PcZrMOF37: 20 uL pyridine (12 mg, 0.15 mmol) was added to 45.0 mL DMF, then
19.0 mL of this solution (containing 5.0 mg, 0.063 mmol pyridine) was transferred into a 50 mL
screw-top glass jar. 35.2 mg NiPcH (0.0290 mmol) was added to the jar followed by sonicating
for 10 min, then the jar was placed in an oven at 80 °C for 1 h. Ina second 50 mL screw-top glass
jar, 35.0 mg ZrCls (0.150 mmol), 1.800 g benzoic acid (14.74 mmol), and 5.0 mL DMF were
added, then the jar was placed in 80 °C oven for 1 h. While the solution in both jars was hot, the
contents of the first jar was emptied to the second one, then the second jar was placed in 120 °C

oven for 48 h. The jar containing a light yellow-brown solution and a dark green precipitate was
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removed from the oven and was left to cool to room temperature, then the wash procedure was
done followed by thermal activation (see below) to give 26.6 mg of a dark solid with a measured
BET surface area of 616 m?/g.

Synthesis of PcZrMOF38: 52.7 mg ZrCls (0.226 mmol), 1.898 g benzoic acid (15.54 mmol),
5.6 mL DMF, 35.2 mg NiPcH (0.0290 mmol), and a magnetic stir bar were added to a 20 mL
microwave vial followed by adding 60 uL concentrated HCI. The vial was sealed (cap and crimp)
then sonicated for 10 min before heating in an oil bath at 120 °C using a hot plate equipped with a
temperature probe. The vial was removed from the oil bath after 24 h and was left to cool to room
temperature, then the wash procedure was done followed by the thermal activation (see below) to
give 16.2 mg of a dark solid with a measured BET surface area of 435 m?/g.

4.4.2.3 Wash procedure for all PcMOFs

The steps with the following order were performed as the wash procedure.

(). Once the reaction vial was cooled, the contents of the vial were emptied into a centrifuge tube
and centrifuged at 5500-7500 rpm for 5-15 min (i.e., until the particles settled at the bottom). The
mother liquor was carefully decanted.

(). 15 mL of DMF was added to the centrifuge tube, the centrifuge tube was shaken well and
subsequently centrifuged at 5500-7500 rpm for 5-15 min. This procedure was repeated a total of
three times.

(111). 15 mL of fresh DMF was added to the centrifuge tube followed by shaking the centrifuge
tube vigorously. The capped centrifuge tube was left overnight. The following morning, the
centrifuge tube was centrifuged at 5500-7500 rpm for 5-15 min, and the solution was subsequently

decanted.
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(IV). 15 mL of acetone was added to the centrifuge tube. The centrifuge tube was shaken well and
once again centrifuged at 5500-7500 rpm for 5-15 min and subsequently decanted. The procedure
of adding acetone, shaking, centrifuging, and decanting was repeated a total of three times.

(V). 15 mL of fresh acetone was added to the centrifuge tube followed by shaking and the
centrifuge tube was left capped overnight. The next morning the centrifuge tube was centrifuged,
and the solvent was decanted.

Note: For PcZrMOF16, an alternative wash procedure was used which is similar to established
protocol for NU-1000).172 The first three steps are identical to the previous steps (I-111) discussed
above. After this step, the solid in the centrifuge tube was transferred into a 15 mL vial with 7 mL
DMF. Subsequently, 270 uL of 8 M HCI aqueous solution was added into the vial followed by
shaking. The vial was placed in an oven at 100 °C for 12 h. Then steps | to V were performed on
the sample.

4.4.3 Activation of PCMOFs

4.4.3.1 Thermal activation procedure

After the wash procedure, the centrifuge tube was placed in a vacuum oven at 80 °C overnight.
The dried MOF sample was transferred into a sample holder for a Micromeritics gas adsorption
instrument. The sample in the sample holder was activated on Micromeritics Smart VacPrep
instrument. For this purpose, the sample tube was first heated to 90 °C (5 °C/min) while slowly
evacuating (5 mmHg/s), then it was held for 30 min at this temperature and low pressure. Then,
the sample tube was heated to 120 °C (5 °C /min) and maintained at this temperature for 10 h.
Finally, the sample tube was cooled downto room temperature then it was backfilled with nitrogen

gas.
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4.4.3.2 Supercritical CO, activation procedure

After the wash procedure, the solid was transferred into a critical point drier sample holder.
Anhydrous ethanol was carefully added to the sample holder to fully cover the solid and fill the
sample holder. The sample holder was then covered by a watch glass and was left overnight to
ensure the pores of the MOF were properly exchanged for ethanol since the instrument cannot be
used with acetone, or other incompatible solvents, in the pores. The solution was carefully replaced
with fresh anhydrous ethanol three times a day for three days. Afterwards, ethanol was removed
leaving only the bare minimum ethanol necessary to cover the material. The sample holder was
loaded into the activation chamber of a Tousimis™ Samdri® PVT-30 critical point drier
instrument. The chamber was slowly filled with liquid CO2 during which the temperature was
maintained between 0-10 °C to avoid solidifying CO2 or forming scCO2. The chamber was
exchanged with liquid CO2 to exchange ethanol with liquid CO2 during which the flow of CO:
inlet and outlet was adjusted to maintain the level of liquid CO2 constant inside the chamber. The
process of liquid exchange was repeated every 2 h. Once the solvent was exchanged 3x to remove
as much ethanol as possible, the instrument was heated to 40 °C while maintaining a pressure
around 1400 psi (£100 psi). At this stage, all the remaining liquid CO2 becomes a supercritical
fluid (COz2 critical point is 31 °C at 1073 psi). The chamber was maintained in super critical
conditions for 1 h. Subsequently, the supercritical fluid was slowly exhausted at a flow rate of
1 cmd/min to slowly release CO2 from the chamber. Once completed, the sample was removed
from the chamber, and it was degassed under vacuum at room temperature for 1 h to ensure no

CO2 remained in the pores.
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5 Future work

While working on projects during my PhD program, both when | was working in the lab and when
I was writing my thesis, |1 came up with ideas for improving the results | obtained. However, due
to the pandemic, and the reality that no good project is ever complete, | simply didn’t have enough

time to put those ideas into practice. In this chapter | will talk about these ideas.

5.1 A new macrocyclic linker

CuCl/CuCl,

pyridine

2-6 5-1

Figure 5.1 Cyclization of compound 2-6 for making a new tetratopic linker precursor 5-1.

In Chapter 2 we synthesized two halves of the desired macrocyclic linker 2-7 (compounds 2-6 and
2-3) and we showed that it is possible to synthesize the macrocycle compound 2-6-1. This synthesis
required 8 steps in 6 pots. Here I’'m going to introduce the possibility of synthesis of a new linker
(5-1) that has not been explored in MOF synthesis yet. Cyclization between two molecules of
compound 2-6 that was synthesized in Chapter 2 can result in a new macrocyclic compound that
might be of interest as a tetratopic linker (Figure 5.1). Synthesis of compound 2-6 can be achieved
in 3 steps and 2 pots with overall yield of 52%; therefore, synthesis of 5-1 by coupling two 2-6
molecules would be a faster approach than the synthesis of compound 2-7. The chemistry under

which this type of coupling and cyclization occurs is already known and is reported for
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macrocycles similar to compound 5-1.177:178 Therefore, compound 5-1 can be made in as little as

4 steps and 3 pots with potentially good yield.

5.2 Addressing Pc linker solubility issue

In Chapter 3, we discussed the synthesis of NiPcH, CoPcH, and NiPc2. However, low solubility

of these compounds made characterization as well as the MOF synthesis procedure difficult. Here

I will briefly discuss some of the solutions that can potentially resolve the mentioned issues.
Substitution on Pc is one the straightforward methods that can be done to increase their

solubility. In order to do so, we can substitute N-H proton of 3-3-2 with an alkyl group first to

make 5-2 (Figure 5.2),128 132 then perform the tetracyclization to make the desired Pc (5-5) that

will potentially have higher solubility than unsubstituted MPcH.
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Figure 5.2 Substitution of R group on N-H of imidazole for the synthesises of Pc linkers with higher
solubility.
The second approach for making the MPcH and MPc2 with higher solubility is to have
other metal ions (instead of Ni2* and Co?*) coordinated inside the cavity of Pc. Onal and co-
workers reported that in their synthesized imidazophthalocyanine, when the Pc cavity is

coordinated to Cu?*, the molecule had higher solubility and less aggregation than the Pc molecule
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with Ni?*coordinated in the cavity.'?* Therefore, it is worthwhile to synthesize CuPcH and CuPc2
for their higher solubility.

When M3* and M** such as AIR* and Si** are coordinated at the center of Pc, there would
be axial ligands (X in Figure 5.3) on M or axial ligands can be substituted on M so that the steric
hinderance between Pc molecules can prevent aggregation; therefore, the resultant MPc can have
higher solubility (Figure 5.3).179-181 Assuch, synthesis of MPcHXn (i.e., where M = Al, n= 1 or

M= Si, n = 2) can address solubility issue of our phthalocyanine linker.

Q HQ

HO“'Q—N y " _,©’=O
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=N I\L\
X
e TRy,
Figure 5.3 Axial substitution of X onthe central metal of the Pc core to reduce aggregation and increase

solubility.

5.3 Pc linker purification

For the synthesis of a good quality MOF crystals, we need to have a linker that is as pure as
possible. The purification method that I used for the synthesis of NiPcH, CoPcH, and NiPc2 was
washing the product with multiple organic solvent. Although the wash protocol that | developed
could remove most of the soluble impurities (which was visually inspected), there could be
insoluble impurities remaining mixed with the product. There are two other methods for
purification of Pcs that could potentially give a higher quality Pc. The first method is, dissolving
the Pc linker in concentrated sulfuric acid and then crashing out the Pc in ice-cold water followed

by washing with water.182 The second method is sublimation of the Pc linker.183.184
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5.4 PcMOF synthesis

With a Pc linker that is pure and has improved solubility, synthesis of PcMOF would be potentially
feasible. In additionto these, | have a few more ideas that can be employed for the synthesis of
PcMOFs.

The solvent in which | synthesized the Pc linkers is 1-pentanol. In this solvent, and under
the Pc synthesis conditions, Pc was fairly soluble (no significant amount of precipitate was
observed) therefore, it might be worthwhile to explore PcCMOF synthesis in 1-pentanol in the
presence of TEA (to promote deprotonation of the linker) or in a mixture of 1-pentanol and DMF.

One of the unconventional MOF synthesis methods is mechanochemical synthesis. If
solubility is a pertinent issue in synthesis, then mechanochemical synthesis might be a solution
because this method doesn’t need a solvent.

Linker exchange is another MOF synthesis method that is developed for MOFs that can
not be synthesized otherwise.18% 186 |n this method, linker of an already existing MOF is exchanged
in solution with a new linker that is dissolved in the reaction solvent. In our case, NU-1102 is a
good candidate in which it might be possible to exchange the porphyrin linker with our Pc linker.
5.5 Conclusion
We have introduced a new linker to the field of MOFs. This means that there are lots of other
venues can be exploited for the synthesis of new porous material. Here | talked about some of the
options that can be explored in the future, but there are a lot more that future researcher can embark

on exploring.
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Appendix 1

Our Initial attempts for the synthesis of PcZrMOFs didn’t produce a porous material. Reaction

conditions under which these non-porous materials were obtained are shown in Table A.1.1

Table A 1.1 PcZrMOFs synthesis conditions that led to non-porous products. DMF was used as solvent

and ZrCl, as Zr source unless otherwise indicated.

SSA2 BAP:Zr:NiPcH [HCI] Other [NiPcH] Temp. | Time
(m?/g) mole ratio (mM) conditions (mM) (°C) (h)
PcZrMOF1 - 381:5.2:1 - 7.3 140 120
PcZrMOF2 - 381:5.2:1 - DEF 7.3 140 72
PcZrMOF3 - 381:5.2:1 - DEF, 7.3 140 72
ZrOCl+8H20
PcZrMOF4 - 381:5.2:1 - DEF 7.3 120 72
PcZrMOF5 - 381:5.2:1 - 7.3 120 72
PcZrMOF6 - 381:5.2:1 - DEF, 7.3 120 72
ZrOCl,+8H20
PcZrMOF7 - 381:5.2:1 - ZrOCl,+8H20 7.3 120 72
PcZrMOF8 - 381:5.2:1 - DEF 7.3 120 48
PcZrMOF9 - 381:5.2:1 - ZrOCl,+8H20 7.3 110 48
PcZrMOF10 - 381:5.2:1 - 7.3 90 72
PcZrMOF11 - 381:5.2:1 - 3.6 140 72
PcZrMOF12 - 381:5.2:1 - 3.6 120 120
PcZrMOF13 - 381:5.2:1 - 3.6 120 72
PcZrMOF14 - 381:5.2:1 - 1.8 140 120
PcZrMOF15 - 381:5.2:1 - 1.8 140 72

aspecific surfacearea
b henzoic acid
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Appendix 2

Pore size distribution that was calculated for some of the PcZrMOF samples were discussed in

Chapter 4. Inthis appendix, PSD of other PcZrMOF samples is shown in Figure A2.1.
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Figure A 2.1 DFT pore size distribution calculated for some of the PcZrMOFs.
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